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Abstract

Seweral application domains require to handle spatial and temporal aspects of data, but traditional
GIS models do not support a conveniert represenation of temporal aspects of spatial data. Moreover, a
crucial issuein handling spatio-temporal data is the choice of the appropriate granularity: the support for
multiple granularities is essetial sincedierent levels of detail are usually required for spatio-temporal
data in seweral applications, to enhancemodelling exibilit y. Unfortunately, while a consolidated de ni-
tion of temporal granularity exists, no comparable results have beenachieved for spatial granularities.

This thesis addressessuch open problems. A formal de nition of spatial granularity is proposedand
integrated in a multigran ular spatio-temporal object model, de ned as extensionof ODMG data model.
A guery language,extending OQL declarative and navigational medanismswith multigranular spatio-
temporal capabilities, integrates the model design. In the context of such model, we investigate the
conditions that allow for a safere nement of object attributes along the inheritance hierarchy.

Furthermore, we discussthe application of multigran ularity to the expiration of temporal and spatio-
temporal objects. Speci cally, we rst designa multigranular temporal model handling the expiration
of historical objects, that is performed accordingto static conditions speci ed with respect to the age of
data. Then, we extend such a designby proposinga multigran ular spatio-temporal model supporting both
valid and transaction temporal dimensions,that allows for the dynamic expiration of object attribute.
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Intro duction

A large percertage of data managedin a variety of di erent application domains has spatio-temporal
characteristics. Such characteristics are however quite articulated and diversi ed and thus require sophis-
ticated data modeling and managemen tools. In particular, at least three relevant types of application
have beenreported by the scienti ¢ literature which di er with respect to the modeling and managemer
of spatial aspects, that is, position and shape, of the objects involved [TJ99, Jen03:

cadastral applications, in which the spatial aspects are modeled primarily as regions and points,
and changesoccur discretely acrosstime;

transportation applications, in which the spatial aspects are modeled primarily as linear features,
graphs, and polylines, and changesof position occur contin uously or discretely along time, whereas
the shape of objects doesnot change;

environmental applications, that are characterized by cortinuously changing spatial aspects.

Both spatial and temporal characteristics of data can be expressedat di erent levels of detail. Tem-
poral and spatial granularities correspond to di erent partitions of the temporal and spatial domains,
respectively. In the temporal context, for instance, birth datesare typically referredto the granularity of
days and train schedulesto that of minutes. In the spatial context, spatial erntities can be represered at
di erent granularities by considering hierarchical represenations that can be devised,for example, from
subdivisions of the referencespaceinto grids, or from someof their semaric characteristics, e.g. admin-
istrativ e boundaries, road categories,land use classi cations. Multiple granularities allow one to store
spatio-temporal data accordingto di erent units, depending on the needsof the application domain, and
represen a crucial functionality when analyzing huge amournts of data, possibly collected from di erent
sources.

The notion of granularity hasbeendeeplyinvestigatedin the temporal context by temporal database
and reasoningcommunities, that nally reaced an agreemen in 1998 by proposing and then adopting
a common de nition [BDES98 BJWO0O0]. By cortrast, a similar referencede nition does not exist yet
for the spatial context, mainly due to the inherent complexity of the spatial domain. Recert work on
spatial granularity has mainly dealt with issuesrelated to the conceptsof vaguenessjmperfection and
imprecision of spatial information, mainly for qualitativ e reasoning (see [BS01g Bit02, DMSWO01]) A
fundamenrtal work for a de nition of spatial granularity in a databasecontext is [SW9§], where Stell and
Worboys presen a theoretical framework for the speci cation of a spatial granularity lattice that can be
integrated in a spatial databasemodel.

Commercial systems, both GIS and database products, do not provide a satisfactory support for
multi-representation of spatial data. Furthermore, such systemsare not able to manage adequately
applications that require to handle situations in which temporal aspects have to be taken into accourt.
Although temporal extensionsof GIS systemsexist [Lan92], commercial padkagesstill do not properly
support temporal aspects of spatial data, and databaseproducts do not provide data structures for their
e cien t managemen as well.

Moreover, traditional GIS are not always adequateto managesituations that require to add spatial
functionality to existing non-spatial data, since GIS store separately spatial and non-spatial attribute
data: usually spatial objects properties are stored in les managedby a le managemen system, while
attribute data are stored in a commercial database. Such an approach, somewherereferred to asloosely
coupled approach [RSVO0Z], is in contrast with the approac used by emerging databaseproducts (e.g.,
Oracle [Oracle], Postgres[Postgred, MySQL [MySQL]), that follow an integrated approacd for managing
spatial and non-spatial information. These products typically provide an information infrastructure



basedon a single databasesystemfor managing both typesof data. Suc an integrated approac is very
e ective when one needsto add spatial functionality to legacy data already managedby a traditional
DBMS becausethe spatial componert can be integrated in a homogeneousvay. Moreover, the loosely
coupled approach doesnot allow for maintaining data integrity betweenspatial and non-spatial attribute
data, sincethey are not managedby the sameengine. By cortrast, the integrated approach can provide
a more e ectiv e support for integrity constraints involving both spatial and non-spatial data.

The thesis addressessuch open researd problems, by de ning ST_-ODMG, a multigranular spatio-
temporal object model, that extends ODMG type system to support spatial, temporal and spatio-
temporal data at multiple levels of detail. The model has been de ned as extension of the temporal
model proposedin [BFGMO3].

In ST_.ODMG model, TI ME and SPACE dimensionsare orthogonal. Intuitiv ely, granularities give
the units of measureof a set of data, with respect to the dimensionsof the domain they represen. Each
dimension requires a speci ¢ and connectedset of granularities, and ead set is orthogonal to the sets
applied to other dimensions. Then, spatio-temporal information is represenied at di erent levels of detalil
accordingto a set of spatial and a set of temporal granularities.

The standard notion of temporal granularity [BDES98, BJWO0O] is supported. Then, a temporal
granularity is de ned as a mapping from an ordered index set to the set of possible subsetsof the time
domain, that presenesthe order given by the index set. Intuitiv ely, a granularity de nes a partition,
possibly non-total, of the time domain, such as those represeried by subdivisions used by Gregorian
calendar (e.g., days, weeks, years, etc.). A proposal of a formalization of spatial granularity has been
provided, and is supported by the model. According to such de nition, a spatial granularity is de ned
as a mapping from an index set to possible subsetof the spatial domain, that is homeomorphicto R2.
Spatial granularities examplescompliant to the proposedde nition are meters, kil ometers, f eet, yards,
provinces and countries. No order is required among granules of the samegranularity, but two granules
of the samegranularity cannot overlap.

Spatial and temporal granularities are related to form a connected structure, that, in the general
case,is a lattice, asspeci ed in [BDES9§] for temporal granularities and in [SW98] for spatial granular-
ities. Each lattice is de ned accordingto the ner-than relationship (de ned for temporal granularities
in [BDES98]). Sud a relationship re ects the intuition that dierent granularities result in dierent
partitions of the considereddomain, but that, given a granule of a granularity G, usually a granule of a
coarsergranularity exists that properly includesit. For example, granularity days is ner than months,
and granularity months is ner than years. Moreover, municipal ities is ner than countries.

The ODMG type system has been extended with specic types for represering spatial data ac-
cording to vector format, and with type constructors for represering spatio-temporal data at multiple
granularities. In particular, suc type setallows to de ne databaseschemaswith spatio-temporal object
typesspeci ed having spatial, temporal and spatio-temporal attributes at di erent spatial and temporal
granularities (i.e., it is a non-homogeneousnodel). Thus, relying on suc type system, spatio-temporal
object databasestemascan be de ned to handle uniformly and e cien tly all kinds of spatio-temporal
information: ertities with a spatial extension that move in a (potentially ewlving) geographicalarea,
e.g. cars, planes, etc.; the modi cations of geographicaland thematic maps over time; environmental
and social phenomenareferred to a geographical area, such as meteorological monitoring systemsand
cadastral applications; etc.

Moreover, the model supports the explicit conversion of spatio-temporal data stored in a database
to di erent spatial and temporal granularities. Granularity conversionsare mainly required to represert
data at a level of detail suitable for a given task. For instance, a coarserrepreseration of data is of-
ten su cien t for visualization purposes,whereasa detailed view is required by spatio-temporal analysis.
Granularity cornversions are applied according to speci cations given by the database designerin the
schema. Each conversion speci cation refersto a single class attribute. Then, the attribute value is
converted from a given granularity to a di erent onewith a speci ¢ semarics. Spatial and temporal con-
versionsare speci ed separately Spatio-temporal corversionsare obtained by combining temporal and
spatial conversionsspeci ed. The granularity conversionsspeci ed for an attribute de ne an instance of
the spatio-temporal granularity lattice speci c for that attribute. Giventwo di erent spatio-temporal at-
tributes, their granularity lattices (potentially) dier with respectto the granularity conversionsspeci ed
for them.

Two categoriesof operators are supported for performing granularity cornversions. The cornversion
of spatial geometrical attribute values (and of geometrical componert of spatio-temporal attribute val-
ues) to dierent spatial granularities is performed according to model-oriented generalization principles
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[MLR95]. Model-oriented generalization applies cartographic techniques for represerting spatial data at
di erent levels of abstraction, by taking into accourt also semartic aspects of data and somenotion of
consistency as, for example, the presenation of topological relationships. Speci cally, geometric cornver-
sionsare obtained by applying compositions of the set of model-oriented generalization operators de ned
in [Ber98, Saa99, and compositions of operators that perform the inverse functions. Sud operators
are continuous mappings from a vector represeration of spatial data to a generalizedone. Moreover,
they presene topological consistency an essetial property for data usability. As a consequencef topo-
logical consistencyproperty, these operators have the limitation of not being able to represen some of
the traditional generalization operations, (e.g. aggregation). Each composition of such operators is a
macro-operator with the samecharacteristics.

By contrast, the conversion of spatial statistical attribute values(and of spatial statistical componert
of spatio-temporal attribute values)to di erent spatial and temporal granularities is performed by ap-
plying coercion [BFGMO03] and re nement functions [BCGO04], opportunely modi ed when applied to the
spatial corntext. Coercion functions have beende ned in [BFGMO03] to allow safere nement of temporal
attributes at coarsergranularities, and rely on semartic assumption de ned by Bettini et al. [BWJ98].
Moreover, coercion functions have beenusedin [CBBGO03] to corvert temporal valuesand spatio-temporal
valuesto coarsergranularities in a meaningful way. Re nement functions have beende ned in [BCGO04] as
inverseof coercion functions, to (re)obtain information at ner granularities from aggregateinformation
stored at coarsergranularities.

Conversionfunctions supported by the model perform a wide set of di erent granularity corversions.
However, the databasedesigneris allowed to use his/her own corversion functions if needed. Such user-
de ned conversion should be speci ed as classmethods in the database schema, then they extend the
referenceset of conversionsfor all the instances of that schema, and can be specied as granularity
corversionin multigranular attribute speci cations.

The cornversion functions supported by the model are also embedded in a spatio-temporal query
language, de ned as extension of OQL, the ODMG query language. Speci cally, we extend the two
mecanisms OQL supports for querying data, namely comparison of values and navigations through
objects, with multigran ular spatio-temporal capabilities. In particular, the formalization proposedfor
the extension of corvertional path expressionsof traditional object oriented model has beeninspired by
temporal path expressiongproposedin [BFGMO03]. Spatial and temporal elemerts, expressionsand access
have beenformalized aswell. Such a query languageallows the databaseuserto represen and compare
information stored at di erent temporal and spatial granularities.

In the context of the ST_.ODMG model, we investigate the issuesof the covariant attribute re nement
along an inheritance hierarchy of ST_.ODMG classes.In particular, we devisethe conditions that allow
for safere nements of multigran ular spatio-temporal attributes. In the ST.ODMG model, the re nement
of an attribute in a subclassis allowed in order to modify the granularities at which the attribute values
are stored. Substitutabilit y is ensuredby the application of granularity cornversionson attribute values.

As demonstratedalsoby the ST_.ODMG model, the expressiwe power provided by multigran ular mod-
elsis grater than that provided by cornvertional data models,in particular when multigran ular capabilities
are combined with heterogeneouscharacteristics. Indeed, since the sematrtics required for managing at-
tribute valuesis often domain dependert, sud characteristics allow to target data managemen to single
attribute speci cations, enhancingthe modelling exibilit y.

However, seweral situations exist for which suc capabilities are not yet su cien t to satisfy the mod-
elling userrequiremerts. Wheneer the signi cance of data vary, the level of detail usedto represen them
should be modi ed. Sud a capability is required, for example,to represert phenomenawith a periodical
occurrence,or when modelling monitoring systems,in which the signi cance of data varies according to
the execution of operations and to the valuesof a given set of parameters. For spatio-temporal data, in
particular, the signi cance of information stored could change according to locations and/or over time.
A static speci cation of the level of detail of data is not suitable to model suc situations.

In the secondpart of the thesis we addresssuch problem, investigating the issuesrelated to the expi-
rations of multigran ular temporal and spatio-temporal objects. We rst analysethe speci ¢ requiremerts
of temporal data, by designingthe T_ODMGe model, a multigranular temporal data model that sup-
ports dynamic attributes. Dynamic attributes are historical attributes whosevaluesare tuple of temporal
values, maintained at di erent levels of detail accordingto the ageof data. On dynamic attributes, ex-
piration conditions can be speci ed. An expiration condition is given specifying an expiration frequency
for the attribute value at a certain granularity, and the action to take when data expire: either evolution
at a coarsergranularity, or deletion of values, or both. If the action speci ed is a deletion, the expiration

4



condition must also specify the amount of data to expire, expressedthrough a temporal period. Thus,
in the model, at schema level, it is possibleto specify that an attribute granularity can be ewlved to
a coarser granularity after a period of time, through the application of a coercion function. Suc an
approad allows one to obtain summary information (through aggregation, selection, or user de ned op-
erations) from historical data. The model supports as well the possibility of specifying the deletion of
values corresponding to a set of granules, namely the oldest ones,from the database. The expiration of
historical attribute value is speci ed, in both casesaccordingto the age of data.

The functionalities provided by T_ODMGe model are particularly useful in the context of temporal
databases,sincethey provide an e ectiv e solution to the problem, well-known alsoin the datawarehouse
researd area [SJ02 SIMO03, YWO01, DZS03 of the indiscriminate increaseof the amount of data. In
historical database,indeed, the amount of data stored grows faster than in traditional databases,thus
analysis performancesdecrease. however, temporal (and spatio-temporal) applications usually require
that a ne level of detail is usedfor represening data recertly acquired, while older data are of interest
to applications and usersonly as aggregate. For example, details on the kernel temperature in a nuclear
power station are relevant at granularity of secondswhen they are acquired, but after a month only the
daily averagecan be of interest. The T_ODMGe model suites all such requiremerts, becauseit provides
the support for temporal granularities, that allowsto represen historical data at di erent levels of detalil,
and allow to managethe level of detail required by temporal applications not only according to the
attribute semartics, but alsoaccordingto how recert data are. Moreover, the T_ODMGe model provides
the capability for computing and materializing aggregatesof temporal valuesat di erent levels of detall,
for e cien tly answering queriesthat require aggregatedtemporal values, and it allows to delete/move
out of the online database past values at a given level of detail, in order to minimize the disk storage
space.

To develop such the expiration medcanism of the T_ODMGe model, we rst revise the notion of
multigran ular temporal object model, sothat di erent portions of the value of a temporal attribute can
be stored at di erent granularities. Attribute valuesat di erent granularities are related by means of
coercion functions. The coercion functions applied depend on attribute semartics. A languageto specify
attribute granularity ewolution and value deletion is proposed, assumingthat the user species suc
information at schema de nition level becauseexpiration conditions depend on the attribute semartics
and on speci ¢ policies of the application domain. For instance, according to current Italian laws, tax
records have to be kept for 5 years, whereasdetails on bank transactions of an accourt have to be kept
for 60 days. In the last example, moreover, after 60 days, only the accourt balancehasto be maintained
for the next 60 days. Finally, we investigate the accessto dynamic attribute values, by proposing two
di erent strategies, that are applied accordingto the available data and to the preferencesspeci ed by
the user. Speci cally, the accuracy and the e ciency on query execution are the strategieswe propose.
Moreover, we discussthe invariance of the queriesresults with respect to expiration operations, and the
static detection of unsolvable queries.

In the last chapter of the thesis, we extend the support of expirations to the spatio-temporal context,
and we investigate the issuesentailed by a dynamical support for expirations of spatio-temporal objects.

Speci cally,, we designST?_ODMGe, a multigran ular spatio-temporal model that handlesthe dynamic
speci cation and execution of expirations on spatio-temporal data. Value deletion, that allowsto remove
attribute values from the database,and granularity ewolution and acquisition, that allow the run-time
modi cation of attribute granularities, are the type of expiration supported. Expirations can be speci ed
interactively, instead to appear in the databasestema, by meansof declarative speci cations with the
form Event - Condition - Action, according to the general paradigm of active database models. The
conditions speci ed for expirations can refer to the ageof data, asfor T_ODMGe model, but alsoto their
valuesand to the occurrenceof other attributes, aswell asto the execution of object methods. Moreover,
the ST>_.ODMGe model is bi-temporal, becauseit supports two temporal dimensions, speci cally valid
and transaction time, and expiration speci cations canreferto both temporal dimensions. Both periodical
and non-periodical expirations are supported by the model. In particular, dierent semarics for the
execution of periodical expirations are proposed. The evaluation of expiration events and conditions, and
the e ects of expiration actions, can be bounded with respectto geographicalareasand to given periods
of time (both transactional or valid bounds can be speci ed).

The designof dynamical expirations proposedin the ST2_ODMGe model hasbeenobtained by relaxing
the conditions on spatio-temporal consistencywe de ned for ST_ODMG objects. However, the resulting
model provides a very exible approac to support dynamical expirations. Data usability is guaranteed
by consistencyrules on the speci cation of expirations.

5



The thesis is organized as follows. Chapter 1 revisesthe literature and the notions related with the
topics of the thesis. In particular, we describe the ODMG model, that is extended by the ST_ ODMG,
the T_ODMGe and the ST?>_.ODMGe models we designin the thesis. Chapter 2 formally de nes the
notions of temporal and spatial granularity we use in the thesis, and it analysesthe issuesrelated to
the formalisation of spatial granularities. Chapter 3 describesthe designand the formalisation of the
ST_ODMG model. Finally, chapters 4 and 5 discusseghe expiration of temporal and spatio-temporal
multigran ular objects. Speci cally, Chapter 4 preserts the T_ODMGe model, whereasChapter 5 discusses
the designof the ST2_.ODMGe model.



Chapter 1

Background and Related Work

In this chapter we presert the existing literature related to the main topics of the thesis.

The rst part of the chapter is dedicated to the ODMG model, becausethe temporal and spatio-
temporal models we de ne in Chapter 3, 4 and 5 are extensionsof ODMG. We describe in particular,
providing also sometechnical detail, the aspects of the ODMG model mainly involved by the topics we
deal with in the thesis: the ODMG type system, objects and classesthe inheritance managemen, and
OQL, the ODMG query language.

The remaining of the chapter is dedicatedto the review of the literature related with the thesistopics.
First, we review the literature on spatio-temporal formalisations. Sincemost of the literature is related to
either temporal or spatial aspects of data, we presen temporal and spatial modelling separately Then,
we discussmodels that support both spatial and temporal dimensions. We focus in particular on work
related with databasemodelling, and we discusshow spatial and temporal granularities are supported by
data modelsin the literature. Among the formalisations preserted, we describe in particular a previous
multigran ulair temporal extension of ODMG model [BFGMO03], on which the models formalised in the
thesisrely too. The details related to temporal and spatial granularity formalisations we assumein the
thesis are discussedin Chapter 2.

Finally, we review the work on expirations and active models, concernedwith the secondpart of the
thesis. We rst discussthe work related with temporal expirations. Temporal expirations are the basis
of the T_ODMGe formalisation we proposein Chapter 4, that combinestemporal granularity evolutions
and value deletions approachesin order to reducethe storageoccupancyof multigran ular historical data.
Then, we briey describe the literature related with active database models. In Chapter 5 we apply
an active approad to the spatio-temporal extension of T_ODMGe. The resulting model, ST>_ODMGe,
performs dynamic expirations of multigran ular spatio-temporal data, speci ed at run-time according to
an Event - Condition - Action paradigm.

This chapter is organizedasfollows. In Section1.1 we presert the main characteristics of the ODMG
model, reporting also a review of the literature dealing with the ODMG standard. In Section 1.2 we
describe conceptsrelated to modelling of temporal and spatial dimensions. Moreover, we review the
literature in spatio-temporal models, focus on spatial and temporal multigran ularity and multigran ular
models. In Section 1.3 we review the work related to temporal expirations. Finally, in Section 1.4 we
describe the work on active object-oriented databasesand SQL triggers, that represen an instrument
currently available in most commercial databasesystemsin order to de ne active constraints.

1.1 ODMG Object Mo del

Object-oriented databasemanagemen systems(OODBMSs) [BM92, CZ004| result from the integration
of databasetechnology with the object-oriented paradigm developed in the programming languageand
software engineeringareas. The object-oriented approad improvesthe modelling exibilit y of traditional
database models, becausethe data types and query languagesare not limited to those available in
traditional databasesystems. One of the most important features of OODBMSs is the ability to specify
both the structure of complex application objects and the operations to manipulate those structures.
The late 1980ssaw the birth of OODBMSs and, sincethen, this type of systemhasundergoneintense
industrial developmert. Commercial OODBMS products appeared more than a decadeago. Sincethen



OODBMSs were being signi cantly improved from their earliest releases.

The beginning of OODBMSs was characterized by the dewvelopmert of a large number of systems,
most of which were produced by small vendors,that were revolutionary with respect to previous DBMSs
in that they were built from scratch with a di erent code baseand a di erent data model. In this initial
period, the researdy community felt the needof at least de ning what an OODBMS was. Thus, in 1989,
the Object-Oriented Database System Manifesto [ABD * 89] was published. This documernt describesthe
main features and characteristics that a system must have to qualify asan OODBMS. Suc documert
can be consideredas the ancestorof ODMG.

The OODBMS panoramaat the beginning of the 1990swas characterized by a quite large number of
systems,lacking a commondata model and whoseusein applications wasstill at the experimental stage.
One of the reasonsfor the slow growth in OODBMSs was the resistanceby customersand companiesin
migrating to new technologies. However, a common feeling within the OODBMS community was that
the lack of a standard for object databaseswasthe major limitation for their widespreaduse.

Indeed, the successof relational database systemsdid not simply result from a higher level of data
independenceand a simpler data model than previous systems. Much of their successasbeendueto the
standardization they o er. The acceptanceof the SQL standard resulted in a high degreeof portabilit y
and interoperability among systems,simpli ed learning new relational DBMSs, and represeried a wide
endorsemehn of the relational approach.

The lack of any common standard led the major OODBMS companiesto establish in 1991 a con-
sortium, ODMG (Object Database Managemen Group), with the goal of deweloping suitable standards
for OODBMSs. The goal of ODMG wasto develop a standard speci cation for the object model that
could allow one to write portable schemasand applications for object-oriented databases. The intense
ODMG e ort hasgiven the object databaseindustry a\jump start" towards standards that would oth-
erwise have taken many years. ODMG enablesmany vendorsto support and endorsea common object
databaseinterface with respect to which customerscan write their applications.

As far as possible, ODMG tried to bene t from the work of the OMG (Object Managemen Group),
establishedin 1989. The main achievemert of OMG hasbeenthe CORBA (Common Object RequestBro-
ker Architecture) speci cation [OPR96] which provides common object-oriented interfacesfor distributed
systems.

ODMG 3.0 [CBB™* 99| is the recent releaseof the object database standard. It follows ODMG-93
[Cat93] and its subsequeh releases: ODMG 1.1 [Cat94], ODMG 1.2 [Cat96], and ODMG 2.0
[CBB* 97]. The ODMG standard includesa referenceobject model (ODMG object model), an object def-
inition language(ODL) and an object query language(OQL). Moreover, the C++, Smalltalk, and Java
programming languagebindings for ODL and for object manipulation have beenspeci ed [CBB* 99]. The
task undertaken by ODMG wasobviously di cult. The systemsmanufactured by the member companies
were signi cantly dierent in many respects.

Though most commercial OODMSs still do not exhibit a full level of compliance to the ODMG
standard, someof the ODMG caracteristics have beenadopted by di erent categoriesof products. Java
Data Object [JDO], that are a library for the dewelopmert of persitent Java applications, rely (even
not o cially) onthe ODMG Java binding. Then, a model that is ODMG compliant can also be easily
applied to persistert Java applications. Object-relational database managemen systems(ORDBMSS),
which can be regarded as the last generation of DBMSs, support most of the object-oriented concepts.
The last releaseof the SQL standard, SQL:1999[GP99, MSGO01], is basedon an object-relational data
model. In SQL:1999relations are still the fundamental data structuring concepts,but objects and classes
areintroducedin the relational model, extendedby supporting referencetypesand complextypesfor the
tuples of relations and for the domains of relation attributes.

For this reasons,we think that relating this thesis work to the ODMG standard makes it more
understandable and easily adoptable by commercial systems.

In the remaining of the section we summarize the main features of the ODMG 3.0 [CBB™* 99| ob-
ject model. Specically we presert the ODMG type system, object and classes,and the inheritance
relationships supported. Furthermore, we brie y describe the object query language (OQL).

1.1.1 Type System

The basic modelling conceptsin the ODMG object model are the notions of object and literal. Objects
have a unique identi er (oid), whereasliterals have no identi ers. Literals are identied by their values.
Literal valuesare described asbeing constart or immutable, i.e., their valuescannot change. The concept
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of literal in ODMG 3.0 is similar to the one of value in common object-oriented languages. Objects are
described as being mutable Changing the values of the attributes of an object, or the relationships in
which the object is involved, doesnot changethe identity of the object.

Literal typescan be partitioned into three groups: atomic literal types, collection literal types, and
structured literal types. Atomic literal typesare numbers, characters and so on. Collection literal types
represen set, bag, list, array, and dictionary literals. Structured literal typeshave a xed number of
elemerts, eat of which has a name and can corntain either a literal value or an object identi er. They
represen structures implementing records. Pre-de ned structured literal typessupported by the ODMG
object model are date, interval , time, timestamp. In addition, the user can de ne its own structured
literal type using the type constructor struct . The extent of a literal type is the classicalset of values
of the corresponding type.

Objects and literals are categorizedaccording to their types Object typescan be de ned through
interface or classdeclarations. Object types can be partitioned into three main groups: atomic object
types, collection object types, and structured objects types. Atomic object typesare user-de ned types
(e.g., Person, Employeg and they can be de ned through interface and classdeclarations. Collection
object types are pre-de ned and represent set, bag, list, array and dictionary objects. Structured ob-
jects types are pre-de ned types, namely Date, Interval , Time, Timestamp Note that they are the
corresponding object version of structured literal types.

The model provides constructs for assigningnamesto types(i.e., through the typedef declaration,
declaring a user-de ned structure, or declaring an enumeration type).

Example 1.1 Let Object be an interface identier and Person be a classidentier. Then Object,
Person, Set< Person> and Bag< short > are examplesof ODMG object types.
By contrast, long, boolean, bag< Object >! are examplesof ODMG literal types. 2

1.1.2 Interfaces and Classes

An object type is de ned by an external speci ¢ ation and by one or more implementations. The external
speci cation of an object type consists of an abstract, implementation-independen description of the
properties, operations, and exceptionsthat are visible to users. The ODMG object model includes two
dierent constructs to de ne the external speci cation of an object type: an interface de nition, which
is a speci cation only de ning the abstract behavior of an object type; a class de nition, which is a
speci cation de ning the abstract state and abstract behavior of an object type.

Object type external speci cations are characterized by a state and a behavior. The state is de ned
by the namesand the typesof its properties. Properties can be either attributes or relationships The
behavior of an object type is de ned by the set of operations that can be executedon or by the objects
of that type.

The object type behavior is speci ed asa set of operation signatures(metha signatures). The ODMG
object model doesnot include formal speci cation of the semartics of operations. The semartics is highly
implemenrtation dependent. Each signature de nes the name of an operation, the name and type of eath
of its argumerts, the types of the value returned.? Each operation is assaiated with a single type
and its name must be unique within the corresponding type de nition. ODMG supports operation
overloading, i.e., operations with the same name can be de ned for dierent types. As usual in the
object-oriented paradigm, the choice of a speci c operation with an overloaded name is referred to as
operation dispatching. At run time the most speci c implementation (along the inheritance hierarchy)
for the invoked method and the receiver object is selected. An operation may have side e ects. Some
operations may return no value.

Extents and keyscan be optionally assaiated with an object type de ned through a classdeclaration.
The extent of an object type is the set of all instancesof the type within a particular database. In the
ODMG object model, if an object type has an extent, then it is unique. If an object is an instance of an
object type , then it necessarilybelongsto the extent of . If type is a subtype of type © then the

INote that the ODMG notation [CBB * 99] uses strings with upper case rst letter (e.g. Bag< >) to denote collection
object types (for bags) and strings with lower case rst letter (e.g. bag< >) to denote the corresponding collection literal
type.

2Moreover each signature de nes the names of exceptions (error conditions) the operation can raise. In this context we
do not consider exceptions.



extent of is a subsetof the extent of % In somecases,instancesof an object type, de ned through a
classdeclaration, can be uniquely identi ed by the valuesthey have for someproperty or setof properties.
Theseidentifying properties are called keys The scope of uniquenessfor keysis the extent of the type,
thus a type must have an extert in order to have a key.

Both classand interface typesare object types. The main di erence betweena classand an interface
typeis that a classis a type which is directly instantiable, that is, instancesof this type may be created,
whereasan interface is a type that cannot be directly instantiated. Thus, accordingto the set-inclusion
relationship holding betweenthe set of instancesof typesrelated by inheritance, we can state that the
set of objects instancesof an interfacetype is the union of the set of instancesbelonging to the classes
inheriting from

Interfacesrepresen the abstract behavior of an object type, whereasclassesrepresern the abstract
state and behavior of an object type. Howevwer, it is important to remark that, even though interfaces
represen the abstract behavior of an object type, attributes and relationships can be de ned within an
interface declaration. Attribute and relationship declarations can be speci ed, exactly with the same
notation, both in interfaces and classes. When declared within interfaces, however, properties specify
abstract behavior, since they are merely shorthand for the get and set operations. The semartics of
such property de nitions is the samede ned for the OMG [OPR96] accessorand mutator methods. By
cortrast, when declaredwithin classesproperties are abstract state, thus, they represen data structures
rather than operations. The sameconstruct for property declaration has, thus, di erent semartics when
usedwithin classesor when usedwithin interfaces.

Many object-oriented programming languages,including C++, Java, and Smalltalk, have language
constructs called classes. These correspond to implementation classesand are not to be confusedwith
abstract classe$ de ned in the ODMG object model. Each languagebinding de nes a mapping between
ODMG abstract classesand its languageclasses.We do not intro ducethroughout the thesisany language
binding, rather we refer the readerto [CBB™* 99].

Besidesthe external speci cation, an object type has one or more implemertations. An implemen-
tation de nes the internal aspects of the instancesof the object type. The distinction between external
speci cation and implementation isimportant, sincethe separationbetweenthem is the approac accord-
ing to which ODMG supports encapsulation. Implementation details are not relevant from a modelling
point of view. Thus, the ODMG object model focuseson the external speci cation, that is, interface and
classde nitions, disregardingthe implementation speci cation of an object type.

Example 1.2 Let Object be an interface identier. The following is an example of an object type
external speci ¢ ation of a classdescribing persons.

class Person ::: f

attribute  short age;

attribute  string name;

attribute  enumgender male, female;

attribute  Address homeaddress;

attribute  set < Phoneno> phones;

relationship ~ Person is _married _to
inverse Person:is _married _to;

void get_married(in  Person p);

1.1.3 Objects

An object in ODMG is characterized by a state and a behavior. The state of an object is de ned by the
valuesof its properties. Properties can be either attributes of the object itself or relationshipsamongthe
object and one or more other objects. Typically the value of an object property can change over time.
The behavior of an object is de ned by the set of operations that can be executedon or by the object.
All objects of a given type have the sameset of properties and the sameset of de ned operations.

SODMG classesare referred to as abstract in that they specify no method implementation. They should not be confused,
however, with abstract classesas supported, for instance, in Java, since ODMG classescan be instantiated.
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In addition to the object identi er, an object can be characterized by one or more namesthat are
meaningful to the programmer or end user?*

An attribute value is either a literal or an object identi er, whereasrelationships are de ned between
object types. The ODMG object model supports only binary relationships, i.e., relationships between
two types, each of which must have instancesthat can be referencedby object identi ers. Therefore
literal typescannot participate in relationships becausethey do not have object identi ers. Relationships
in the ODMG object model are similar to relationships in the ertit y-relationship data model [Che76].
A binary relationship may be one-to-one, one-to-mary, or many-to-many, depending on how many in-
stancesof eat type participate in the relationship. One-to-many and many-to-many relationships can be
represerted using collection literal types,suc asset, list, and bag. For instance, marriage is an example
of one-to-one relationship between two instances of type Person. A woman can have a one-to-mary
mother_of relationship with many children. Teadersand studerts typically participate in many-to-many
relationships. A relationship is implicitly de ned by declaring traversal paths that enableapplications to
usethe logical connectionsbetweenthe objects participating in the relationship.

For ead relationship two traversal paths are declared,one for ead direction of traversal of the binary
relationship. The following exampleillustrates traversal path declarations.

Example 1.3 The relationship between a professorand the courseshe/she teachesgeneates two traver-
sal paths, since a professorteaches one or more courses, and a course is taught by a professor. The
teaches traversal path is de ned in the interface declaration of the Professor type. The is _taught by
traversal path is de ned in the interface declaration of the Course type. The fact that the teaches and
is _taught _by traversal paths refer to the same relationship is specied by an inverse clausein both
traversal path declarations, as shownin what follows:

interface  Professor f:::
relationship  set<Course> teaches
inverse Course:is _taught _by;

interface  Course f:::
relationship Professor is _taught _by
inverse Professor::teaches;

9

The relationship de ned by the teaches and is _taught _by traversal paths is a one-to-many relation-
ship between Professor and Course objects. This cardinality is shownin the traversal path declarations.
A Professor instance is assaiated with a set of Course instances via the teaches traversal path. A
Course instance is assaiated with a single Professor instance via the is taught by traversalpath. 2

The OODBMS is responsible for maintaining referertial integrity of relationships. If an object par-
ticipating in a relationship is deleted, any traversal path leading to that object must also be deleted.
Maintaining referertial integrity prevents applications from accessingtraversal paths that lead to non-
existing objects. Object-valued attributes or, in other words, composite objects, o er an alternativ e to
relationships. Object-valued attributes just enable one object to referenceanother, without expectation
of an inversetraversal path or referertial integrity.

1.1.4 Inheritance

ODMG object model includes inheritance-basedtype-subtype relationships. More precisely ODMG
supports two inheritance relationships: the ISA relationship and the EXTENDS relationship.

Subtyping through the ISA relationship pertains to the inheritance of behavior only. Thus interfaces
may inherit from other interfaces and classesmay also inherit from interfaces. By cortrast interfaces
may not inherit from classes,nor may classesinherit from other classesthrough the ISA relationship.
Becausethe ODMG object model supports multiple inheritance of object behavior, it could happen that
a type inherits operations with the samename from two di erent interfaces. The model precludessuc
a possibility by disallowing name overloading along the ISA hierarchy.

40Object names are used especially to refer to root objects, which provide entry points into the database.
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Figure 1.1: Example of inheritance relationships

In ODMG 3.0 eath user-de ned object type, declared both through a classand an interface speci -
cation, inherits through the ISA relationship from the systeminterface Object which is thus the root of
the ISA relationship. Sud relationship, betweenObject and the user-de ned object types, can be either
explicitly declared,asin Example 1.4, or can be implicitly deduced.

In addition to the ISA relationship, that de nes the inheritance of behavior betweenobject types, the
ODMG object model providesthe EXTENDS relationship for the inheritance of state and behavior. The
EXTENDS relationship is a single inheritance relationship betweentwo classeswhereby the subordinate
classinherits all properties and operations of the classthat it extends.

The following example illustrates the di erences betweenthe two inheritance relationships.

Example 1.4 In the following, according to the ODL syntax, the colon (:)denotes the ISA relationship,
while extends denotesthe EXTENDS relationship.

interface  Objectf:::g;

interface Employee:Object f ::: g;
interface  Professor:Employee f ::: g;
class Person:Object f:::g;

class EmployeePerson extends Person:Employeef: ::g;

The inheritance relationships induced by the previous declarations are illustrated in Figure 1.1. In
Figure 1.1, interface object type namesare placed in simple rectangles, whereas class object type names
are placed in rectangleswith round corners, the ISA and EXTENDS hierarchiesare explicitly distinguished
by lakels on the edges.

According to the previous declarations, interfaces Employee and Person inherit the behavior from
interface Object throughthe ISA relationship, whereas interface Professor inherits the behavior from
interface Employee Moreover, class EmployeePersoninherits the state and behavior from classPerson,
whermas it inherits the behavior from interface Employee 2

According to the notation usedin the ODMG object model, given an interface i and a classc, if
an edgei c(ori i%®where i®is an interface) exists in the ISA relationship, then i is called direct
superinterface of ¢ (i9. In addition, giventwo classesc and c° if an edgec  c® existsin the EXTENDS
relationship, then c is called direct superclassof c°.

If a classtype hasa direct superinterface, accordingto the ISA relationship the attributes de ned in
the interface type are not inherited, since only the behavior is inherited through the ISA relationship.
Attributes must thus be redeclaredin the class de nition. This is in accordancewith the fact that
interface attributes are intended as accessomethod signatures, whereasclassattributes are intended as
data storage structures. The sameremarks apply to relationships.

The following example reports an ODMG database schema, where most of the aspects we discussed
sofar are involved.

Example 1.5 Let Course and Section be two classesmodeling courses and their sections, and let
Department be a classmodelling university demartments. Then the de nitions of the classesSalary and
Employee and of the interface Student and of the class Teaching _Assistant , which inherits from the
interface Student and from the class Employeg are the following.

class Salary:Object f

12



attribute  float base;
attribute  float overtime;
attribute  float bonus;

class Employee:Object (extent employees, key id) f
attribute  string  name;
attribute  short id;
attribute  Salary annual _salary;
void hire();
void fire();
9;

interface  Student f

struct Addressfstring college, string roomnumbeg;

attribute  string  stud _name;

attribute  string  student _id;

attribute  short year;

attribute  Address dorm.address;

relationship  set < Section > takes

inverse Section::iis _taken _by;

boolean reg_for _course(in Course c,in Section s);

void drop_course(in Course c);

void assign major(in Department d);

short transfer(in Section old _s,in  Section news);
g,

class Teaching_Assistant extends Employee:Student (extent Teaching_Assistants) f
relationship ~ Section assists
inverse Section::has _TA,;
attribute  string  stud _name;
attribute  string  student _id;
attribute  short year;
attribute  Address dorm.address;
relationship  set < Section > takes
inverse Section::iis _taken _by;

g 2

1.1.5 OQL, the ODMG Query Language

ODMG provides a declarative languagefor querying objects, OQL, that is simple, not computationally
complete, and provides high level primitiv esto deal with objects. OQL is an SQL-like language,thus, it
is basedon the Selet - From - Where clause.

Example 1.6 Consider the datatase schemapresentel in Example 1.2. The following OQL query re-
trieves the namesof the personsthat live in Rome.

select p.name
from Person p
where p.address.city = "Rome" 2

Even though OQL is very closeto SQL, it diers from SQL in many respects. First, the result of a
qguery in SQL is always a relation, whereasin OQL the type of the result of a query dependson the query
itself, as shown in the following example.

Example 1.7 Consider the datatase schemapresentel in Example 1.5. The following OQL query re-
trieves the names of the teaching assistantsliving in room 511.

select t.stud _name
from Teaching_Assistants t
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where t.dorm _address.room _number = "511"

In such a query the type of the result is bag<string > since the type of the attribute stud name of
classTeaching _Assistant is string and no distinct clausehasbeen specied. In caseof distinct clausethe
type of the result would be set <string >.

Suppse that attribute year of class Teaching _Assistant stores the university year a student attends.

The following OQL query retrievesthe Teaching _Assistant objects correspnding to students attending
at least the third university year.

select t
from Teaching_Assistants t
where tyear >= 3

By contrast, the following OQL query retrieves the set of structs composed by the name and the
identi er of the teaching assistantsattending at least the third university year.

select struct(t _name: t.stud _name, t.id: t.student _id)
from Teaching_Assistants t,
where tyear >= 3 2

The secondfeature of OQL which di erentiates it from SQL is the use of path expressions. OQL
path expressionsallow one to navigate through objects via object identifers. Path expressionsappear in
SQL:1999to support navigation through referencetypesand through the ADT componerts. However,
in SQL:1999they are an alternativ e to the usual join medanism, whereasin OQL they are the standard
mecdanismto navigate through references.ln OQL, indeed, object oids cannot be explicitly referencedin
gueries. OQL usesthe dot notation to follow both referencescortained in attributes and traversal paths
corresponding to relationships. In addition, in OQL method invocations can appear in path expressions.
The notation for calling a method is exactly the same as for accessingan attribute or traversing a
relationship, in the casethe method has no parameters. If it has parameters, these are given between
parentheses.In OQL path navigation acrossmultiv alued propertiesis not allowed. The following example
preserts someOQL queriesinvolving path expressions.

Example 1.8 Consider the datatase schemapresental in Example 1.5. Suppse that class Section is
equipped with an attribute course, that storesthe course to which the section refers. In addition, suppse
that class Course is equippad with an attribute namewhich stores the course name. The following OQL
query retrieves the names of the teaching assistants of datalase courses.

select t.stud _name
from Teaching_Assistants t
where t.assists.of _course.name = “Database"

The following OQL query retrievesthe set of structs composel by the namesand the identi ers of the
teaching assistantswhich take sections of datalase courses.

select struct(t _name: t.stud _name, t.id: t.student _id)
from Teaching_Assistants t, ttakes s
where s.of _course.name = "Database"

Suppse that the methal boolean reg for _course which class Teaching _Assistant inherits from
interface Student returns true if the teaching assistantattendsthat coursein that section, false otherwise.

The following OQL query retrievesthe set of objects of class Teaching Assistant representing students
of a datatase course.

select t
from Teaching_Assistants t, Course ¢, Sections s
where treg _for _course(c,s) and c.name = "Database" 2

An important feature of OQL is the support of the late binding mechanism. Thus, for each method

invocation the most speci ¢ implementation with respect to the type of the object is assciated with the
method for execution.
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Example 1.9 Suppmsethat methal reg for _course is overriddenin Senior _Teaching _Assistant , which
is sulrlassof Teaching Assistant . Then for the Teaching _Assistant objects whosemost speci ¢ class
is Senior _Teaching _Assistant the methad implementation given in this classis invoked. 2

The use of methods in queriesopens many relevant issuesthat are not fully addressedin OQL. For
instance, though it is not explicitly stated in the OQL speci cation, it seemsreasonableto allow only
side-e ect free methods in queries, that is, they should not modify the databasestate [Clu98]. Such a
restriction is reasonablein order to keepqueriesside-e ect free.

1.2 Mo delling Time and Space and Spatio-temp oral Multigran-
ularit y

In this section we describe how time and spacedimensionsare represenied in the literature.

1.2.1 Representation of Temporal Dimension

Temporal logic represen time asan arbitrary set of instants with an imposedpartial order. Linear time
can be speci ed by adding an axiom imposinga total order on this set. In the linear model, time advances
from the past to the future in a step-by-step fashion. Another possiblemodel is the branching model. In
the branching model time is linear from the past to now, where it then divides into seweral time lines,
ead represerting a potential sequenceof everts.

Axioms may also be addedto temporal logicsto characterize the density of the time line. Combined
with the linear model, discrete models of time are isomorphic to natural numbers, implying that ead
point in time has a single succesor.Densemodels of time are isomorphic to either rationals or the reals:
betweenany two momerts of time another momert exists. Continuous models of time are isomorphic to
the reals, that is, they are both denseand, unlike the rationals, contain no \gaps".

A time point on the time line is referred to as an instant [JDB* 98]. The time betweentwo time
instants is called time interval®, also referred to as time period. Linear time is partitioned into smaller
segmenms. A non-decompsable one-dimensionalunit of time is called chronon [Ari86, CR87, JDB* 98].
Thus, a chronon is the smallest duration of time the can be represenied in a model.

The time domain is usedto represen time. Speci cally, the time domain givesthe set of primitiv e
temporal ertities usedto de ne and interpret time-related concepts. The structure of the time domain
de nes whether it is linear or branching, and if it is denseor discrete. Time domain is usually represened
asa pair (T; ), whereT is a set, represerted either asR, Q, Z, or N, and is the orderon T.

Facts are related to the time domain, either as eventsor states Events are related to instants. By
cortrast, states have a duration. Moreover, facts interacts with time accordingto dimensionality of the
time domain, In the context of databases,two time dimensionsare of general interest: valid time and
transaction time. Valid time concernsthe time a fact was true in reality [JDB* 98]. The valid time
of an event is the time at which the event occurred in the real word, independen of the recording of
that event in somedatabase. Valid time can refer alsoto the future, if it is expected the somefact will
be true at a specied time after now. Transaction time concernsthe time the fact was stored in the
database[JDB™* 98]. The transaction time of a fact identi es the transaction that inserted the fact into
the databaseand the transaction that removed this fact from the database. Thesetwo dimensionsare
orthogonal. A data model supporting neither is termed snapshot asit capturesonly a single snapshotin
time of both the databaseand enterprise that the databasemodels. A data model which supports only
valid time is termed valid-time, one that supports only only transaction time is termed transaction-time,
and onethat supports both valid and transaction time is termed bitemporal. Temporal is a genericterm
implying somekind of time support. There is a third kind of time that may be included: user-de ned
time [JDB* 98]. This term refersto the fact that the semartics of thesevaluesare known only to the user,
and are not interpreted by the DBMS asdi eren tiated from valid and transaction time, whosesematrtics
are supported by the DBMS.

SLiterature related to SQL refer to unanchored segmert of the time line, e.g., one day, astime interval. By contrast, time
periods represert absolute portion of the time line. However, usually, in the literature, the two terms are widely accepted
as synonimus. In the following, we prefer the term time interval to represent absolute and contiguous portions of time.
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1.2.2 Temporal Database Mo dels

Temporal database systemse cien tly manage not only the current value of data, but also the ertire
history of data over time. By contrast, in convertional database systemsthe content of a database
represens a snapshotof the reality in that only the current data are recorded. If sud a need arises,
data histories must be managed at application program level, thus, making the managemen of data
very dicult, if at all possible. Thus, temporal database systemsovercomesthis lack. Issuesrelated to
temporal data models and query languageshave beenextensiwely investigated from the theoretical point
of view [JS99 WJIW98].

Most of the researd and developmert e orts in the areaof temporal databaseshave beencarried out
in the context of the relational model. In 1995, TSQL2 [Sno9Y, the temporal extension of the SQL-92
relational databasestandard hasbeenproposed.In the new standard SQL:1999[GP99, MSGO01] temporal
featureshave not yet beenintroduced. A recert book by Snadgrass[Sno99 preseris e ectiv e techniques
for designingand building relational databaseapplications that must integrate past and current data.

Se\eral temporal object-oriented data models have beenproposedaswell in the literature [BFGMO3,
BFGM98, EdJOP93, WH92, OPS' 95, RS91, SN97, WD93]. Most models support a linear discrete time
structure, whereasonly few of them model a user-de ned hierarchy of time types. Sewral practical
argumerts justify this choice. First, measuresof time are inherently imprecise. Second, most natural
languagereferencedo time are compatible with the discrete time model. Third, the conceptsof chronon
and period allows to naturally model everts that are not instantaneousbut have a duration. Finally, any
implementation of a data model with a temporal dimension requires somediscrete encaling for time.

An important feature which distinguishesthe approaces proposedis the modelling ertity to which
time is assaiated. Usually, in temporal object-oriented databasesobjects or attributes can have an
assiated time. Someapproaches assaiate a timestamp, that is, a time value, with the whole object
state; others assaiate a timestamp with ead object attribute often regarding the value of a temporal
attribute as a function from a temporal domain to the set of legal valuesfor the attribute. This is also
the approadc taken in the temporal model presenied in the thesis. In all these approades, except
than [BFGMO03, BFGM98], one can notice the lack of a common basis and the complete neglecting of
standardization issues. One of the main reasonsis that the ODMG standard is recert if comparedto
the SQL standard, and not yet well-established. The de nition of the standard has represened for the
object-oriented databasecommunity a common basisto de ne extensionsof object-oriented databases,
compliant with the standard, in many researt directions, sudch as with temporal features. [BFGM98]
has beenthe rst attempt to produce an extension of the ODMG object model to manage the time
dimension.

Once stored, temporal data must be retrieved, accordingto a temporal query languages.[Sno93 and
[Feg99 give an exaustive review about temporal query languages. The models proposedin [BFGMO03,
BFGM98, EdOP93, WH92, OPS* 95 RS91,SN97,WD93] provide, in particular, temporal object-oriented
guery languages.However, most of them are extensionsof relational query languagesrather than of exist-
ing non-temporal object-oriented query languages.As we mentioned when describingOQL in Sectionl.1,
object-oriented databasesystemsprovide, in addition to traditional query languages,a navigational ap-
proach to data access. The navigational approac is basedon object identi ers and aggregation rela-
tionships: given an oid, the system directly accessegshe corresponding object and navigates through
objects referred to by its componerts. This accesgmodality can be combined with the query-based(e.qg.,
SQL-like) access.Thus, conditions in a query can be imposedon the nestedattributes of the queried ob-
jects; such nestedattributes are in most casesdenoted by path expressions or similar syntactic notations.
Among the few proposalsaddressingissuesconcerning object navigation in a temporal object-oriented
data model let us mention [BFG98].

1.2.3 Temporal Gran ularities

An important requiremert, when dealing with temporal aspects, concernsthe support for multiple tem-
poral granularities [BJWO0O0]. Temporal granularities are the unit of measurefor temporal data. For
instance, birth dates are typically referredto the granularity of days and train schedulesto that of min-
utes. The choice of the correct temporal granularity allows the systemto store the minimal amount of
data, accordingto the neededlevel of detail. Sincemany di erent granularities exist and no granularity
is inherently \b etter" than another, a temporal databasesystemshould support a wide range of temporal
granularities and should allow the userto de ne his/her own application-speci ¢ granularities.
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Temporal relational databases,andin particular the TSQL2 [Sno9§ extensionof the SQL-92 standard,
support multiple temporal granularities. Someproposalsof temporal object models supporting multiple
temporal granularities alsoexist, but they su er for lack of standardization, lack of formalisation, and they
mostly leave the user the burden of managing granularities. The introduction of temporal granularities
in object-oriented data models, moreover, raisesmany relevant issues,that are not addressedby existing
proposals. For instance, none of the existing approacesconsidersthe impact of inheritance whenmultiple
granularities are supported, nor they addressissuesconcerningtype re nement and substitutabilit y. We
strongly believe that systemsmust provide a support for handling multiple granularities, and that all the
notions of a temporal object model should be revised for adequately supporting multiple granularities.
The modelling power of an object data model combined with a multigran ular represenation for temporal
data will result in a highly exible data model, suitable for all applications needingthe managemen of
temporal information.

The pioneering researd work on temporal granularities is [And82], which rstly pointed out the
need to model time at multiple granularity level. After such work, many other proposals aimed at
understanding and formalising what temporal granularities are and how they can be managedproperly
have been published. Sud proposalsare based on di erent formal approadces. For instance, [LC02]
extend the Event Calculus to support temmporal granularity and indeterminacy, to represen imprecise
temporal everts at di erent granularities.

[BWJ98, CR87, GLO" 98, MMCR92, WJL92, Ter97, GLM* 01] are characterized by the seart for
a common basis on top of which one can reasonon multiple granularities in temporal databases. In
particular, [GLM * 01] is focusedon calendric granularities, that canbe applied to commoncalendars. The
authors provide an e ectiv e formalism for granularity conversion of anchored and unanchored temporal
intervals®.

We believe that a common basisamongdi erent disciplinesinterested in temporal granularity repre-
sentation hasbeenachieved by the consensugylossaryof time granularity concepts|[BDES98]. In such a
work Bettini et al. clearly formalise all the main notions related to multiple granularities and established
seweral interesting relationships among granularities. Our work, starting from [BDES9§], investigates
the impact of temporal granularities in an object-oriented model compliant with the ODMG standard.
Thus, the theoretical basis preseried in [BDES98], and acceptedby the temporal databasecommunity,
is exploited as a foundation for our work.

The formalism of [BDES99] is the basis of a very recent work [CFPO04], that, like [BS99, formalises
how temporal granularities can be speci ed and represeried. The approac of [CFP04] is logical, based
on a linear temporal logic.

Temporal granularity issuesrelated to temporal databaseshave beeninvestigatedboth in the relational
and the object-oriented data models. For what concernstemporal relational databasesthe SQL standard
o ered a commonbasisfrom the databaseside which hasgivenriseto TSQLZ2, the standard for temporal
relational databases. In its rst release[Sno93 TSQL2 supported multiple granularities, but many
important issues,such as scaling from one granularity to another, were not considered. A very recen
paper [DELS0Q] solvesmany of the problemsof TSQL2 related to the treatment of multiple granularities.
In [DELSOQ], the authors elaborates on the theoretical framework of [BDES98].

A comprehensie book on temporal granularities in databases,data mining, and temporal reasoning
hasbeenpublished [BJWO0OQ]. This book is mainly a collection of paperswhich are the contribution to the
eld of the three authors: Bettini, Jajodia, and Wang. [BJWO0O] dealswith se\eral aspects of temporal
information and provides a unifying model for granularities. The underlying data model consideredin
[BJWOQ] is the relational one. Among the work by those authors inserted in [BJWOOQ] let us mention
[BWJ98]. In [BWJ98] the concept of semantic assumption for temporal databasesis formalised. A
semaric assumption is a way of deriving implicit information from explicitly stored (relational) data.
Thus, they allow oneto query data storedin a databaseaccordingto a granularity with respectto another
granularity. Theseway of reasoninghas beenextensively adopted in temporal databases.

The introduction of multiple temporal granularities in an object-oriented data model posesadditional
issueswith respect to the relational corntext, due to the semaric richnessof such a model. Most of
the temporal object-oriented data models proposedso far do not deal with temporal granularities. The
only onesdealing with temporal granularities [CCP97, OPS* 95, RS91, WD93] support multiple temporal
granularities asextensionsto the setof typesof the temporal model. However, in most of theseapproaces

6In the literature, an ancored temporal interval, or period, is a portion of the time domain de ned by two instants, i.e.,
two points, on the time line. By contrast, an unanchored temporal interval is an interval referred to by its lenght.
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the speci cation and managemen of di erent granularities, e.g., how to convert from a granularity to
another, is completely left to the user. None of them refers to the ODMG standard object model,
which implies a strong dependenceof ead temporal model from the referenceobject model. Moreover,
in contrast to the relational context, the introduction of temporal granularities in object-oriented data
modelsis, in most cases,informal.

By cortrast, the model preserted in [BFGMO3], relying on previous work [BFGM98, MBF G99, dis-
cussesthe impact of inheritance when multiple granularities are supported, proposing an approach to
deal with consistency type re nement, substitutabilit y, and object navigation. Speci cally, T_ODMG
[BFGMO03, Mer01] is an extensionof ODMG object model focusedon the structural part of objects, which
can vary over time, rather than on their behavior.

T_ODMG adopts the de nition of temporal granularity given in [BDES9§], that is the de nition
commonly adopted by the temporal databasecommunity. In T_ODMG, atemporal granularity is de ned
asa mapping from an orderedindex setto the setof possiblesubsetsof the linear and discret time domain.

In T_ODMG a formal de nition of the notion of temporal type with respect to a given granularity
is provided. T_ODMG obijects are characterized by temporal properties, ead one referring to a speci c
granularity. A temporal property referring to granularity G canassumea di erent value v on ead granule
g of granularity G. For instance, a courseobject may have a temporal property recording the teacher
teaching the courseead year; a city object may have a temporal property recording the city temperature
every month; nally , an employee object may have a temporal property recording the salary earned by
the employeeead year.

In T_ODMG inherited features can be rede ned performing covariant rede nitions [AC96]. The
adopted approadc considersproperty domains as integrity constraints to be cheded at run time, rather
than dealingwith them astype constraints. To enforcesubstitutabilit y, the ideais that attribute domains
can be replacedin a subclassby re ned types. For instance, an attribute with granularity month can
be re ned in an attribute with granularity day. This meansthat in the subclassthe history of the daily
changesof the attribute is kept. Clearly, however, the attribute may not maintain the samevalue for
ead day of the month. Then, the question arisesof which value should be consideredwhen the value
of the attribute in a given month is required, that is, when an instance of the subclass must be seen
as an instance of the superclass. To overcomethis problem, in T_ODMG coercion function have been
introduced. Coercion functions are usedto compute, given the values of the attribute in the subclass,
the value to be consideredin the superclass.

All the introduced notions are \put together" leading to the de nition of database stchema and
database. This requires stating the notion of consistency of a set of objects, which encompassesev-
eral notions, such astemporal referertial integrity and temporal keys. Furthermore, T_ODMG proposes
an approach to object navigational accessein a temporal multi-gran ularity context, relying on the work
preserted in [BFG98].

1.2.4 Space Representation and Spatial Mo dels

The problem of represerting spatial ertities arisesin various contexts and it can be tackled from di erent
points of view. From a theoretical point of view, researtersin the eld of geometric modeling aim at
de ning abstract models that describe generic spatial ertities (e.g., with complicated shapes and/or in
arbitrary dimensions,etc.) in order to provide independencefrom any speci ¢ application.

The formalisation of the spacedomain relying on mathematical methaphors usually refer to Euclidean
geometry formalisation, in particular in the area of GISs [MF96]. Dierent represerations are given ac-
cording to the number of spatial dimensionsrepreserted. If spaceis dense,it is represeried asisomorphic
to R". By contrast, discrete models represert spaceas isomorphic to N" or Z". Usually, data models
represen spaceas a set of 2 or 3-dimensional points.

When represerting geographicdata, ead point, that is called position, is referred to by a latitude, a
longitude, and an elewation if the represenation is 3-dimensional. The eleation is given asdistance from
the seelevel. By cortrast, longitude and latitude are computed by performing projections of a point on
the Earth surface(usually represerted as a spheroid) on a plane surface.

Historically, geographicand spacerelated information, in the literature, is represened according to
two di erent represertations:

objectbasel representations an object is subdivided into pairwise quasidisjoint elemenary parts;
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spacelasal representations the spaceis partitioned (tassellated) into elemerts, called cells; an
object is embeddedin the space,and it is described in term of the cellsit intersects.

Both objectbased and spacebasedepreserations are also referred, in geometric modelling, as de-
composition representations becausethey describe an object in terms of a collection of primitiv e objects
combined through a glueing operation. Moreover, both decompositions are used in GISS[MF96, tC02]
for represening spatial ertities. The object-based represenation, or ertit y-based, or feature-based,is
usually referred to asvector approach.

The space-basedrepresenation is known also as eld-based, or raster approad, since the space
is usually subdivided into xed or regular grid. Each cell in the grid has assaiated two values: a
position (that identies the cell), and the value of the attributes of the underlying area or object it
represens. By usingraster approadc, only approximate represerations of spatial objects can be obtained;
examplesare spatial enumerations and adaptive subdivisions like the quadtree, the octree or the bintree
[JT84, Sam90h Sam904.

By cortrast, by using the vector approach spatial objects are represerted through their geometrical
counterpart. In 2-dimensions,the vector primitiv es are points, lines and regions (or polygons). Then,
the spatial extents of an object is described in terms of points, lines and regions, located by Cartesian
coordinates in a spatial referenceframe. The vector approac allows oneto represert the spatial relations
that hold, in a giveninstant, amongthe spatial objects. Among relations of interest, topological relations
have beenwidely investigated [EF91]

Due to the increasedinterest in represering spatial information, se\eral spatial databasemodelshave
beenproposed,speci cally as spatial extensionsof constraints databases|KKR95], as spatial extensions
of the relational model, and more recertly as extension of the object-relational model [RSV02, SCO03].
Commercial products like Postgres [Postgre§, MySQL [MySQL] and Oracle [Oracle] DBMS support
a wide range of (vector) primitiv es for describing spatial data. For the represenation of data, spatial
databasemodelsand systemsapply an approadc that is referredto in the literature asintegrated approach
[RSV02]. The integrated approach is opposedto the loosely coupled approach applied by GIS systems,
where spatial data and non-spatial data are managedby two di erent engines. Moreover, the integrated
approadc support a characteristics that is proper to the object-oriented paradigm, i.e., the capability of
extending the type systemsand the functionalities provided by a (spatial) DBMS with new typesand
operations.

In the last years, di erent international organisations have proposedconceptual models for the rep-
resertation of spatial and geographicinformation. In particular, for the GIS area the referencemodel
is that proposedby the Open GIS Consortium [OGC]. By cortrast, the standard for spatial database
models s the set of standard ISO/TC 211[ISQ]. Both standards provide generalguidelinesfor the rep-
resertation of spatial data. [BNPO04], for example, is a conceptual model, extension of UML, compliant
to ISO/TC 211 standard, related to the European project INSPIRE [INSPIRE].

1.2.5 Spatial Gran ularites and Multiresolution Mo dels

A topic of relevant interest in modeling spatial ertities is related to the represeration of data at multiple
levels of details, that is, at multiple granularities. The possibility of analysing spatial objects at di erent
levelsis useful, for example, for providing more detailed and/or accurate descriptions of parts of major
interest. Multilev el modeling o ers interesting capabilities for spatial represenation and reasoning: from
support to automated cartography [FT94], to e cien t browsingover large datasets,to structured solutions
in way nding, planning and design [TVPE92], to rendering virtual reality ervironments [RB93, FP95,
FMP96, CPS97. Sofar, howewer, the related literature doesnot refer neither a common de nition for
spatial granularity nor a unique notion of it.

The term multiple representations which importance in GIS context has beenunderlined in [BL89,
BLM89], meanssequence®f represertations of a given object basedon di erent decompositions, ead one
corresponding to a represenation at a given level of resolution. Suc sequencesan be built accordingto
di erent criteria, which depend on the way decompositions are intended and used. The re nement tech-
nigue adoptedto produce decompositions can be driven by either a structural or an instrumental point of
view. The great majorit y of multiresolution models proposedin the literature are related to instrumental
multiple represertations. Instrumental multiple decompositions are usedasrepreseration tools. Di eren t
decompositions are distinguished only on the basisof their accuracyin the represenation. For instance,
multiple decompositions used as a basis for approximations of a given object, the most re ned decom-
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position corresponds to the lowest error in approximating the object shape (i.e., it correspondsto the
most accuraterepresenation). This is, for example, the caseof decompositions for digital terrain models
[FP95, FMP96, GH97] and represeration of 3-dimensionalshape [CCM* 00, GS98 THJ99, CM02].

By constrast, a structural multiple represenation leadsto decompositions given with respect to the
structure of the objects represerntied. Dierent decompositions have di erent semariics and the level of
resolution can be strictly related to the intrinsic topological structure of the described object. Struc-
tural multiresolution has beeninvestigated especially within GIS applications. Somereseart has been
undertaken in the last years concerning the developmert of data models for the multiresolution rep-
resentation of geographicmaps [BFP94, BF89, FT94, PD95] (which can be seenas structured objects
whoseparts correspond to regionsof the map). [JC04] concernsspeci cally with multiple represenation
of urban street networks. Someproposalshave beenpreserted that addressmultiple represenations of
spatial data in the context of GIS, concerning either the developmen of multiple represenation data
models [BFP94, BF89, FT94, JL99] or the assessmenof consistencyamong di erent represerations
[ES92 ECF94]. More recert work are devoted to spatial databases[SPV00, RS95

Related to the problem of having multiple represertations is the problem of linking di erent represen-
tations of the sameobject at di erent levels of resolution. This problem is underlined in [BE99, BEO1].
By enriching multiple represenations through this kind of information, we obtain a multir esolution model.

Stell and Worboys in [SW98] intro duce the notion of \stratied map space"to denote a set of maps
represering the sameextent at dierent levels of detail, that are related to form a spatial granularity
lattice. In [SW98], Lift and Gen functions are used to move from a represernation to a ner/coarser
one. Other researt articles discussingstructures for relating di erent spatial granularities describe
such structures generically as \hierarc hies" [CJO0, HMO1, Tim99]. Timpf in [Tim99] deduceslevels of
detail organized in hierarchies from a set of spatial data represeriing the same geographical area at
di erent resolutions \map series"), with respect to a set of given human driven abstraction processes:
namely aggregation, ltering and generalization.

The term genearlization comesfrom cartography [BM91, MS92]. In such context it refersto the choice
of which features must be still represerted in a lessdetailed map, as a consequencef a scalereduction,
mainly for graphical represertation and visualization aims.

Factors that determine the outcome of such choice, and the decision of what represenation to use,
depend from the application domain. Model-oriented generalization [MLR95] applies cartographic tech-
niguesfor represening spatial data at di erent levelsof abstraction, by taking into accourt alsothe seman-
tics of data and somenotion of consistency as, for example, the presenation of topological relationships
[PD95]. Seweral generalization operators have beende ned in the literature (e.g., [Mul91, WD99, DP96]
report an exhaustive review).

From the point of view of data usability, an important requiremert that such operators must ful ll
is the presenation of consistency[BM03]. Indeed, a critical point in geographicdatabasesmaintaining
represenations of the sameareaat di erent resolution levelsis the presenation of topological consistency
betweenthe represened ertities: it is essetial that a query evaluation at a coarserlevel givesa result
consistert with that obtained from the evaluation at the more detailed level. If the operators applied do
not guarantee to generateconsistert maps, a posteriori chedk must be performed. This is the approac
commonly adopted in the map generalization literature [ES92 HT92, ECF94], while current GISs lack
methods to build intrinsically consistert multiple represenations.

It has been proved in [Ber9§ that eat consistert (i.e., preserving topological relationships) map
transformation can be de ned as a composition of a set of atomic operators. Suc operators can be
characterizedin terms of minimal morphismsin the category of a speci ¢ classof abstract cell complexes.
The operators provided allow, for instance, the reduction of the dimension of someentities (for example,
a region becomesa line) or the immersion of someertit y in somelarger object (for example,a point con-
tained in a region disappears). Both operations are quite usefulto generatemaps at di erent granularity
levels. For example, by consideringa geographicalmap, the rst operation canbe usedto transform eac
river cortained in the map and represerted asa polygon (a region), in a singleline. The secondoperation
can be usedto remove from the map all points represering small towns.

In [BE99, BEO1], where a model for progressiwe transmission of vector data over the world wide web
is preseried, theseoperators are usedfor creating multiple represenations of vector data. A set of spatial
data, basically a map, is generalizedat di erent levels of abstraction, and ead logical level is computed
by generalizing a more detailed one by using the generalization operators de ned in [Ber98]. Each
logical level is, basically, a set of vector data, topological relationships and related vertical links. Vertical
links bind a geometric ertity represerted in a map on which the generalization processhas beenapplied
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to its ner represenation in the immediately ner level, and ead vertical link is an ordered sequence
of functions (inverse of minimal operators de ned in [Ber9g]) to apply to an ertity in a level in order
to (re)obtain the precomputed represeration of the entity at ner level. Saalfeldin [Saa99 proposea
version of asline simpli cation [DP73] that guarantee topological consistency

Recerily, alsoqualitativ e reasoningareahasshowvn a growing interest in spatial represenation at mul-
tiple level of details [Ste0Q BCI97, BS01g Ben01, BS0Q, Bit02, Ste03 Bit03, BS034. Indeed, granularities
are intended as fundamertal issuefor the de nition of a spatial ontology. With this concern, Fonsecaet
al. [FEDCO02] discussspeci cally the designand the support for semartic granularities. However, most
of the work in this area has focusedon the imprecision of spatial represenation, an issuethat is closely
related to the notion of spatial granularity [DMSWO01]. Speci cally, in the literature, formalisations of
the concepts of imprecision [Wor98a, Wor98b), imperfection [DMSWO01], vaguenesgBen0l, Ben0Z of
spatial information and spatial rough sets [BS01b, BSO3h have been provided. Katri et al. presened
in [KRSOO02] a spatial granularity systemsthat rely in particular on spatial imprecision as discussedin
[DMSWO01, Wor98a Wor9o8h).

1.2.6 Spatio-temp oral Mo dels

Seweral proposalsproviding an integrated approac for the managemen of spatial and temporal infor-

mation have been preserted in the past [ATSS94], as temporal extensionsof GIS [Lan92, Peu94 CT95,

Peu99, or asindependert frameworks [Wor94]. Recert work dealswith conceptualmodelling [PSZ99, as

extensionof Entit y Relationship model[TJ99], or as extensionof the Unifying Semaric Model [KRSOO02]
Tryfona et al. [TJ99, PT98] classify spatio-temporal objects in three types:

objects which spatial characteristics, i.e., their shape, changediscretly over time (e.g., land parcels
in a cadastral application);

objects that change positions, but not shape, discretly or cortinuosly over time, that are referred
to as moving objects (e.g., a car that moveson a road);

objects that move and changeshape cortinuosly (e.g. the re in a forest).

Among them, moving objects, togheter with geometricobjects [CRO1], represert an areaof growing inter-
ests. In [GBE* 0Q] an algebraic framework for modelling moving points and regionshas beenformalised,
by proposing abstract data typesthat can be integrated in relational and object relational models. In
[PfoOQ] the issuesrelated to managemen of moving points are speci cally discussed. Chomicky and
Reveszin [CRO1] discussthe closure properties of a set of geometric spatio-temporal objects (rectangle
and corvex polygons) with respect to basealgebra operators (e.g. closure with respect to intersection)
have beendiscussed.

In [TH98] the algebrade ned for thematic mapsin [DHT94] is usedto obtain spatio-temporal (virtual)
views of a set maps, by taking into accourt also relationships between spatial data. Geometric objects
are also considered,but their changesover time are managedas changesof identit y, and not as spatio-
temporal updates of object represenations.

Recerily, spatio-temporal extensionsof SQL:99 [CZ00b, KRH00] and ODMG [GFP* 01, HC02] have
been proposed. In particular, the extension of ODMG proposedby Huang and Claramunt [HCO02] en-
hancethe ODMG type systemwith a setof literal spatial typesand a parameterisedtype for represerting
temporal attributes, that, instantiated using a spatial type, allowsto modelling spatio-temporal informa-
tion. [GFP* 01] reports on the designof the Tripod spatio-temporal databasesystem, that extends the
ODMG type systemwith temporal and spatial types,handling past represerations of attributes through
the concept of histories.

Few proposalsin the literature addressissuesrelated to a multigranular represenation of spatio-
temporal data. In [CJOQ] nestedhierarchiesfor modelling spaceand time have beenproposed. According
to such hierarchies, quartitativ e information about spatio-temporal relationships amongthe entities de-
scribed are obtained.

Vangenot [Van01] proposesa timestamped model for multiple represenations of data, where each
represenation is related to a view point and a (spatial and semariic) resolution. The relationships
amongthe di erent represenations of objects are sematrtic driven.

The modelling of moving objects over multiple granularities is discussedby Hornsby and Egenhofer
in [HEOZ2], where a coarseningoperation is applied to geospatiallifelines that model the motion of spatial
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objects, to predict their movemen. The coarseningoperation is implemented as a decreaseof the times-
tamping frequency of the object geospatiallifeline, that is then obsened at a greater level of (temporal)
detail, in order to simplify the motion prediction.

An attempt towards supporting multiple granularities for spatio-temporal data is discussedalso in
[KRSOO02], that preseris an annotation-model, extension of the Unifying Semartic Model formalism,
supporting the speci cation of spatiotemporal data at multiple granularities. In particular, the granu-
larity models preserted in [KRSOO02] rely on the conceptsof temporal indeterminacy [DS9§ and spatial
imprecision [DMSWO01, Wor98a Wor98h]. Moreover, the work preseried in [KRSO02] takesinto accourt
the guidelines given by Stell and Worboys in [SW98], where they presert a theoretical framework for
the speci cation of a spatial granularity lattice, that establishesthe relationships amongdi erent gran-
ularities. The resulting model and the granularity systemsdescribed are e ectiv e for data speci cation,
but only generic conversion functions among granularities are supported: the speci cation of how to
convert from a granularity to another, is completely left to the user. Finally, multiple represerations in
spatio-temporal databaseshave beenpartially addressedby a recert European project [PSZ00.

1.3 Temporal Expirations

T_ODMGe model we present in Chapter 4 relies on temporal expirations. Temporal expirations are also
supported by ST2_ODMGe model described in Chapter 5.

Temporal expirations have beenwidely discussedby the literature, in orderto nd a solution to the
problem of storageoccupancyin temporal databasesand data warehouse4SJ02 SIJM03, YWO01, DZS03].
In sucth databases,a ne level of detail is often required only for just acquired data, while after a period
of time only aggregateddata are neededfor supporting data analysis. Then, detailed data valuescan be
removed from the databaseor moved to tertiary storage devices. The problem of expiration, with the
exception of [Rie99], has beenmainly investigatedin the relational context.

In Chapter 4 we distinguish two typesof expirations, namely ewolution and deletion. Thesetwo issues
have never been addressedtogether. Thus, in what follows, we briey review the work that in uenced
our approad, for what concernsdata evolution and data expiration, separately Moreover, none of the
work presented in this sectionallow to specify granularity acquisition, that is, to dynamically modify the
granularity usedto collect data, aswe do in ST2.ODMGe model.

1.3.1 Data Deletion

The concept of data expiration has beenintroducedin [GMLY98], to denote speci cally data deletion.
By relying on such conceptdata can be removed (i.e., they expire) from the databasewithout a ecting
related views. Thus, query answering is presened.

A similar approach has been proposedfor the time dimensionin [Tom01]. In [TomO01] a technique
is preserted supporting automatic data deletion in a historical data warehouseand preserving, at the
sametime, answersto a known and xed setof rst-order queries. Also in this case,only deletions from
detail data are considered. This approach assumesthat conditions for data expiration are not declared
in the schema, rather they are deducedfrom a given set of queries. Such an approad is adequate if
no information are known at schema de nition time. However, it is not exclusive with respect to our
approad, rather it can complemer ours, since conditions for data expiration can be deducedfor those
attributes for which they are not known at schemade nition time.

Snadgrassin [Sno9] de ne the conceptof vacuuming concerningthe schemaspeci cations of physical
deletion of historical data stored in a temporal relational database. Vacuuming is investigated also by
Skyt et al. [SIMO03. In [Rie99] vacuuming is integrated within the ODMG object model. Riedel in
[Rie99 de nes a temporal versioning object model in which eat object can belongto a di erent class
version, depending on its age(i.e., the time elapsedsinceits creation).

Finally, our work relies on the sameformal basis of [Bet01], in which the data sematrtics, expressed
by semartic assumptions[BWJ98], is usedto derive a minimal rapresertation of information, respect to
di erent granularities, that reducethe databasesize.

22



1.3.2 Evolution

Granularity ewolution medcanism we discussin the secondpart of the thesis has somesimilarities with
the work developed in the area of data warehousingfor materialized and persistert views[BLT86, GM95,
Huy96, SDJL96]. Almost all the approadchesproposedin the literature referto transaction time dimension,
for the construction of the materialized view. Moreover, usually only a corserlevel is supported: relying
on the granularity of detailed values, a view is materialized from basic relations. The view is usually
computed accordingto an aggregationfunction, and the aggregationis applied to the whole set of values,
disregarding whether they are recert or not.

The age of data is, by cortrast, explicitly consideredin [YW98, YWO0O0], that, in turn, rely on the
Chronicle Model [JMS95], and in [SJ0J. [JMS95] considersincoming streams of transactional informa-
tion, that can be very large and that grow up very quickly. An e cient query responsetime over the
sequencesn the databaseis an important requiremert of the Chronicle model. In particular, summary
gueriesaccessaggregateinformation, related to old transactions and stored in summary elds, auxiliary
elds that are declaredand automatically updated every time the underlying databaseis updated after a
transaction is processed.Summary elds allow to create persistert views on the chronicle, de ned using
a view de nition language. The queries, written in any language,that accessto persistert view, have
an e cien t time response. [JMS95] does not allow retroactive updates, constraint that we called update
monotony in a preliminary version of the work preseried in Chapter 4 [CBGMO02].

In [YW98, YWO0O0] the conceptof materialized temporal viewsis intro duced. By relying on materialized
views concept, updates on source data are automatically propagated to materialized views. Moreover,
temporal windows that slide as time advancesand update to materialized views are considered. In
[YW98], a languageto de ne temporal views over traditional (snapshot) databaseswith respect to trans-
action time is de ned. Materialized views are speci ed as queriesthat can involve an arbitrary number
of relations and attributes and determine aggregatedvalues. In [YWO0O0] Yang and Widom also consider
temporal data on which retroactive updates within a xed length update time window are allowed; the
model is restricted to valid time dimension and the temporal views become self-maintening [GIJM96],
that meansthat views can be maintained without accessingoriginal data. The length of the update time
window a ects the amount of auxiliary data neededby temporal viewsto becomeself-mairtenance. Both
the approaches[YW98, YWO0O] considera single time granularity and only one level of aggregation.

In [YWO01], that relieson the approac preserted in [YW98, YWO0O]. the e ciency of maintaining ma-
terialized temporal aggregatess speci cally discussed.Then, in [YWO01], the SB-Tree indexing structure
is proposedwith seweral variations, to improve time responseto queriesthat involve temporal aggregates.
In particular, the time window approad, that considersaggregatescomputed with respect to a xed
temporal window that slidesover time, allows oneto build, for the sameattribute, seweral indexes,eadh
one referring to a speci ¢ time window, that is, in turn, a granularity, and to a speci ¢ aggregate(sum,
count, average,minimum and maximum aggregatesare considered). The attribute valuesin [YWO01] are
timestampted at the samegranularity for the whole database,and aggregatesat di erent granularities
are computed consideringtimestamp sets, without taking into accourt any semariics aspects related to
setsof dierent cardinality (i.e. di erent granularities), then allowing oneto comparethesesetonly in a
punctual way (instant by instant). Moreover, the aggregatesare computed referring to the entire set of
valuesan attribute takesin a relational table.

The indexing structure proposedin [YWO01] hasbeenextendedin [ZMT * 01, ZGTS02, DZS03, where
rangetemporal aggregationsfor relational data are investigated with a datawarehouseoriented approad.
Speci cally, [ZGTS02, DZS03 addressthe same problem we deal with, and the solution of aggregated
indexing proposedbasically relies on the sameidea we describe in Chapter 4: older data are stored using
granularities coaserthan those usedfor recert data. In [ZGTS02, DZS03],the HTA model is de ned to
compute temporal aggregateson data stream and maintained at di erent temporal granularities. In the
HTA model earlier data is aggregatedat coarsergranularities, while recert data is aggregatedat ner
granularities, depending from storageand xed time requiremerts. The notion of temporal granularity
supported in [ZGTS02, DZS03]recalls the conceptual hierachies usedin datawarehouse. This approac
involvesonly aggregations(in particularly sum, but the approad is easily extensibleto count and average
aggregation). Moreover, all levels of details are compressedusing the sameaggregationfunction.

In [LSMO04] a survey of spatio-temporal aggregateswith respect to dierent temporal and spatial
granularities is preseried. This work provides also a comparison of the existing techniques for the
ewvaluation of query involving spatial aggregates. The most interesting work on spatial aggregatesare
[PKZTO1, ZT01, ZTGO02]. [PKZT01] de nes an annotated version of R-Tree, where the MBRs maintain
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alsothe valuesof the aggregatedcomputed. In [ZT01, ZTGO02], aggregatesare maintained incremenrtally.
None of the work in the literature discusseghe possibility of materialising view or de ning index at
ner granularities with respect to those usedfor de ning data.

1.4 Activ e Paradigms

The most important surveyson active databasesare [PCFW95, CW95, Pat99].

An active database systemis a systemin which some operations are automatically executedwhen
speci ed events happen and particular conditions are met. Activ e featuresare critical for many advanced
data managemen applications. Examplesof useof active capabilities are integrity constraint enforcemer,
authorization and monitoring. Activ e databasesystemsare certered around the notion of rule. Rules
are syntactic constructs by meansof which the reactions of the system are speci ed. Activ e rules, often
referred to as triggers, are usually de ned according to the event-eondition-action (ECA) paradigm.
Events are monitored and their occurrencescausethe rule to be triggered; a condition is a declarative
formula that must be satis ed in order for the action to be executed, whereasthe action speci es what
to do when the rule is triggered and its condition is true.

In an active rule, the eventspeci es what causesthe rule to be triggered. Relevant triggering events
are internal evens related to databaseoperations (for example object creations and deletions), temporal
everts, external (that is, raised by the application), and user-de ned everts. In addition, in somesystems
it is possibleto specify whether a rule must be triggered before or after its triggering event. Triggering a
rule beforeits event is meaningful when methods are consideredas everts, and allows method precondi-
tions to be tested. Triggering everts may also be composite, that is, combinations of other events. Useful
operators for combining events are logical operators, such as conjunction, disjunction and negation, and
sequences.Some systemsallow everts to be parameterized; when a parameterized event occurs, values
related to the event are bound to the event parameters, and these parameter values can be referencedin
rule conditions or actions.

In an activerule, the condition speci es an additional condition to be cheded oncethe rule is triggered
and beforethe action is executed. Conditions are predicatesover the databasestate. If the rule language
supports parameterized everts, the condition languageincludes a mechanism for referencingthe values
bound to the event parameters. In some systems, values related to the condition can be passedto
the action. In the most common approach to parameter passing,the condition is expressedas a query
returning data, that are then passedto the rule action. Moreover, somesystemsallow triggers to refer
to past databasestates.

In an active rule, the action is executedwhen the rule is triggered and its condition is true. Possible
actions include database operations and calls to application procedures. Se\eral active database rule
languagesallow setsof actions to be speci ed in rules, usually with an ordering, sothat the actionsin a
set are sequettially executed.

Activ e systemsdier not only with respect to the supported rule language, but also in terms of
rule execution semariics. First of all, active databaserule execution can be either instance-oriented or
set-oriented. With an instance-orierted execution, a rule is executedonce for eath database\instance"
triggering the rule and satisfying the rule condition. By contrast, rule execution is set-orierted if a rule
is executedoncefor all databaseinstancestriggering the rule and satisfying the rule condition.

The issue of instance-orierted versusset-orierted execution is obviously related to the issue of rule
processinggranularity. The most straightforward approad is to evaluate a triggered rule condition and
to executeits action within the sametransaction in which the triggering event occurs, at the soonestrule
processingpoint. However, for someapplications it may be useful to delay the evaluation of a triggered
rule condition or the executionof its action until the end of the transaction; or it may be usefulto evaluate
a triggered rule condition or executeits action in a separatetransaction. These possibilities result in the
notion of coupling modes[MD89]. One coupling mode can specify the transactional relationship between
a rule triggering evert and the evaluation of its condition, while another coupling mode can specify the
transactional relationship betweena rule condition evaluation and the execution of its action. Possible
coupling modesare:

Immediate: takesplace immediately following, within the sametransaction.

Deferred: takesplace at the commit point of the current transaction.
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Decoupldd: takesplacein a separatetransaction.

A further aspectin rule executionis to considerthe net e ect of a sequenceof operations performed
in the triggering transaction. For instance, if a rule is triggered by the creation of an object, but this
object happensto be deleted before the actual execution of the rule, the rule should not be executed.
The net e ect of everts is computed basedon the classicalcomposition of pairs of operations applied to
the sameobject.

Another di erence amongexisting systemsis whether rule de nitions are attachedto classeqtargeta
rules). Attaching rule de nitions to classesenhancesmodularization and allows an e cien t detection of
relevant events. However, there are sometimesuseful rules triggered by events spanning sets of objects
possibly from di erent classequntargete rules).

The priority notion is also extremely relevant for active rule semarics. The execution sematrtics for
active rules sometimesrequires that one rule is selectedfrom a set of eligible rules. Priorities might
be speci ed by ordering the set of rules, by declaring relative priorities between pairs of rules, or by
assigninga numeric priorit y value to ead rule. Relative priorities are the most exible approad, since
they subsumethe other two types of priorit y speci cation. Ordering the ertire set of rules may not be
necessaryin order to achieve the correct behavior, while numeric priorities can be di cult to usesince
they may needto be adjusted asthe set of rules ewolves.

Looking at the history of active databasesone can notice that the attitude towards active features of
relational and object-oriented databaseshasbeenvery di erent. Indeed, active featureshave beenquickly
included in commercialsystemsby relational DBMS producersand triggers are now part of the SQL:1999
standard. The trigger languageof SQL:1999is very closeto those of the best known object-relational
DBMSs, such as Oracle [Oracle], DB2 [Cha9€], and Sybase[Sybasé. Triggers are expressedby means
of evert-condition-action (ECA) rules. In SQL:1999 eadh trigger reacts to a single evert. Considered
everts are insert, delete, or update to a particular relation. For update events, the attribute (or set of
attributes) target of the modi cation can also be speci ed. The condition (WHEN clause) is expressed
asan arbitrary SQL predicate, potentially involving complex queries. The action can be any sequenceof
databaseoperations, even operations not connectedin any way to the triggering evert. In particular, the
action caninclude any SQL data manipulation statemert aswell asinvocations of user-de ned functions
and procedures. The action could also undo the event (e.g., delete the inserted tuple). Not all kinds of
actions are however allowed in all kinds of triggers, in particular, the action of before triggers shall not
cortain an SQL statemert that changesdata or invokesa routine that possibly modi es data.

The SQL:1999trigger statemert givesthe userthe possibility of specifying seweral di erent options.
In particular:

The trigger can be executedbefore or after the triggering operation.
The possibility is given of specifying that the trigger be executed:

{ oncefor each modied tuple (row-leveltrigger),
{ oncefor all the tuples that are changedin a databaseoperation (statement-leveltrigger).

The trigger condition and action can refer to both old and new valuesof tuples that wereinserted,
deleted or updated by the operation that triggered the rule.

In SQL:1999there is no notion of priority, rather, the set of triggers is ordered basedon the trigger
creation time (old triggers are activated before new triggers). Triggers are all executedin the context of
the sametransaction to which the triggering operation belongs.

In the last years, se\eral researt projects have beencarried on aiming at extending object-oriented
databasesystemswith reactive capabilities, but, until now, no commercial product includestriggers.

One of the earliest object-oriented active database projects is HIPAC [DBC95, MD89]. HiPAC pro-
vides an expressiwe active database rule languagewith exible execution semartics, supporting a full
complemen of coupling modesthrough a nestedtransaction model. There are someprojects on active
object-oriented databasesthat are follow-on from HiIPAC: among them, Sentinel [AMC93] and REACH
[BBKZ93]. One of the best known active object-oriented databasesystemsis Ode [GJ91, GJ95, GJS97,
which extendsthe O++ databaseprogramming languagewith facilities for expressingrules in the form
of constraints and triggers. Among other projects we would like to merntion EXACT [DJ97, DPG91],
NAQOS [CCS94 CC95], TriGS [KRSR94, KR98], SAMOS [GD92, FV96], Chimera [CFPB95, BGMO0O0],
RAP [BFP™ 95|, and PFL [RPS99.
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The in uence of inheritance on triggers has not been deeply investigated in existing object-oriented
database systems. Under someproposals[CCS94, triggers are always inherited and can never be over-
ridden nor re ned. Such an approad, referred to as full trigger inheritance, simply meansthat event
types are propagated acrossthe classinheritance hierarchy. Inheritance of triggers is accomplishedby
applying a trigger to all the instancesof the classin which the trigger is de ned, rather than only to
proper instancesof this class. Full trigger inheritance is, however, not appropriate for all the situations.
Moreover, the meaning of the ISA hierarchy is just to de ne a classin terms of another classre ning its
attributes, methods and triggers.

The main works subsequeh to the survey are [CPW97, FT94, BGMO0O0]. In [CPW97] a generic
framework for formally specifying the semartics of di erent systemsis proposed,relying on the Object-Z
formalism [Ros93. The formalism usedis object-oriented but totally abstract. The main drawbad of
this approad is that no aspect concerningthe active rule languageis analyzed. In [FT94] an approac,
conceiwed for Chimera, providing a formal model onto which the various aspects of such a system, such as
execution of a set of rules, coupling modes, consumption modesand so on, can be mapped, is proposed.
Finally, we would like to cite [BGMO0O] where a semariics for an active object languagethat takesinto
accourt trigger inheritance and supports trigger overriding is formally de ned.
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Part |

Mo delling Spatio-T emporal Data at Multiple
Levels of Detall

The rst part of the thesis deals with the represenation of multigranular spatio-temporal objects.
We rst formalise the notions of temporal and spatial granularities we use in the rest of the thesis.
We assumethe notion of temporal granularity proposedby Bettini et al. [BDES98 BJWO00], and we
proposea formalisation of spatial granularity that addresseghe issuesentailed by the de nition of the
granularity notion in the spatial context. Then, we describe the ST ODMG model, a multigranular
spatio-temporal extensionof ODMG [CBB* 99]. The designof the ST_.ODMG model relieson a previous
multigran ular temporal extension of ODMG [BFGMO03]. Moreover, a preliminary version of the model
has beenpreseried in [CBBGO3].
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Chapter 2

Spatial and Temporal Gran ularities

The aim of this chapter is the description of the notions of temporal and spatial granularity we assumein
the thesis. As we discussedin the previous chapter, the formalisation of the notion temporal granularity
is more mature than the corresponding processin the spatial context. We analysethe issuesentailed by
the formalisation of the notion of spatial granularity in Section2.1.

Then, we proposea formalisation of spatial granularity, that is uniform to the de nition of temporal
granularity we assumein our work. Furthermore, we describe the relationships of interest that can arise
among a set of temporal or spatial granularities, and that can be assumedin order to de ne a database
schemaat multiple spatial and temporal granularities.

Finally, we discussthe issuesof granularit y implementation in an object-oriented context. We describe
a languagefor the de nition of used-de ned granularities. Such a languageis basedon the relationships
that hold amonggranularities, an appliesboth to the de nition of spatial and temporal granularities. By
using such a language,the implementation of the classesrepreserting the user-de ned granularities can
depend on the implementation of a prede ned set of granularities.

This chapter is organisedas follows. Section 2.1 discusseghe formalisation of the notion of spatial
granularity. Section2.2 preseris the de nition of spatial and temporal granularity we assumein the thesis.
Section 2.3 describesthe relationships that can hold among di erent granularities. Finally, Section 2.4
discusseghe issuesin the implemertation of granularities and Section 2.5 concludesthe chapter.

2.1 Issues on Spatial Gran ularit y Design

Modeling multi-scale spatial data, named as multi-resolution, is a topic of growing interest in the recen
spatial databaseand GIS literature. For example, INSPIRE project speci cations [INSPIRE] suggest
the dewvelopmen of integration techniques for spatial data represerted at di erent levels of detail. Such
a scenariohas becomecommon, as seeral organizations and companiesspread over large geographical
areas have started to exploit the spatial componert of data in the context of distributed information
systems.

For managing spatial data at multiple levels of detail, the formalization of a referencespatial granu-
larity framework is crucial, but none of the proposalsdiscussedso far satis es all the requiremerts. This
is becausesudh a formalization processertails addressinga lot of issues,related to the complex semartics
of spatial data.

Stell and Worboys deweloped a theoretical framework [SW98] for the speci cation of a spatial gran-
ularity lattice that can be integrated in a spatial databasemodel. According to [SW98], the main tasks
for the designof a spatial granularity framework are:

(a) the identi cation of a meaningful and connectedset of granularities for represerning data; and
(b) the speci cation of the functions for converting di erent granularities in the set.

According to (a), an exhaustive de nition of spatial granularity must apply to spatial data represened
usingdi erent sales andto data that referto di erent descriptive levelsof detail basedon data semantics
A large number of di erent sets of granularities can be devisedfor di erent spatial domains, but the
de nition of a set suited for every databasesystemis not straightforward.
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Moreover, di erent relationships can be devised among granularities in the same set, resulting in
di erent connectingstructures, but it is crucial to obtain a structure of relationships allowing to compare
any data expressedat di erent granularities.

Note that (b) implies (a), becausethe speci cation a setof conversionsamonggranularities implies the
speci cation of their connections. The implemenrtation of the granularity conversion medanisminvolved
by step (b), is equivalert to the de nition of a set of functions for converting spatial values. The designof
granularity corversionsis complicated by the variety of cartographic operators devisedin the literature
for converting spatial data. Although all areat rst eligible for implementing such conversionmecanism,
ead one has di erent characteristics and properties, sometimesin cortrast. Then they can not be used
all together for implemerting a conversion framework preservingthe integrity of spatial data.

2.1.1 Connected Set of Spatial Gran ularities

In this section we analyze the issuesrelated to the specication of the relationships holding among
spatial granularities referred by a given databaseschema. To achieve comparisonamongdata expressect
di erent levelsof detail, all databaseobjects must referto a commonsetof granularities. The granularities
in eadh setmust berelated by somerelationship amongthem, with respectto which the corversionof data
at di erent granularities is speci ed. This cornversion capability is crucial for comparing data expressed
at di erent granularities.

The theoretical framework proposedby Stell and Worboys [SW98] for the speci cation of spatial
granularities requiresthat granularities usedfor achieving spatial multi-representation form a connected
set, represeried, in the most general case, by a lattice structure: granularities are the nodes of the
lattice, whereasedgegepreser relationships amonggranularities, genericallyreferredto as ner-than and
coarser-than relationships. Generic scaling functions are introduced for converting a certain granularity
to a coarseror a ner one. Equivalently, we can de ne scaling functions for converting spatial data to a
dierent granularity. Scalingfunctions are directly related to the existing relationships betweendi eren t
granularities. In particular, by considering scaling functions de ned for cornverting data we obtain a
lattice structure among spatial data represerted at di erent granularities, that is equivalent to the one
represering the relationships betweengranularities.

Actually, in seweral real caseswe can consideralsodi erent structures. A total order can be de ned
on a set of granularities, and this results in a hierarchical structure. For instance, a total order can be
de ned amongthe granularities mm, m, km, and the resulting structure is depicted in Figure 2.1(a). By
cortrast, a partial order can hold among granularities, and this results in a tree structure. For example,
this is the situation that arisesif we considerthe set of granularities m , mm, m, inch, f oot, asdepicted
in Figure 2.1(b).

kms foot m

m inch mm

\_/

(b)

mm

@

Figure 2.1: Example structure of a granularity set de ned respect to generalization process

The secondsituation does not allow to perform directly all the conversionsamong the granularities
in the set. For example, we can not corvert directly a data expressedat granularity m to granularity
f oot, since such conversionwould produce data referring non-ertire granules of granularity f oot'. How-
ever, we can compare such data by converting both of them to granularity m . Given the structure in
Figure 2.1(b), m is called the greatest lower bound (GLB for short) of granularities m and f oot. Then,

11 meter corresponds to 3.28084 feet.
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both structures in Figure 2.1 allow, as the lattice one, for queriesinvolving data expressedat di erent
granularities. We refer to the structure holding on a set of granularities asthe granularity graph

Oncea meaningful setof spatial granularities for a databaseschemahave beende ned, we must specify
the semartics of scaling functions for performing conversion of data at di erent granularities. Referring
to real conversionsperformed on vector spatial data, these scaling functions can be easily represered
by generalization and specialization operations, respectively for obtaining a coarserand a ner view of
data. Generalization, in particular, is widely addressedby scierti ¢ literature on spatial data, and a large
number of operators have beende ned in order to formalize this operation. Unfortunately, their useas
scaling functions to coarsergranularities data is not straightforward, despitethe appearance.First of all,
seweral conceptual abstractions on spatial data can be devised,and someof them may conict. Indeed,
ead abstraction re ects a dierent way of performing generalization and requires the application of a
dierent set of operators. For example, zooming out a map for increasingits scaleis, conceptually, a
di erent operation from reducing the map detail for highlighting some speci c map features, although
the secondgeneralization is usually performed as a consequenceof a scaleincremert, asthe rst one.
Moreover, some abstractions exist that, even if referring to speci ¢ generalization operators, cannot be
carried out in a fully automatic way. This is the caseof line simpli c ation [DP73], an operation that,
when automatically applied, usually intro ducesdata inconsistenciesthat have to be corrected by hand.

The last issuewe consideris the speci cation of re nement of spatial data, i.e., how to convert spatial
data to a ner granularity. Specialisingspatial data implies intro ducing details in the data represenation.
This can be obtained only if a more detailed level of represertation exists, from which these details can
be retrieved. Unfortunately, this detailed represeration could not always be obtained. This problem is
widely discussedby literature dealing with spatial imprecision [DMSWO01, Wor98a Wor98b]. A similar
issuearisesin the temporal context, whereit is referred to asvalid time indeterminacy [DS98].

Moreaover, whenewer a more detailed level can be obtained, links betweendi erent represenation levels
must be established,evenif the granularity transformation consideredis local, i.e., it hasbeenapplied to
a singlefeature. Thoselinks, asdiscussedn [BE99, BEO1] can be represeried by the conversionfunctions
applied, by specifying origin and destination of eac function.

2.1.2 Dieren t Typesof Spatial Gran ularities

For avoiding to refer only to simplistic spatial granularities, suc as standard lengths or area measures,
that are not very signi cant for most application domains, we can take into accourt also speci ¢ aspects
of spatial data. For example,we can de ne a set of connectedgranularities by consideringthe operations
we want to perform on spatial data. In the following we discussthe characteristics of three di erent
categoriesof spatial granularities, listing advantages and disadvantages of their application. We con-
sider granularities related to scale changesof maps, granularities re ecting semartic aspects of spatial
information, and nally granularities de ned with respectto the application of data conversionfunctions.

2.1.2.1 Gran ularities as scales

The simplest set of spatial granularities one can deviseis represerted by dierent sales used for data
represenation. The application of these granularities requiresthe useof a geometric data represeration
involving numeric characteristics. Scalescommonly used for maps by governmernt agencies,suc as
USEPA and USGS, belongto sud kind of granularities. An exampleis represened by the setof di erent
scalesl : 24;000, 1 : 62,500, 1 : 100 000, 1 : 500 000.

Despite their intuitiv e application, granularities basedon scalechangescomplicate the generalization
operation, that is, the increaseof the scale. The reasonis that the choice of which details must be
discardedin the more generalmap is di cult to automatize, sinceit is basedonly on geometric charac-
teristics of data and doesnot take into accourt their semartics. For example, when increasingthe scale
of a Europe map, we would like to maintain the represeration of the most important cities, as country
capitals, although their spatial extension (or population, or eac other numeric characteristic taken into
accourt for performing the scaleincrease)would imply deleting someof them from the map. Thosetypes
of correction are usually made by hand by cartographers.

2.1.2.2 Gran ularities as semantic levels of represen tation

Givenasetof spatial data, a connectedgranularit y setcan be devisedfor thesedata by taking into accourt
the semartics of the information they represen. Consider, for example, a map reporting administrativ e
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boundaries of Europe. Sudch a map can be easily represeried at dierent decreasinggranularities by
consideringall municipalities boundaries,or only the onescorresponding to provinces,or regions,or states
or courtries, sinceead boundary type providesa di erent abstraction on data. Suc kind of classi cations
usually producesa proper inclusion among granularities, thus resulting in a strong relationship between
granules of di erent granularities.

Note that the terms usedfor naming ead granularity are usually dependert on the particular area
to which data refers; as an example, French departments are more or lessequivalent to Italian provinces.
This characteristic results in heterogen®us schemagHMO01] for the spatial dimension, where granularity
setsare connectedas complex structures. For simplifying the approac, we canrequire, asan alternativ e,
to specify the interested areawith respect to which give the correct interpretation of the usedterms.

Moreover, di erent granularity setscan be devisedwith respectto di erent spatial data involvedin the
sameapplication domain, that can have di erent semartics. For instance, a databasecan managese\eral
kinds of maps, such asdi erent thematic maps, eat represeriing the samegeographicarea. Sincethey
have di erent semariics, di erent setsof granularities can be consideredfor represering those maps. For
example,the application of administrativ e boundary granularities to an hydrographic map is not intuitiv e.
This is more evidert when considering,in the samedatabase,di erent kinds of spatial objects, like maps
and moving objects [GBE* 00], that have very di erent purposes.Furthermore, the choice of granularity
namesand semartics depends not only on the application domain but also on speci ¢ personal criteria
of the users. For example, rivers in an hydrographic map can be classi ed with respect to their ow,
using the granularities 100iter s=min, 1000iter s=min, 5000iter s=min or equivalertly with respect to
their length, or simply assmall, medium and huge. As we pointed out, for dewveloping a query language,
that is, for relating/comparing spatial data represerting di erent real ertities, a referencecommon set of
granularities must be de ned.

Another related issueis concernedwith aggregationoperations on non-spatial data related to the geo-
graphic arearepresened, like population, and meteorologicalinformation. Referring to the administrativ e
boundariesgranularities municipal ities , provinces, states, countries, in order to obtain a consisten rep-
resertation we can, for example, rede ne the concept of population of a courtry to be the sum of the
amourts of population of the cities represerted in a map.

2.1.2.3 Gran ularities as application of scaling operators

Given a vector map and a set of generalization operators, we can de ne di erent granularities for the
map represenation by considering the set of maps that can be obtained by generalization of the given
map. Dierent map represenations are related accordingto a tree organization, as shown in Figure 2.2.

Figure 2.2: Example of a granularity set de ned respect to generalization process

An advantage of this approach is that it involves generalization only at spatial level, whereasnon-
spatial information related to the map, like population and area, remain consistert.

Se\eral generalisation operators have beenproposedin the past [Mul91, WD99], eat one having dif-
ferent characteristics and satisfying someproperties, that we must take into accourt the implementation
of granularity scalingfunctions. In particular, for maintaining data integrity the presenation of topologi-
cal consistencyis crucial. In Figure 2.3, function f represens a composition of operators that generalizea
set of map features converting them to a point represenation. Becauseof the presenation of topological
consistency the input map features, depicted as straight lines, still exist after the generalization.
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Figure 2.3: Generalization preserving topological consistency

The support of specialization canbe obtained by consideringinverseoperations, requiring the existence
of a detailed level from which to retrieve details to be addedto a represenation. This can result in a
duplicate represeration of topological relationships, if they are maintained explicitly .

2.2 A Uniform Framew ork for Supp orting Temporal and Spatial
Gran ularities

A temporal granularity is speci ed, accordingto the de nition givenin [BDES98, BJWO0O0], asa mapping
from an ordered index set to the set of portions of the time domain. The time domain represens
the time of referencefor the application, and it is totally ordered. For instance, days, weeks, years
are temporal granularities. The temporal chronon is \a non-decompsabletime interval of some xed,
minimal duration" [JDB™* 98]. The temporal chronon is represened by the temporal chronon granularity
G, 1. Each portion of the time domain corresponding to a granularity mapping is referredto asatemporal
granule. A granule actually represens a set of time instants. Each granule can be represenied by its
index, or by using a textual label (e.g. \14/05/2002" and \14-May-2002" are examplesof labels for
granularity days). Granules of the sametemporal granularity cannot overlap. Moreover, non-empty
temporal granules must presene the order given by the index set. The formal de nition of temporal
granularity is as follows.

Denition 2.1 (Temporal granularity) [BDES98, BJWO00]. Let| S be an ordered index set, e.g. the
set of natural numbers N, and let the time domain be homeomorphic to R. Then, let 2R be the power set
of the time domain. A temporal granularity G; is a mapping

Gi: IS ! 2R
that satis es the following conditions:

(t1) if i < j and G(i) and G((j) are non-empty granules of granularity G, then each elementof G (i)
is lessthan all elementsof G;(j);

(t2) if i < k< j and G;(i) and G¢(j) are non-empty, then G (k) is non-empty. 2

A graphical represertation of a temporal granularity is given in Figure 2.4. Figure 2.4(a) describes an
exampleof temporal granularity, while Figure 2.4(b) and (c) are examplesof violation of conditionst1 and
t2 of De nition 2.1. In particular, Figure 2.4(b) reports two examplesof granules of the samegranularity
that overlap: the set of instants included in granule G (i) (respectively, G;(i%) hasa non-null intersection
with the set of instants identi ed by granule G.(j) (respectively, G;(j 9).

If we assumethat the referencespacebe 2-dimensional, then it is properly included or it coincides
with R%2. We de ne a spatial granularity as a mapping from an index set to a set of possible subsets
of the spatial domain. Examples of spatial granularities are meters, kil ometers, f eet, yards, but also
provinces and countries. A non-decompmsableregion of spaceis referred to in the literature [JDB* 98]
as the spatial quantum. The spatial quantum can be represerted by the spatial quantum granularity
G)s. A spatial granule is a portion of the spatial domain, that is a set of 2-dimensional points. Each
granule can be represened by the corresponding index, or by a textual label (e.g. \France" is a label for
granularity countries, \13th-mile" is a label for granularity mil es, corresponding to a portion of road 1
mile long). No order is required among granules of the samegranularity, but two granules of the same
granularity cannot overlap. The formal de nition of spatial granularity is as follows.
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Figure 2.4: (a) Example of temporal granularity. (b) Violations of condition t1 of De nition 2.1. (c)
Violation of condition t2 of De nition 2.1.
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Figure 2.5: (a) Example of spatial granularity. (b) Violation of condition s of De nition 2.2.

De nition 2.2 (Spatial granularity). Let | S be an index set, e.g. the set of natural numbers N, and
let the spatial domain be homeomorphic to R?. Then, let 2R R be the power set of the spatial domain. A
spatial granularity Gs is a mapping

Gs:1S I 2RR
suchthat the following condition holds:

(s) ifi & ], andGs(i) and Gs(j) are non-empty granulesof granularity Gs, then each elementof Gs(i)
is di er ent from all elementsof Gs(j) (Gs(i) \ Gs(j) = ;). 2

A graphical represenation of a spatial granularity is shown in Figure 2.5. Figure 2.5(a) is an example of
spatial granularity, while Figure 2.5(b) reports examplesof granules of the samegranularity that overlap:
the set of points of the spacedomain included in granule G¢(i) has a non-null intersection with the set
of elemerts identied by Gs(j), and the samesituation arisesfor granules Gs(i% and Gs(j 9.

De nition 2.2 satis es part of the rst requiremert we underlined in Section 2.1. Indeed, dierent
categoriesof granularities in R? can satisfy De nition 2.2. In particular, note that the spatial granularities
are compliant to the De nition 2.2 canbe classi ed in two types: granularities that result in 2-dimensional
granules, namely polygonal granularities (e.g. units of area: m?, km?, rood acre, etc.; administrativ e
boundaries classi cations: municipal ities, provinces, countries, etc.), and granularities that result in
1-dimensional granules, namely linear granularities (e.g. measuresof length: m, km, inch, f oot, mil e,
etc.; map scales:1:24 000, 1:62 500, 1:100000, 1:500000; etc.)

An agreemeit on the semartics of linear granularities and of their application to 2-dimensionalspace
is needed. Moreover, this is always the casewhen dealing with granularities having an ambiguous inter-
pretation. For instance, the meaning of granularities named by using local geographicalclassi cations,
such as administrativ e boundaries, can be misunderstood, due to cultural di erences (e.g. provincesin
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Figure 2.6: groups-into relationship

Italy and Canada correspond to di erent administration boundaries). However, this problem can be
solved by providing a spatial ontology that can be applied to the de nition of spatial granularity.

2.3 Relationship among Gran ularities

In this section we discussthe relationships that can be assumedin order in de ning a connected set
of granularities [SW98]. In particular, we are interested to de ne a connected set of spatial and a
connected set of temporal granularities to usein a spatio-temporal database schema. Given a spatio-
temporal application, we assumethat the set of temporal and spatial granularities it usesare clearly and
completely speci ed accordingto De nitions 2.1 and 2.2. Speci cally, we denote with Gy and with Gs,
respectively, the setsof temporal and spatial granularities managedby the application. Granularities in
Gr have the sametemporal domain, and granularities in Gs have the samespatial domain.

Se\eral relationships are consideredin the literature among granularities, to formalise the intuitiv e
idea that dierent granularities result in dierent partitions of the (either spatial or temporal) domain
that can be partially or totally ordered, accordingto the grain (i.e., the granularity) applied. Thus, ner
and coarserpartitions can be de ned. Howewer, the order amongthe granularity can vary, depending on
the relationship that is assumed.In [BDES98], Bettini et al. formalise a set of relationships that can be
devisedamong temporal granularities. Most of the relationships discussedin [BDES98] are suitable also
to spatial granularities.

A relationship that is often applied in the spatio-temporal context [KRSO02, DS98]is groups-into.
According to groups-into, given a granularity H, ead granule of H can be de ned as a set of granules
of a ner granularity G . For instance, spatial granularity isl ands groups-into granularity archipelagos,
becauseead granule of archipelagos, represerniing an archipelago, is de ned as a set of granules of
granularity isl ands, eat onerepresertiing an island. In the sameway, temporal granularity days groups-
into granularity bweeks, represeriing businessweeks,granularity weekends, represerting weelends, and
weeks. By contrast, groups-into does not hold between granularities bweeks and weeks. A graphical
represenation of groups-into relationship is reported in Figure 2.6, and its formal de nition is reported
below. In Figure 2.6, eadh gray little brick represers a granule of the corresponding granularity.

De nition 2.3 (Groups-into relationship). A granularity G is said to groups-into a granularity H,
belongingto the sameset of granularities to which G belongs,if, for each index j, there exists a (possible
in nite) subsetS of indicessuchthat H(j) = ,,5 G(i). WheneverG groups-into H, we denotesucha
situation with G H. 3

Whenewer a periodical pattern can devisedin the way G groups-into H, the resulting relationship is
called groups-geriodically-into (seeFigure 2.7(a)). Moreover, if eadh granule of H is de ned in terms of m
granulesof G, and sud a situation always arises,the relationships is referredto as groups-uniformly-into
(seeFigure 2.7(b)).

Another relationship applied in the literature [BFGMO03] is ner-than . According to ner-than, given
a granule of a granularity G, a granule of a coarsergranularity always existsthat properly includesit. For
example, granularity municipal ities is ner than countries, and granularity days is ner than months.
Moreover, days, bweeks, and weekends are ner-than weeks. By contrast, ner-than relationship does
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Figure 2.7: (a) groups-eriodically-into relationship (b) groups-uniformly-into relationship
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Figure 2.8: ner-than relationship

not hold between granularities days and bweeks, and between days and weekends. Note that this
situation is di erent from that we obtain accordingto groups-into. A graphical represenation of ner-
than relationship is reported in Figure 2.8, and its formal de nition is reported below.

De nition 2.4 (Finer-than relationship). A granularity G is said to be ner-than a granularity H,
belongingto the sameset of granularities to which G belongs,if, for each index i, an index j exists such
that G(i) H(j). WheneverG is ner-than H, wedenotesucha situation with G H. If G(i) = H(j),
G is said to be a sub-grarularity of H (Gv H). 3

If a granularity G is ner-than H, we also say that H is coarser-than G. The symbol denotesthe
anti-re exiv e ner-than relationship.

Finer-than, di erently from groups-into, doesnot require that the granulesof a granularity are de ned
by the union of a set of granules of another granularity. In this sense,when groups-into holds among
granularities, a more strict condition is veri ed.

Moreover, note that ner-than relationship is de ned by using an opposite point of view with respect
to groupsinto. Indeed, ner-than requiresthat all ner granules are covered by somecoarsergranule.
In the following chapter, we will assume ner than to de ne a multigranular spatio-temporal model, and
we will rely in particular on such property to de ne total conversionsof multigranular valuesto coarser
granularities (cf. Section 3.5).

The viceversais not true in general. With ner-than, some coarser granule can exist without a
counterpart in the ner granularity. By cortrast, for groups-into relationship, a coarsergranularity is
always de ned asa setof ner granules,but a ner granulesis not required to be part of a set of granules
that de ne a coarsergranule. Then, some ner granule can exist without counterpart in the coarser
granularity.

However, a pair of granularities can satis es both relationships. Whenewer both ner-than and groups-
into hold betweena pair of granularities, the resulting relationship is referredto aspartitions. Then, days
partitions weeks and months. By cortrast, the partitions relationship doesnot hold amonggranularities
days, bweeks and weekends. Note that partitions is a relationship more restrictiv e than groups-into and
ner-than. Partitions relationship is depicted in Figure 2.9, and formally de ned as follows.

De nition 2.5 (Partitions relationship). Given two granularities G and H in the sameset of granular-
ities, if G H and G H, G partitions H. 3
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Figure 2.9: partitions relationship

Another relationship formalised in [BDES9§] is shift-equivalent. It canbe usedin particular to de ne
equivalence classesof granularities. In particular, two granularities are shift-equivalent wheneer both
are sub-grarularities of another granularity.

De nition 2.6 (Shift-equivalent relationship). Given two granularities G and H in the same set of
granularities, G and H are shift-equivalentif there existsan index K suchthat, 8i 2 | S, G(i) = H (i + k).
3

2.4 Issues in Implemen tation of Gran ularities

In this section, we discusssome of the issuesentailed by the implementation of granularities, and we
outline a possibleimplemenrtation of granularities asformalized in the previous section. When discussing
the relationship amongdi erent granularity, we refer in particular to ner-than relationship, becausethis
is the relationship we assumein the following chapter, that describe a spatio-temporal model supporting
valuesat di erent spatial and temporal granularities.

Dyreson et al. [DELSO0Q] discussedthe implementation of temporal granularities, suggestingthat a
granularity can be conveniertly speci ed with respect to the relationships holding amongthat granularity
and the other consideredgranularities, instead of referring directly to the granularity mapping to the time
domain. Such a mapping could be explicitly provided only for someof the granularities represerned (for
instance, only for the nest one, supposingthat sud a granularity exists). Then, the set of granularities
is then speci ed completely and minimally by giving the cornversionsamong ead pair of granularities
that are directly related by an edgein the granularity graph.?

In particular, the corversion between a pair of granularities related by one of the relationships we
discussedin the previous section is obtained as composition of cornversions explicitly speci ed among
granularities directly related by an edgein the granularity graph. We denote the conversionfrom granu-
larity G to granularity G°with the notation fg, go. Given for instancethree granularities G, K, H, such
that G K H, supposethat two edgesin the granularity graph exists, one from G to K, and one
from K to H. Oncespeci ed the conversionfunctions fg: k, g«: 1 (and evertually fK!1 ¢ and ngl )
the conversionsfrom G to H (and viceversa) are obtained by composition.

By cortrast, as discussedin Section 2.1.1,the conversion among a pair granularities G° and H ° that
are not directly related are instead obtained as composition of corversionsto a third granularity K ©,
that is related, to both the given granularities. Supposethe relation assumedto relate granularity be
ner-than , accordingto De nition 2.4%. If K %is the coarseramong the granularities in the graph that
are ner-than both G%and H? K %is the GLB, (greatest lower bound) of G®and H? Otherwise, if K %is
the ner amongthe granularities in the graph that are coarser-thanboth G%and H?Y, it is referred to as
LUB, (least upper bound) of G®and H® Dyreson et al. [DELS00] obsene that pairs of granularities that
do not have a unique GLB are very rare. The lack of a unique GLB is a situation that arisesmuch less
frequertly than the lack of a unique LUB. Furthermore, the assumption of the existenceof a unique GLB

2As we mentioned in section 2.2, both the sets of temporal and spatial granularities usedin a spatio-temp oral application
are usually related, with respect to ner-than relationship, to form an acyclic directed graph called granularity graph, where
the nodes represent the granularities, and the edgesrepresent the ner-than relationship, specied in its minimal form.
3We refer specically to ner-than relationship, becausethis is the relationship we usein the thesis.
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interface Gran ularit y f abstract classGran ule f

Granularit y[] getFiner(); Granularity g;
Granularit y[] getCoarser(); String label;
g Granule[] getFiner(Gran ularit y fg);

Granule getCoarser(Granularity cg);
Object getRepresenation();
.. g

Figure 2.10: Design of classesmplemerting granularities and granules

for eadh pair of granularities is enforcedwheneer the granularity chronon is included in the granularity
graph.

The sameapproach usedby Dyresonet al. [DELSO0Q] for temporal granularities can be employed also
to represen spatial granularities.

Note that the chronon, and thus the chronon granularity, represers a limit of the implemenrtation,
that givesa measureof the precision of the information stored by the application. Indeed, it givesthe
tolerance assumedby the application for the interpretation of the data stored. Note alsothat, for spatial
granularities, accordingto the De nition 2.2, such a tolerance is 2-dimensional.

The explicit represenations of temporal or spatial granularities (expressedfor instance by referring
to the direct relationships holding among granularities, as described above) are required by the imple-
mertation of the granularity corversionsusedto corvert data at di erent granularities.* Indeed, for their
correct application, granularity corversionsamong multigranular data must refer to the represenation
of the spatial and temporal granulesinvolved by the valuesthat are converted. Consider, for instance,
a temporal attribute which semartics implies that it is downward hereditable [Sho87. This meansthat
givenits value at a givengranularity G, ead singlevalue de ned for a granule of G, can be assignedto any
ner granule. An example of data downward hereditable with respect to time dimension are the address
of a person, that, when provided for instance accordingto a given year, is the sameif it is evaluated in
eadh month, day, hour, and so on, of that year. Then, according to such semariics, given a granular-
ity conversion de ned for converting a temporal attribute de ned with respect to temporal granularity
hours to temporal granularity minutes, the semartics of such function implies that the value returned
by the conversion, at granularity minutes , mapsthe sameportion of the temporal domain coveredby the
original value at granularity hours, and that ead value stored with respect to a given hour is assigned
to every minutes included in that hour. Then, a function that retrievesthe minutes included in ead
hour for which a value of such attribute is de ned, is required for the correct implementation of the data
corversion. Such a function could conveniertly refer to the granules involved, both by using their label
or the portion of the time domain they represen.

Figure 2.10reports a possiblede nition, in a Java-like syntax, of spatio-temporal granularities and
granules. In particular, spatial and temporal granularities must implement the interface Granularity
and the methods getFiner() and getCoarser() retrieving the granularities (possibly more than one)
ner and coarserthan the represeried granularity, that are directly related by an edgein the granularity
graph. Spatial and temporal granules must implement the abstract classGranule. According to such a
class,ead granule belongsto a given granularity, and it has an alphanumeric label. Moreover, given a
granule, its represenation in the corresponding domain (the portion of the temporal or spatial domain),
is provided through the method getRepresentatio n(); the granules of a ner granularity specied as
parameter,that areincludedin it areretrievedby the method getFiner() ; andthe method getCoarser()
returns the coarsergranule, of a given granularity, that includesit (supposing ner-than relationship holds
amonggranularities). The physical represenation of a granule granule could be maintained in the object
itself, as a set of temporal intervals if the granule is temporal, and as a set of regionsif the granule is
spatial. As alternativ e, physical represenation of granulescould be maintained in an external structure.
Beyond the physical represenation, an information that can be usefulin particular for temporal granules
is the index of the granulesitself, accordingto which the granulesare in turn ordered. By cortrast, the
represenation of indicesis lessuseful for spatial granules.

Another issuethat should be addressedby a prototype implementation of the framework is related
to the speci cation of the spatial and temporal granularity graphs. Instead of providing a xed set of

4We will provide such conversion in Section 3.4, to convert spatio-temp oral values at di eren t granularities.
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spatial and temporal granularities to usein every spatio-temporal application, the systemcould allow the
databasedesignerto specify a set of granularities speci ¢ for ead application. This would be coheren
with the capabilities provided by the underlying object-oriented paradigm, that allow him/her to specify
his/her own data types. Such a capability would increasethe designand modelling exibilit y, allowing
to target granularities to the domain represened and to speci c requiremens. Thus, the data de nition

languageof the model could be extended with speci ¢ instructions for specifying user-de ned temporal
and spatial granularities.

By assumingthe existenceof a standard collection of granularities (as well as the databasedesigner
assumesthe existenceof the basetypes provided by the data model), user-de ned granularities can be
speci ed with respectto the relationships holding amongthe new granularities and the granularities in the
baseset. Speci cally, straightforward and e ectiv e speci cations can be obtained relying on relationships
such as partition, groups-uniformly-into and group-periodically into we discussin the previous section.

We apply such considerationsfor temporal granularities to the designof the prototype of T_ODMG
model [BFGMO3J°. In particular, we extendedthe T_ODMG data de nition languagewith instructions for
the speci cation of user-de ned temporal granularities, that extend the basic set mil liseconds, seconds
minutes, hours, days, weeks, bweeks, months, years, where bweeks represens businessweeks. For
instance, the following speci cations de ne two new granularities: bimesters and semesters.

granularity  bimesters f granularity ~ semesters f
1 composedBy2 months; 1 composedBy3 bimesters;
3 compose 1l semesters; ¢ 2 composel years; g

The keywords composedByand composewe useto de ne bimesters and semesters actually specify
groups-periodically-into relationship. The speci cations of the granularities bimesters and semesters
(and their implementations, that are automatically provided by the prototype) are given with respect to
those of granularities months and years.

Equivalent speci cations could be provided alsoto de ne spatial granularities that have regular rep-
resertations, asin the caseof the temporal granularities just described.

2.5 Concluding Remarks

In this chapter we have discussedhe issuesentailed by the formalisation of the notion of spatial granular-
ity. Such formalisation is slowed down by the richnessof spatial data semartics and can be view mainly
as a standardization process,and it will allow a powerful and correct managemen of spatial information
in a lot of contexts. We addressedthe issueswe discuss, by proposing a formal de nition of spatial
granularity and by discussingthe relationships that can hold among a set of granularity. Furthermore,
we discussthe issuesrelated to the implementation of a granularity framework, in particular the support
of relationships amongdi erent granularities and the corversionsof granulesat di erent granularities.

The uniform formalisation we discussin this chapter for the support of temporal and spatial gran-
ularities is at the basis of the multigranular spatio-temporal object model we proposein the following
chapter.

5The Java protot ype of T_ODMG model [BF GMO03] has been developed on top of Object Store PseProJ.

38



Chapter 3

ST ODMG: A Multigran ular
Spatio-T emporal Extension of
ODMG Mo del

In this chapter we presert the ST_.ODMG model. ST_-ODMG is a multigranular spatio-temporal ex-
tension of the ODMG data model described in Section 1.1 The ODMG type system is enhancedwith
speci ¢ typesfor de ning multigranular spatio-temporal properties. Granularity conversionsis de ned
for converting attributes valuesat di erent spatial and temporal granularities. ST_-ODMG supports two
typesof granularity conversions: geometric conversions that rely on model-oriented generalization and
re nement principles; and statistic conversions i.e., coercion and re nement functions, that are used
for converting temporal and spatial statistical data. The conversion of attribute valuesthrough granu-
larity conversionscan be performed accordingto di erent semartics, and with dierent properties. In
particular, the compositionality and the invertibilit y of granularity corversionsare formalised.

Granularity corversion functions are important notions for multigran ular spatio-temporal value han-
dling. The need of converting spatio-temporal values from one granularity to another arisesin seweral
cortexts. Sud a cornversion is neededfor supporting full- edged query languages,in which spatio-
temporal values expressedat di erent granularities can be usedtogether. In Section 3.6 we extend the
core of the declarative and navigational mechanisms of OQL, investigating queriesto spatio-temporal
multigran ular data, and granularity corversionsare applied in multigran ular spatio-temporal queries.

Moreover, granularit y cornversionsare usedto ensurethe safecovariant rede nition of object attributes.
In Section 3.7 we discusshow to extendsto spatio-temporal multigran ularity the EXTENDS inheritance
hierarchy supported by ODMG (cf. Chapter 1), and we investigate how to achieve safere nements of
multigran ular spatio-temporal attributes in ST_.ODMG subclasses.

Granularity conversionsare alsothe basisof any schemaewlution mecdanism, allowing the granularity
of a spatio-temporal property to dynamically change,with an automatic adaptation of previous property
values. In the secondpart of the thesis(in particular in Chapter 5), we will seehow granularit y corversions
can be applied to handle the expiration of multigran ular attributes.

The chapter is organizedas follows. Section 3.1 summarisesthe contribution of the chapter, describ-
ing the main characteristics of the ST_.ODMG model. Section 3.2 formalises some preliminary notions.
Section 3.3 preseris the spatio-temporal type system underlying our approach. Sections 3.4 and 3.5
discussthe granularity conversion mecdhanism, and the researd issuesits design entails, respectively.
Furthermore, Section3.5intro ducesproperties of granularit y conversions,such asvalue correctness,com-
positionality and invertibilit y. Section 3.6 formaliseshow spatio-temporal data at di erent granularities
are retrieved, by de ning the main elemens of the query languageand by giving the query language
syntax. Section 3.7 discussesspatio-temporal inheritance and safere nements of ST_.ODMG attributes.
Section 3.8 discusseghe design of the implementation of the framework. Finally, Section 3.9 concludes
the chapter, comparing the contribution provided with the related literature.
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3.1 Handling Spatio-T emporal Multigran ularit y

This chapter formally de nes the ST_.ODMG maodel, a spatio-temporal framework that relies on ODMG
data model. ODMG type system, data de nition languageand query language have been extended to
support the managemen of spatial and temporal information at di erent levels of detail.

The work preserted in this chapter is basedon a previous multigran ular temporal extensionof ODMG,
the T_ODMG model [BFGMO03] we brie y describedin Chapter 1. Likein T_ODMG, ST_ODMG supports
the notion of temporal granularity commonly usedby other researt proposalsby the temporal database
and reasoningcommunities [BDES98, BJWO00]. We rely on the proposal of a formal de nition of spatial
granularity we give in the previous chapter. Then, we extend the ODMG data model with types for
represerting spatial data in vector format, and with type constructors for represerting spatio-temporal
data at multiple granularities. The model also supports the represeration of attributiv e information
concerningapplication domain ertities. We refer to this information as statistical attributes.

The proposedspatio-temporal model allows one to de ne object typeshaving spatial, temporal and
spatio-temporal attributes at di erent spatial and temporal granularities (i.e., it is a non-homogeneous
model). By relying on such type system, spatio-temporal object database schemascan be de ned to
uniformly and e cien tly handle all kinds of spatio-temporal information: ertities with a spatial extension
that move in a (potentially ewolving) geographicalarea, e.g., cars, planes, etc.; changesof geographical
and thematic maps over time; environmental and social phenomenarelated to a geographicalarea, suc
as meteorological monitoring systems and cadastral applications. The choice of ODMG as the data
model into which casting our model is instrumental in that ODMG is a well-known standard basedon
object-oriented data modeling principles. As such results of our researd, that is, an extended ODMG
model supporting spatio-temporal information, can be easily transferred to other data models, namely
the recert commercial object-relational data models, supported by all commercial DBMS products.

The introduction of multiple granularities, for both spaceand time, in a data model requires in-
troducing methods and techniques for supporting conversion among the di erent granularities. This
is an important requiremert from both the theoretical and practical point of view. We addresssuc
requirement by providing a set of cornversion functions, supporting mapping of values betweendi erent
granularities. Conversionfunctions are basedon di erent principles depending on whether they deal with
statistical or vector data.

Values of attributes represering information that is inherently geometric (referred to in the paper
as geometric attributes) are converted to di erent spatial granularities accordingto model-oriented map
generalisation [MLR95] principles. According to such principles, we obtain represenations of a map at
di erent levelsof detail, either coarseror ner, through the application of generalisation[Mul91, WD99]
and re nement operators, taking into accourt semartic aspectsand consistencyproperties of data, specif-
ically the presenation of topological relationships. Geometric conversionto coarserspatial granularities
is obtained by applying compositions of the generalization operators de ned by Bertolotto [Ber9g], and
other classicalalgorithms sudch as line simpli cation [DP73] (speci cally the line simpli cation operator
de ned by Saalfeld [Saa99), that guarantee topological consistency Moreover, we formalize a set of
operators to perform the inversefunctions, namely re nement operators. Through composition of the
re nement operators, we obtain the geometric corversionto ner spatial granularities. The support of
spatial granularity we integrate in the framework is compliant to the theoretical framework proposedby
Stell and Worboys in [SW9§]. Indeed, geometrical information, storedin a ST . ODMG database, repre-
serting a geographicalarea, can be viewed as a \stratied map space" [SW9§| through the application
of compositions of the generalisationand re nement operators we support.

By contrast, the conversionof statistical attribute valuesto di erent spatial and temporal granularities
is performed by applying coercion and re nement functions. Coercion functions have beende ned in
[BFGMO3] to allow safere nement of temporal attributes at coarsergranularities, and rely on semartic
assumption de ned by Bettini et al. [BWJ98]. Some of the re nement functions presenred in this
paper have beende ned in [BCGO04] as inverseof coercion functions, to (re)obtain information at ner
granularities from aggregateinformation stored at coarsergranularities.

A comprehensie spatio-temporal model should deal with extensionsto the query language so to
allow querieson sets of objects, with represenations at possibly di erent granularities. To addressthis
requirement we have embeddedthe conversionfunctions into OQL, the set-orierted content-based query
languageassaiated with the ODMG data model. In particular, we have extended the two mecanisms
OQL provides for querying data, namely comparison of values and navigation through objects, with
multigran ular spatio-temporal capabilities. In particular, the formalization proposedfor the extension of
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convertional path expressionsof traditional object oriented model has beeninspired by temporal path
expressionsproposedin [BFGMO03]. The resulting query languageallows the databaseuserto represer
and compareinformation stored at di erent temporal and spatial granularities.

Finally, we revisit the notion of attribute re nement along the inheritance hierarchy taking multiple
granularities into accourt, and investigate the impact of such re nements on substitutabilit y. Substi-
tutabilit y ensuresthat ead instance of a given class can be used whenewer an instance of one of its
super-classeds expected. The idea behind attribute re nement is that the granularity at which an at-
tribute valueis stored can be changedin a subclass,to better re ect the application needs.In the subclass
the attribute values may should be kept at a greater level of detail. For instance, if in the superclass
only the monthly values are recorded, in the subclassthe daily changescan be of interest. Depending
on the application domain and on the attribute semartics, an attribute value may should be recorded
at a decreasedevel of detail in the subclass. For instance, if in the superclassthe provincial valuesare
recorded, in the subclassonly the valuesthat refer to courtries can be stored.

Attribute re nement thus means changing the level of detail at which attribute values are stored.
Attribute re nement impacts substitutabilit y, sincewhenewer an object instance of a subclassis found in
a context where a superclassobject was expected, we needto convert its multigran ular attribute values
to the expected granularity. Sudc a conversion is neededboth for attribute accessesand for attribute
updates. Granularity conversionsare used,in caseof object accessfo compute the value to be considered
in the superclass,giventhe value of the attribute in the subclass,and, in caseof object update, to convert
the value to assignto the granularity required in the subclass.

3.2 Preliminaries: Temporal and Spatial Gran ularities and El-
ements

The ST_.ODMG model supports two dimensions: TI ME and SPACE. Speci cally, SP ACE represerts
the 2-dimensional spatial domain, while T | ME is the linear temporal domain.

Given an ST_.ODMG database,information stored in it is represerted at di erent levels of temporal
detail, with respect to temporal dimensionT | ME , accordingto a set of temporal granularities Gr . Each
granularity Gt in Gr is compliant to the de nition given by Bettini et al. [BDES98, BJWO0O0] we discuss
in Section 2.2. According to sud de nition, a temporal granularity is de ned as a mapping from an
orderedindex setto a set of ordered and non-overlapping portions of the time domain T | ME , referred
to astemporal granules (cf. De nition 2.1). We assumethe time domain is homeomorphicto R.

The set of spatial granularities Gs compliant to De nition 2.2 is applied to represert spatial informa-
tion stored in the databaseat di erent levels of spatial detail. A spatial granularity Gs in Gs is de ned
asa mapping from an index setto a set of non-overlapping spatial granules, de ned as subsetsof the set
of 2-dimensionalpoints that de ne the spatial domain SP ACE.

Granularities in ead set, i.e., Gr and Gs, are related by ner-than relationship (cf. De nition 2.4).
According to such de nition, a granularity G is ner-than another granularity H if for ead granule g
de ned for G, a granule h of H exists such that g h, i.e., the portion of the domain speci ed through
g isincluded in h. As a consequenceH is coarser-thanG.

According to the ner-than relationship, granularities in ead set, i.e., Gr and Gs, are related to
form a structure, that, in the most general case,is a lattice, as specied in [BDES98] for temporal
granularities and in [SW98] for spatial granularities. The bottom of the spatial and temporal lattices,
that is, the nest spatial and temporal granularities in Gr and Gs, can be temporal chronon and the
spatial quantum granularities, G, s and G, 1, respectively. As discussedin Section 2.1.1, often, suc a
structure is simpli ed to a direct and acyclic graph, sinceonly one amongthe top and the bottom of the
lattice is required to ensurea consistert set of granularities. Furthermore, as pointed out in [DELSO00],
most of granularity graphs assumethe existence of the bottom granularity. The sets of spatial and
temporal granularities include the spatial chronon and the temporal chronon granularities G;s and G, r,
these granularities are the bottoms of the two sets.

In the spatio-temporal literature [KRSO02, DS98], often the groups-into relationship (cf. De ni-
tion 2.3) is applied to relate granularities instead of ner-than. Groups-into is de ned asthe opposite of
ner-than, sinceaccordingto groups-into eact coarsergranule is de ned as a set of ner granules. Fig-
ure 3.1 compares ner-than (a) and groups-into (b) relationships. In our formalisation, we use ner-than
sinceit is lessa restrictiv e relationship, sinceit doesnot require that the ner granulesbe completely cov-
ered by coarsergranules, as happenswith groups-into. Moreover, it allows the support of total functions
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Figure 3.1: (a) ner-than relationship (b) groups-into relationship.

for converting multigran ular data to coarsergranularities, aswe discussin Section 3.5.

To formalise genericsubsetsof the time and the spacedomains, we intro ducethe conceptsof temporal
and smatial elements Temporal elemens have beenformally introduced in [Gad8§, and then extended
with respect to temporal granularities in [BFGMO03]. In a multigran ular model, a temporal or a spatial
elemernt is a set of granules of the samegranularity.

Example 3.1 f1/2002, 3/2004, 4/2004g™M°"hs s a temporal elementat granularity months. f Roma,
Berlin, Zurichgmuniciealities js g spatial elementat granularity municipal ities . 2

The following de nition formalisesthe notions of temporal and spatial elemers.

De nition 3.1 (Spatial and temporal elemeris). Let G be a granularity, and let © be a subsetof the
granulesof G, i.e.,, ©=1fG(i)ji21Sg. If Gis aspmtial granularity, © is a spatial element. If G is
a temporal granularity, © is a temporal element. 3

Temporal and spatial elemers can be corverted to dierent granularities. Let " be a temporal
(respectively, a spatial) elemen, with temporal (respectively, spatial) granularity H. Let G be atemporal
(respectively, spatial) granularity, such that G H or H G, then G( ") denotesthe corversion of

H to granularity G.
Temporal and spatial elemeris at the samegranularity can be combined by using set operator n;\ ;[ .

Example 3.2 Given the two spatial elements O“U“iC‘Pa”“efl =f Roma, Berlin, Zurichg and

Ofhunicipaliies = f Roma, Dublin, Warsaw, Zurichg, ~municipalies —  0fonths — denotesthe temporal el-
ement Municipaliies = {Roma, Zurichg, that gives the granules at granularity municipal ities that are
included both in Omunicipalities and in OGnunicipalities

To temporal elemeris, operators f ir st and last, that are based on the order of granules, can be
applied.

Example 3.3 Given the temporal element ™Months =f1/2002, 3/2004, 4/2004g™menths | f jr st( months )
resultsin 1/2002, the rst granule at granularity months of temporal element ™months 2

The represenation of temporal and spatial elemens we give in the previous exampleis referred to as
explicit. As we will seewhen discussingaccesso spatio-temporal attribute valuesin Section 3.6, spatial
and temporal elemeris can be represened also implicitly , by meansof temporal and spatial expressions

3.3 Spatio-temp oral Multigran ular Types

Torepresen spatio-temporal information we extendthe ODMG [CBB* 99| type systemand syntax to sup-
port spatio-temporal capabilities. According to such extension,the classeslescribingthe spatio-temporal
application domain potentially have spatial, temporal, spatio-temporal and cornventional attributes, i.e.,
attributes without spatio-temporal characteristics.

We de ne a set of typesfor represening geometric vector features in 2-dimensions. Vector feature
typesand existing ODMG typesare the basic types of the extendedtype system. Multigran ular spatial
and temporal data are uniformly de ned by specifying instances of a spatial parametric type and a
temporal parametric type, both speci ed accordingto a granularity (respectively spatial and temporal),
and an inner type. Becauseparametric typesare de ned in terms of other types, composition rules must
be de ned stating which type can be usedasargumernt of which parametric type. Moreover, eac allowed
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composition generatesa type modeling a speci ¢ classof application domain objects. The composition
rules underlying our model are summarizedas follows. Instancesof spatial parametric typesare de ned
in terms of inner basic types. Speci cally, if the inner type is a ODMG type, the resulting type is a
statistical spatial type, whereasif the inner type is a vector feature type or a set of vector features, the
resulting type is a geometric spatial type. Temporal types can have inner typesthat are either basic
or spatial. If the inner type is a conventional ODMG type, the resulting type is temporal. Otherwise,
it is spatio-temporal. In particular, if the inner type is a parametric spatial type, the resulting type is
multigranular spatio-temporal. Note thusthat a spatial parametric type cannot have an inner type which
is temporal.

In the remaining of the sectionwe formalise the spatio-temporal extensionsto the ODMG type system
and to the ODMG classdeclaration syntax.

3.3.1 Basic Types

The basic typesof the spatio-temporal type systemare ODMG and geometric types. ODMG typesare
classtypes(i.e., user-de ned), denoted by OT o4mg , and literal types(e.g., short , int , float , double,
char, string , etc.) denoted by LT oamg. Geometric types represen (sets of) vector features in 2-
dimensions: points, lines and regions. We denote with Togmg = OT odmg [ LT oamg the set of ODMG
types, that are usedfor de ning corvertional attributes. Geometric typesare denoted with Tgeom, and
include interface Geometry and its implementations, and typesde ned by using ODMG collection set hi
and Geometrytypes'.

The interface type Geometry and its three implementations: Point , Line, and Polygon, have been
de ned for represering the usual vector features in two-dimensions. Each point is represeried by a
pair of coordinates; ead line is represerted by an ordered set of points, classi ed into end points and
shape points of the line; eact polygon is represeried by the ordered set of its boundary lines, with the
usual clockwise ordering convertion for internal boundaries,and counterclockwise ordering corvertion for
external boundaries. Spatial ertities composedby more than one vector feature, can be de ned through
ODMG collection type constructor set hi, applied to vector feature types. For instance, multi-p oint
objects can be de ned with type set hPoint i, while heterogeneoussets of vector features can be de ned
with type set hGeometryi.

3.3.2 Multigran ular Spatial Types

Multigran ular spatial typesare de ned as instancesof the spatial parametric type. Given a basic type
2 Todmg [ Tgeom and a spatial granularity Gs 2 Gs, the spatial type spatial g, ( ) is de ned. A value
of a type spatialg,( ) is de ned as a partial function that maps Gs-granulesto  values. We refer
to the subset of the spacedomain, as a set of points, for which the partial function is de ned as the
spatial domain of the spatial value. Given a legal value v of type 2 S, i.e., = spatialg ( ), where
2 Todmg [ Tgeom, @and anindexi 2 1 S, v(i) denotesthe value of type corresponding to spatial granule
of granularity Gg with index .

The setof multigran ular spatial types = spatialg,( ) is denotedby S. Specically, if 2 Togmg , the
resulting type instance s referred to asa statistical spatial type, whereasif 2 Tyeom , the resulting type
instance is a geometric spatial type. Statistical spatial types, denoted by Sg, are usedfor represerning
information having a cornvertional type, but that can be related to a spatial areaor location (represeried
by spatial granules of Gs), such as population, rainfall, temperature, etc.

Example 3.4 spatial municipaiities  (int) is a legal type de nition for attribute population , representing
the amount of population of municipalities in a given area. An exampleof value for suchan attribute, is
v = fhGenova, 609399, hArenzano, 11422i, hBogliasco, 4584i, hmperia, 39399i, hSavona, 59955i, hLa Spezia, 91316i,
hMonter 0sso, 1571i, :: :Omunicipalities ,
that reports the population of some ltalian municipalities 2, representel by the lakels of the corre-
sponding granules. 2

In this paper a set hGeometnyi type represerts a group of vector features, and no constraint on the top ological relationship
among them is maintained. Collection object type sethi could be re ned with aggregation and composite constructors
de ned by OGC [OGC].

2Census data on the 31st of December, 2002 [ISTAT].
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Figure 3.2: Example of legal value for type spatial countr ies (S€thPOlygoni) .

Geometric spatial types,denoted by S are usedfor represening data that are inherently geometric,
but that can be represerted at di erent level of details, one of theseis the granularity Gs.

Example 3.5 Attribute boundaries can be de ned, for representingthe political boundaries of a geo-
graphical area, with type spatial countr ies (S€tPOlygoni). An exampleof legal value for such attribute is
reported in Figure 3.2, where the current boundaries of European countries are representea. 2

3.3.3 Multigran ular Temporal and Spatio-temp oral Types

We denotethe set ST = Togmg [ Tgeom [ S asthe set of static types of the spatio-temporal type system.
Static types are the inner types of temporal types. Instances of parametric type temporal, de ned
accordingto a temporal granularity and an inner static type, are usedto de ne multigran ular temporal
and spatio-temporal attributes.

Given a temporal granularity G; 2 Gr, and atype 2 ST, the type = temporalg,( ) is de ned.
A (spatio)temporal value of type is de ned as a partial function that maps G;-granulesto values.
We refer to the set of time instants for which thesepartial functions are de ned asthe temporal domain

of the (spatio)temporal value Givenv a legal value of type = temporalg,( ), and anindexi 2 | S,
v(i) denotesthe value of type corresponding to temporal granule of granularity G; with index i. In
particular, if = spatialg ( 9, v is of type = temporalg, (spatialg ( '), Vv(i)(j) denotesthe value

of type © corresponding to temporal granule of granularity G; with index i and to spatial granule of
granularity Gg with index j.

The temporal dimension we consider is valid time dimension [BJWO0Q], i.e., the facts stored in the
database refer to the time they are true in reality. This meansthat the time specied (as temporal
granules of granularity G;) in a (spatio)temporal attribute value of type temporalg, ( ), refersto the
time where the stored facts were true in reality. The set of all multigran ular (spatio)temporal types
= temporalg, ( ) is denotedby TT. Note that, if 2 Toamg, temporalg,( ) is a temporal type, and its
legal valuesare in turn setsof convertional values.

Example 3.6 Let salary be an attribute describingthe salary of employes of a company, de ned with
temporal type temporalnonins (float ). An exampleof legal value for such an attribute, representa as a
set of pairs htemporal granule, oat valuei, is:

v = f:::; h11/2003, 1205,12i, h12/2003, 1 254,14i, h1/2004, 122598i, 2/2004, 1198,65i,: : :Gmonths

that representsthe salary in  of an employe for the months of Novemler and Decemter 2003, and
January and February 2004. 2

By cortrast, if 2 Tgeom [ S, = temporalg,( ) is a spatio-temporal type. In particular, if 2 S,
i.e., = spatialg ( 9, then, legal values of type  are partial functions that map G;-granules onto
multigran ular spatial values (i.e., partial functions mapping spatial Gs-granules to values of type 9.
Given v; alegal value of type = temporalg, (spatial g, ( %), we de ne the spatio-temporal domain of
V¢ asthe Cartesian product amongthe temporal domain (i.e., the set of instants on which v; is de ned)
and the spatial domain (i.e. the set of 2-dimensional points for which the inner valuesof v;, that have
type spatialg_( 9, are de ned) of v;.

Example 3.7 An exampleof value of type temporalyear s(spatial countr ies (SETPOlygoni)) is graphically
represental in Figure 3.3, where four valuesof type spatial countr ies (SetPolygoni), de ned on temporal
granules at granularity years 1945, 1990, 1991 and 1999, are reported. An example of spatio-temporal
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(a) 1945 (b) 1990 (c) 1991 (d) 1999

Figure 3.3: Example of legal value for spatio-temporal attribute boundaries of classMap

value of spatio-temporal type temporalgay s(spatial municipaiities  (int)), whoseinner type is a multigranular
statistic spatial type, is

v=1f:::, h31/12/2002, fhGenova, 609399, hArenzano, 11422, hBogliasco, 4584i, Nmperia, 39399, hSavona, 59955i,
hLa Spezia, 91316ig municipalities i, h31/12/2004, fhGenova, 610734i, hArenzano, 10422, hBogliasco, 4365i, himperia,
40243i, hSavona, 62089, hLa Spezia, 89243ig municipalities i, 'Odays»
representing the temporal variations of the amount of population in someltalian municipalities. 2

According to valid time, a constraint is set on valuesof type = temporalg,( ). Givenv; a legal
value of type , andavaluev = v(i) of type , visrequiredto existsover the setof instants included in
temporal granule G;(i). Such a constraint is automatically veried if 2 LT oamg, Sincethe set of legal
valuesfor literal typesLT oqmg doesnot changeover time. By cortrast, if 2 OT ggmg [ Tgeom, the (set
of) object value(s) referencedby v is required to exists over the set of instants de ned by G;(i). Moreover,
if = spatialg,( 9, givenv; alegalvalue of type , and a value vs = v;(i) of type spatialg,( 9, then
the spatial domain of v must be a valid spatial domain, i.e., the set of points on which vs is de ned
exists over the set of instants included in temporal granule G (i).

Sudh a constraint is captured by the formal de nition of legal value of a temporal type. In the
following, given a type 2 Toamg [ Tgeom [ TT [ S, [ 1 denotesthe set of legal values for type
With the notation [ J: Wel-denote the set of legal values of type that exist at the temporal instant
t. The extension [ & = 26,y [ 1t denotesthe set of legal valuesof type , in the set of instants

belongingto the temporal granule G (i) 3.

De nition 3.2 (Temporal Type Legal Valueg [BFGMO03]. Let temporalg( ) 2 TT be a temporal type.
[temporalg( )] denotesthe set of legal valuesof type temporalg( ):

. S
[temporalg, ( )] = ff jf 1St ~, o[ 179

whete f is a partial function suchthat for eachi 2 | S if f (i) is dened thenf (i) 2 [ ]|iG1 3

3.3.4 ST_ODMG Classes and Ob jects

According to our spatio-temporal type system, object typeswith spatio-temporal characteristics can be
speci ed by de ning classeswith spatio-temporal attributes.* Then, the spatio-temporal application
domain can be described by a set of spatio-temporal classesthat de ne a (spatio-temporal) database
schema. Multigran ular spatio-temporal attributes de ned in the classesof the schemarefer to the same
setsof spatial and temporal granularities. Such two setsof granularities can be assumedas supported by
the spatio-temporal DBMS, or equivalently can be de ned and implemerted for ead database schema
de ned.

An ST_ODMG classis de ned by a (unique) classidenti er, that represens the object type de ned
by the class;a set of attributes; and a set of operations.’ Each attribute de ned in an ST.ODMG class
is specied by a pair (a; ), where a is the attribute name, and is the attribute type. The type of
an ST_.ODMG attribute is one of the typeswe de ned in the previous sections,i.e., 2 Todmg [ Tgeom

3These notation are formally de ned in [BF GMO03].

40bject typesin the ODMG model are specied through interface and class de nitions [CBB * 99]. Interfaces de ne
only the behavioural component of types, while classesspecify also their structural characteristics, i.e., allow also attribute
declarations. We do not report the syntax for de ning interfaces, that can be easily inferred from the class syntax.

5We do not discuss the spatio-temp oral extension of relationships, that with attributes are the structural prop erties of
ODMG classes. Their formalization complicates the general framework, without intro ducing new interesting elements of
discussion.
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<class spec> := class class_name f <attr _decl Jist > <methdecllist > g
<attr _decl list > := <attr decl> | < attr _decl> <attr _decl dist >

<attr _decl> := attribute <type> attr .-name [ f <gconvlist >g ] ;
<type> :u= <static _type> | <temporal _type >

< static _type> := <basetype> | <gran_spatial _type>

< base_type > := odmgtype -name| <vector _type> | set<< vector _type >>
<vector type> := Geometry | Point | Line | Polygon

< gran_spatial _type> := < spatial _geometric type> | <spatial _statistic _type >
< spatial _geometric type > := spatial spatial _gran _name ( < vector _type> )
< spatial _statistic _type> := spatial spatial _gran _name ( < base_type> )

< temporal _type > := temporal temporal_gran_name ( < static _type>)

< methdecl list > 1= <methdecl> | < meth.decl> < methdecl list >

< meth.decl > = <return _type> method_name ( [ < paramdecl list > ] );
<return _type> 1= <type> | void

< paramdecl list > := < paramdecl> | < paramdecl> , < paramdecl list >

< paramdecl > := < paramtype > <type> param _name

< paramtype > := in | out | inout

Figure 3.4: Spatio-temporal extensionof ODMG classdeclaration syntax

[ TT [ S. As aconsequencean ST_.ODMG attribute a can have an ODMG object or literal type, a
geometrictype, or a multigran ular temporal, spatial or spatio-temporal type. Moreover, for multigran ular
attributes, i.e., attributes de ned with a multigran ular type, a list of conversionsto apply for the attribute
accesscan be speci ed (seethe following section, in which granularity conversionsare formalised).

An ST_ODMG method, or operation, is de ned by its signature. A method signature is completely
speci ed by the name of the operation, the type of the value it returns or void if the method does not
return any value, and the list of the method parameters. A method parameter is speci ed by a name, a
type, and the speci cation whether it is an input, an output or an input-output parameter.

The following de nition formalisesthe notion of ST_.ODMG class.

Denition 3.3 A ST_ODMG classdeclaration is a triple (i; attr ; meth), where
i 2 OT oamg Is the classidenti er;
attr is an attribute speci c ation;
meth is a methad speci ¢ ation. 3

Figure 3.4 reports the BNF syntax for spatio-temporal classde nition, as extension of the ODMG
classde nition syntax. Terminal symbols classhame, attr_name, methal_name, param_name represer,
respectively, the name of the object type, an object attribute name, a method name and a method
parameter name; odmg type_name is an ODMG type name, including class and literal types; nally,
spatial_gran_name and temporal_gran_name are, respectively, a spatial and a temporal granularity name.
The syntax and the semartics of non-terminal symbol <g_conv.ist > is preseried in Section 3.4.

In the following example, a spatio-temporal classis de ned according the syntax in Figure 3.4.

Example 3.8 Supmsewe wish to de ne an object type for describing geographical maps. In each map
we report the political boundaries and the main roads of the area representel; for each country, we want
to include information albout the capital, and the name of the head of government. Moreover, we want
to record information alout the amount of population, with respect to each municipality. In addition, we
wish to keep track of the history of changesfor all recorded information. According to such speci ¢ ation,
a possiblede nition for object type Mapis as follows:

class Mapf
attribute  tempor al gay s(spatial municipaiities (int )) population f... g ;
attribute  tempor alyear s(spatial countr ies (S€t HPolygoni)) boundaries f... g;
attribute  tempor alyear s(spatial countr ies (POINt )) capitals  f... g;
attribute  tempor alyear s(spatial countr ies (String )) head.of _government f... g;
attribute  tempor almonths  (SPatial pr ovinces (Sethlinei)) roads f... g;

.. g

All attributes of object type Mapare of spatio-temporal type. Attributes boundaries , capitals , and
roads havea multigranular geometric inner type, while attributes population , and head_of government
have a spatial statistical inner type. According to de nition of attribute boundaries and capitals
political boundaries of a country are representel as a set of regions, while its capital is representel as a
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point. Suchattributes are updated (at most) once at year, asfor attribute head_of government. Attribute
population is de ned with ner granularities, in both space and time, since it is updated more often
and it refersto smaller geographical areas (i.e., municipalities instead of countries). Note that attribute
roads hashbeen speci e d with temporal granularity ner-than attributes boundaries and capitals , since,
according to its semantics, road paths are usually modi e d more frequently than country boundaries and
capitals. 2

Each instance of an ST_.ODMG classis referred to as ST ODMG object. An ST_-ODMG object
is de ned by its unique object identi er; the list of its names; its object state, i.e., the value of its
attribute; the classto which the object belongs®; and its spatio-temporal lifespan, i.e., the portion of
the spatio-temporal domain, in which the object exists. The spatio-temporal lifespan of the object is
a Cartesian product of a temporal and a spatial elemeris (De nition 3.1) at the temporal chronon and
spatial quantum granularities”. The object state of an ST_.ODMG object is atuple (a; : vi; :::; an @ Vn),
whereead & is an attribute name,andeadv;, 1 i nisavaluewith type 2 Togmg [ Tgeom [ TT
[ S. An ST.ODMG object is characterized also by a behaviour, given by the set of operations de ned
in c.

The following de nition formalisesthe notion of ST_.ODMG object.

De niton 3.4 A ST_ODMG object o is a 5-tuple (id; N;v;c; ©i7 Gis) wher:
id is the object identi er, unique in the datalase;
N is the set of object names;
v is the object state, i.e., given by the valuesof its attributes;
c is the classto which the object belongs;
Gir Cis is the spatio-temporal object lifespan. 3
In the following example, an instance of classMap de ned in Example 3.8 is reported.

Example 3.9 Let o be an object of type Map Let v be the value for spatio-temporal attribute head -
of _government of object o, representing the heads of governmentof European countries over time. An
exampleof value for v is

v = f::: 2002, fhUnite d Kingdom, Blair i, hGermany, Schrederi, hSpain, Aznar i, hireland, Aherni, hCroazia, Raccani,
hCheck Republic, Spidlai, :::Qcountr iesi, :::,h2004, fhFrance, Ra arin i, hPortugal, Barr osoi, hSpain, Zapateroi, hCroazia,
Sanaderi, :::Qcountr ies iJyear s

Moreover, let v° be the spatio-temporal value for attribute boundaries of object o graphically repre-
sentad in Figure 3.3. Figure 3.3 reports European boundaries in 1945, 1990, 1991, 1999, representa at
granularity countries as a set of type Polygon, and speci e d with respect to temporal granules of gran-
ularity years. Specic ally, Figure 3.3(a) showsthe European boundariesin year 1945; Figure 3.3(b) in
1990; Figure 3.3(c) in 1991; Figure 3.3(c) in 1999. 2

The notion of consistent instance was de ned for the ODMG model [Mer01]. Intuitiv ely, in ODMG
an object is a consistert instance of a classif its state matchesthe classde nition. That is, eadt attribute
value is a legal value of the corresponding attribute type and a legal value is provided for ead attribute.
In T_ODMG this notion hasbeenrevisited in order to take into accourt the time dimension. Speci cally,
constraints have beenimposedon the relationships between the lifespan of an object and the domain
of the temporal attributes it contains, in that the domain of a temporal attribute should not exceed
the temporal lifespan boundary. In ST_ODMG, the notion of object consistencyshould be revisited in
order to take into account also spatial and spatio-temporal attributes. In particular, the value of suc
attributes must be comparedwith the spatial portion of the spatio-temporal object lifespan.

Denition 3.5 (ST_ODMG Consistert Instance). Let o be a ST_.ODMG object de ned according to
De nition 3.4, such that (id; N;(aq @ vi; 115 @ : Vp);c; ©'7 Gis) Let ¢ be a class and attr its
attribute speci c ation. Object o is a consistent instance of c if the following conditions hold:

6When dealing with class inheritance, o could refer to more than one class. Then, cin the object speci cation is de ned
the most specic class to which the object o belongs. Cf. Section 3.7.

7In T_ODMG model, the (temp oral) lifespan is de ned by a temporal interval at chronon granularity, then requiring
that the included granules be contiguous [BFGMO03]. In ST_-ODMG we relax this constraint, allowing object lifespans be
non-contiguous portions of the spatio-temp oral domain.
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1. 8i;1 i p;9(a; )2 attr suchthat a= a;;
2. 8(a; )2attr;9k;1 k p, suchthat a= ax and the following conditions hold:

(@ if 2 Todmg [ Tgeom, Vk 2 [ ] (i.e., the attribute value belongsto the set of legal values of
the correspnding type);

(b) if 2 S (i.e., = spatialg,( 9) all the following conditions hold:
i. w2 1;and S
ii. 8 21Ssuchthatv(i)isdened, Gs(i)\ ( ¢,:fGis(h)jh21Sg) 6 ; (ie., the spatial

domain of v doesnot exeed the spatial lifespan of the object, then for each value de ned,
the correspnding spatial granule intersects it);

() if 2TT,ie, = temporalg, ( 9, all the following conditions hold:

w2 [ ]IiGt, (i.e., the value must be a legal value of the correspnding set during the
portion of the time domain representel by the éemporal granule G (i) &), and
ii. 8 2 1S suchthat v(i) is dened, Gi(i)\ ( ¢,,fGit(h)jh21Sg) 6 ; (i.e., the
temporal domain of v, does not exeed the temporal lifespan of the object, then for each
value de ned, the correspnding temporal granule intersects it);
ii. and, if °2S,ie, °= spatialg,( °), 8i 2 IS suchthat (i) (of type 9 is de ned,
8ii 2 1S suchthat vy (i)(ii ) (of type 9 is de ned, Gs(ii)\ ( ¢,sfGis(h)jh21Sg) 6
- 3

3.4 Spatio-temp oral Gran ularit y Conversions

In this sectionwe formalise how multigran ular valuesof classattributes, de ned accordingto the syntax of
Figure 3.4 are explicitly convertedto di erent spatial and temporal granularities. Granularity cornversions
are crucial in order to represen data at a level of detail suitable for a given task. For instance, a coarser
represenation of data is often su cien t for visualization purposes,whereasa detailed view is required for
accurate spatio-temporal analysis. Moreover, granularity cornversionsallow for consistert comparisonsof
data de ned in the schemaat di erent granularities, improving the expressiwe power of spatio-temporal
query languages.

Granularity corversionsare applied accordingto the speci cations given by the databasedesignerin
the schema. Each cornversion speci cation refersto a single classattribute. Then, the attribute value
is corverted from a given granularity to another one with a specic semarics. Spatial and temporal
conversionsare speci ed separately Spatio-temporal conversionsare obtained by combining the corre-
sponding temporal and spatial conversions. The granularity conversionsspeci ed for an attribute de ne
an instance of the spatio-temporal granularity lattice specic for that attribute. Given two dierent
spatio-temporal attributes, their granularity lattices (potentially) dier with respect to the granularity
conversionsspeci ed for them. Sincethe semartics required for corverting attribute valuesis usually
strongly dependert from the domain, a conversion mecanism like the one we propose,that is targeted
to the single attribute speci cations, greatly enhancesmodelling exibilit y.

Two categoriesof operators are supported for performing granularity conversions. The corversion of
spatial geometrical attribute values (and of geometrical componert of spatio-temporal attribute values)
to di erent spatial granularities is obtained by composing operators from the set of model-oriented gener-
alization operators de ned in [Ber98, Saa99, and composingoperatorsthat perform the inversefunctions.
By cortrast, the conversion of spatial statistical attribute values(and of spatial statistical componert of
spatio-temporal attribute values)to di erent spatial and temporal granularities is performed by applying
coercion [BFGMO3] and re nement functions [BCGO04]. Conversion functions supported by our frame-
work support a wide spectrum of granularity corversions. However, the database designeris allowed
to use his/her own corversion functions if needed. Such user-de ned cornversionsare speci ed as class
methods in the databaseschema. They thus extend the referenceset of conversionsfor all the instances
of that schema, and can be speci ed as granularity conversionsin multigranular attribute speci cations.

In the remaining of the section, we preser the geometricaland statistical operators usedfor converting
multigran ular data, we formalise granularity conversionssupported by our spatio-temporal framework

8According to the semartics of the notation [ ]]iG, such a condition states that vx be a legal value of for all the
instants in Gt (i).

48



oxp | p2| &xp p2r oxp | 12r
1 contr r contr r thlnnlng
splll r spllt
| merge r merge
add_p2l add _p2 add t2r
_simp p_abs Labs

op2 Op;

Figure 3.5: Spatial geometric cornversion operators, where ’0 [
0p20pg

and we extend the syntax of classde nition of Figure 3.4 with conversion speci cations. In the following
section we discussissuesand properties of granularity cornversions.

3.4.1 Conversion of Spatial Geometrical Attributes

The conversion of geometric information to coarserspatial granularities is obtained by applying compo-
sitions of map generalization operators [MLR95, Mul91, WD99] to data. Speci cally, the generalization
operators we support has beende ned by Bertolotto [Ber98] and by Saalfeld [Saa99. Suc operators
are continuous mappings from a vector represeration of spatial data to a generalizedone. Moreover,
they presene topological consistency an essetial property for data usability.® Each composition of such
operators is a macro-operator with the samecharacteristics. 1°

The set of generalization operators is denoted by Opg. Opy operators are classi ed as cortraction,
thinning, merge,abstraction, and simpli cation operators. Assuming points, lines and regionsto be 0-, 1-,
2-dimensionalvector features,contraction andthinning operatorsreducethe dimensionof a vector feature:
| _contr contracts an openline, endpoints included, to a point; r _contr contracts a simple connectedregion
and its boundary to a point; r _thinning reducesa regionand its bounding linesto aline. Merge operators
merge adjacert features of the same dimension in a single one: |_merge mergestwo lines sharing an
endpoint into a single line; r_merge mergestwo regions sharing a boundary line into a single region.
Abstraction operators discard isolated features from regions: p_abs eliminates an isolated point from
the region containing it; |_abs eliminates a line from the region containing it. Finally, |_simp performs
line simpli cation, obtained by removing shape points from a line [Saa99. The Opy set can be further
extendedto include other generalization operators that presene topological consistency

For corverting geometric data to ner spatial granularities, we de ne a set of operators performing
the inverse functions of Opy operators. We denote such set of operators with Op; (where r means
\re nement"). Op; operators perform expansions(as the inverseof contraction and thinning), splitting
of features in a set of adjacert features of the same dimension (as the inverse of merge), addition of
isolated features (as the inverseof abstraction) and addition of shape points as inverseof simpli cation.
They are as follows: exp_p2l expandsa point into an open line; exp_p2r expandsa point into a simple
connected region; exp-l2r expands a line into a region; I_split splits a line into two lines sharing an
endpoint; r_split splits a region into two regionssharing a boundary line; add_p2r adds an isolated point
inside a region; add.|2r adds a line inside a region; add_p2l add shape points to a line 1. Operators in
Opgy and Op; areillustrated in Figure 3.5.

De nition 3.6 formalisesthe spatial conversionsof geometric attribute values. Each compositions of
operators in Opy and ead composition of operators in Op; results in a partial function that maps a
geometrical spatial value in a value at a di erent granularity: Opg-compositions result in mappings to
coarsergranularities, whereasOp, -compositions result in mappingsto ner granularities.

9In order to guarantee top ological consistency, the set of operators we consider does not include some of the traditional
generalization operations, (e.g. aggregation).

10Such property has been proved in [Ber98] for the set of operators there de ned.

11seealso the following section, that discussesthe issuesrelated to the application of such operators.
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De nition 3.6 (Granularity conversion of a geometric attribute value). Let ; = spatialg,( ) and
= spatialy,( 9, whee ; 02 Tgeom, Gs; Hs 2 Gs, be two geometrical spatial types, suchthat Hs  Gs.

Given Gen= gy ::: O 01, wher 8i = 1;:::;n g 2 Opg, with g1 de ned on type and g, resulting
intype % thenGeng, w.: [ 11 ! [ 21.ie. Genis atotal function that maps legal valuesof type
spatial g, ( ) into valuesof type spatial y_( 9.

GivenRef = r, ::: ry ryp, wher, 8i = 1;::;n, r; 2 Op,, with r; de ned ontype %andr, resulting
in type ,thenRefy, . : [ 21 ! [ 11, i.e., Ref is apartial function that mapslegal valuesof type
spatial 4, ( 9 into valuesof type spatial g, ( ). 3

The following example describesa spatial conversion of a spatial geometric value.

Example 3.10 Let v be the spatial geometric value of type spatial countr ies (S€t< Polygon>) depicted in
Figure 3.6(a), representingthe current boundaries of European countries. v can be converted to coarser
granularity continents, by applying r _-merge operator, that mergesadjacent regions. Then,

I _Merg&ountr ies! continents (V) = V& where vPis the value of type spatial continents (S€t< Polygon>) depicted
in Figure 3.6(b). Value v can be re-obtained from value v°, by converting v according to r _split  operator:

I _split continents ! countr ies (VO) = V. 2

(a) countr ies (b) continents

Figure 3.6: Example of spatial conversion of a geometric value

3.4.2 Conversion of Spatial Statistical and Temporal Attributes Values

Statistical spatial attributes and temporal attributes (as well as the temporal componert of spatio-
temporal attributes) are often de ned for statistical analysis of the represertied spatio-temporal infor-
mation, usually obtained by granularity corversionson their values. For instance, the annual trend of a
phenomenoncan be deducedby collecting detailed obsenations and then aggregatingthem on a yearly
basis. Similarly, a set of parameters obsened with respect to a geographical area can be elaborated
according to di erent geographicalgroupings, to obtain a coarserview. Although the granularities in-
volvedin the rst exampleare temporal, while in the secondthey are spatial, the computation applied on
such statistical data are basically the same. Thus, the operators we use for performing such granularity
corversionsin our framework belongto the sameset. For the sake of simplicity, in the following we refer
to the conversion of temporal and spatio-temporal attribute valuesto dierent temporal granularities
and to the conversion of spatial statistical attribute valuesto di erent spatial granularities as statistical
conversions

The operators we apply to perform statistical conversionsare coercion and re nement functions. Co-
ercion functions perform statistical corversion of attribute valuesto coarsergranularities. Both selection
and aggregation coercion functions are supported. In particular, selectioncoercion functions choose,for
ead coarsergranule g 2 G, a value among those de ned for the ner granulesincluded in g, to be the
value de ned for g. By contrast, aggregationcoercion functions apply a computation to the ner values
de ned, that results in one value for g. When computing aggregations,unde ned values (i.e., values
at granulesi such that v(i) =?) are managedas null valuesin SQL and OQL. Each coercion function
performs aggregation, or selection, or both, according to a specic semarics. Coercion functions max
min, avg and sumcorrespond to the well-known SQL aggregatefunctions when applied to numeric at-
tributes. max min, avg could be applied alsoto alphanumeric values, referring to their length. however,
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this entails a modi cation of the inner type of the attribute, sincetheir application would result in a set
of values. max min, avg are not really meaningful when applied to object values, while sum managing
the modi cation of the inner type of the attributes, could be applied both to alphanumeric and object
values, resulting in a set of values. Coercion function main selects,for eac coarsergranule, the ( ner)

value that is more often de ned. all coercion function results in a coarservalue that corresponds to
the ner valuesde ned, if suc valuesare all the same,otherwiseit is unde ned. Sud coercion function
represerns a meaningful implementation of upward hereditary property [Sho87.

Further coercion functions are de ned only for temporal corversions, since they rely on the order
relationship holding among granules of the samegranularity.*> Sud coercion functions are: proj(n) ,
that performs a projection on the n" ner granule for which a value is de ned; first , and last , that
are specialisationsof proj(n) resulting respectively in the rst and the last value de ned.

Statistical conversionsfrom coarserto ner granularities are performed by re nement function appli-
cations. Re nement functions are de ned asinverseof coercion functions, and they model, with di erent
semartics, as a single (coarser) value, can subdivided into a set of (ner) values. Re nement function
restr models downward inheritance [Sho87, accordingto which if a granular value assumesvalue v in a
granule g, value v alsorefersto any ner granule g°included in g. For instance, given a temporal value
represerting the addressof a person,de ned with granularity years, eat value referring to a given year
represerts the addressof that personfor every day of that year. restr[p(n)] is a specialisation of
restr re nement function, that applies downward inheritance potentially to a subsetof ner granules,
according to the probability function p(n) . For eadh ner granule g, i = 1:::n, included in a coarser
granule g, p(n) givesthe probability that the value de ned for granule g; is de ned.

For all attributes for which downward inheritance is not adequate, re nement functions split and
split[p(n)] have beende ned. Split re nement functions split the value assumedby the value on each
coarsergranule g amongthe ner granulesincluded in g. Speci cally, split is equivalent to the uniform
distribution proposedin [DS9§. By cortrast, split[p(n)] subdivides ead coarservalue according
to the probability distribution p(n) . The value corresponding to ner granule g;, included in a coarser
granule g, isv; = p(i) v, wherev is the value corresponding to coarsergranule g. Note that, sincethe
probability function [p(n)] reliesonthe order of ner granules,functions restr[p(n)]  and split[p(n)]
are suitable only as temporal corversions!®

The following de nition formalisesstatistical granularity conversions. Coercion functions are de ned
astotal mappingsfrom a statistical valueto a coarserone,while re nement functions are partial mappings
that perform the inverseoperation.

De nition 3.7 (Statistical granularity corversions). Let ; and » be two statistical types,i.e., 1; 22
TT [ Ss, de ned respectively with respect to granularity G and H, suchthat G H. Then, a coercion
function Coy n : [ 11! [ 2] is atotal function that maps valuesof type ; into valuesof type ,. A
re nement function Ry, ¢ : [ 21! [ 1] is a partial function that maps valuesof type , into values
of type 1. 3

The following example describesthe application of statistical cornversions.

Example 3.11 Consider object o of Example 3.8 and value v of attribute head_of government. Then,
supmsethat we apply the statistical temporal conversionlast yearst decades t0 V. Sucha conversionresults
in a spatio-temporal value of type temporalgecages (Spatial countr ies (String )). Speci c ally,

last year st decades (V) = hf:::, h2000-2009, fhFrance, Raarin i, hPortugal, Barrosoi, hSpain, Zapateroi, hCroazia,
Sanaderi, :::Qeountr ies i9 decades -

Let v®°be the value for attribute population of object o, de ned as follows:

f:::, h31/12/2002, fhGenova, 609399, hMilano, 1253503, hRoma, 2545860i, hVenezia, 270963, hNapoli, 1004577,
hLa Spezia, 91316i,: : :Omunicipalities i, h15/1/2003, fhGenova, 609459, hMilano, 1254675, hRoma, 2545542, hVenezia,
270963, Napoli, 1004577, hLa Spezia, 91316i,: : :Omunicipalities i)' Oday s-

Then, we apply statistical spatial conversion SUMhunicipaliies ! provinces tO v specifying that the
amount of population of each European province be computed as the sum of the amounts of popula-

12¢f, denitions 2.1 and 2.2.

1B3yser-de ned implementations of such re nement functions should apply versions of the probabilit y functions based on
labels, instead of indices, relying on the equivalence of index and label representations of granules.

14Genova, Milano, Roma, Venezia, Napoli, La Spezia are examples of Italian cities. The values reported for tempo-
ral granule 31/12/2002 correspond to the amounts of population in the corresponding municipalities, according to the
demographical censusof year 2002 [ISTAT].
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<gconvlist > 1= <gconv> | < g.conv> , <g.convlist >

<g-conv> ;= < s-geometric _conv> | < statistic _conv>

< s-geometric conv> = < geOmMOP-COMP> spatial .grannamé spatial _gran_name

< geomop-comp> = <gencomp | <ref comp | user-def _conv

<gencomp = <genop> | <genop> ; <gencomp

<genop> == r_contr | | _contr | |_thinning | r_merge| |_merge| pabs | |_abs | | _simp

<ref comp = <ref op> | <ref op> ; <ref comp
<ref op> = expp2r | expp2l | expl2r | r.split | |_split | addp2l | add_p2r | addl2r
< statistic conv> = <stat comp> spatial _gran_namé spatial _gran_namel
< stat _COMP> temporal _gran_name teMporal _gran _name
<stat .comp = <cf> | <rf> | user-def _conv
<cf> == proj(index) | first | last | main | all | max| min | avg
<rf> u= restr | split | restr[p(n)] | split[p(n)]

Figure 3.7: Granularity conversionssyntax.

tion in the municipalities included in that province. Sucha conversion resultsin a spatio-temporal value
of type temporalgay s(spatial pr ovinces (int )). An exampleof result of sucha conversion is

SUMhunicipaliies ! pr ovinces (v99= f:::, M31/12/2002, fhliguria, 1570004, h_ombardia, 9033602, h_azio, 5117075i,
hveneto, 4529823, hCampania, 5701389i,: ::Qpr ovinces i, ::: hl3/11/2003, fhliguria, 1606394, hLombardia, 9187285,
hLazio, 5338851i, hVeneto, 4578755/, hCampania, 5799917,: : :Qpr ovinces i, ::: Nl/4/2004, fhLiguria, 1599181i, h_ombardia,
9218381i, hLazio, 5356185, hVeneto, 4596737, hCampania, 5809769, : :Qpr ovinces 1, :: Uday s »

whetre Liguria, Lomhardia, Lazio, Veneto, and Campania are some ltalian provinces [ISTAT]. 2

3.4.3 Specication of Gran ularit y Conversions

Granularity conversionsare speci ed according to the BNF syntax reported in Figure 3.7. Such a syn-
tax completesthe syntax reported in Figure 3.4 for the de nition of user classes. Terminal symbols
spatial_gran_name and temporal_gran_name are a spatial and a temporal granularity name, respectively.
user-defconv is the name of a user class method, that implements a user-de ned corversion (its im-
plemenrtation should be consistert with the behaviour specied in the previous sectionsfor conversion
functions).

The following example givesthe corversion speci cations, compliant to the syntax of Figure 3.7, and
de nes the granularity corversions,discussedin Examples 3.10 and 3.11, for spatio-temporal attributes
of classMapde ned in Example 3.8.

Example 3.12 Given the de nition of classMapof Example 3.8, according to the conversions descriked
in Examples3.10 and 3.11, the class Mapsyeci ¢ ation is as follows:

class Mapf
attribute  tempor al gay s(spatial municipaiities (int )) population f
SUMhunicipalites ! pr ovinces » SUMprovinces ! countr ies 9
attribute  tempor alyear s(spatial countr ies (S€t HPolygoni)) boundaries f
I _Mergeountr ies! continents » [ -SPlit continents ! countr ies G
attribute  tempor alyear s(spatial countr ies (POINt )) capitals f restr yearsi days O
attribute  tempor alyear s(spatial countr ies (String )) heacd.of government f last year s decades O
attribute  tempor almonths  (SPatial pr ovinces (SethLinei)) roads f | _simpprovinces ! countr ies

.g 2

Given a set of granularity conversionsspeci ed by the database designerfor an attribute a, other
conversionscan be generatedby transitivit y, as compositions of the speci ed conversions.

Let a be a multigran ular spatio-temporal attribute with type temporalg, (spatialg_( )), and assume
that a temporal conversionand a spatial conversionbe speci ed for such attribute. Let such conversions
be tconv g,1 n, and sconvg i w.. Then, the composition tconv g,1 1, SCONVg. H, = SCONVG.I H,

tconv g,1 n, is a valid spatio-temporal conversion for attribute a. We denote such a composition by
CONVG,! H;Gs! Hs-

Moreover, let a° be another (spatio)temporal attribute, and let conv' g 4 and conv" , k be two
conversions of the sametype (either geometric or statistic) specied for a° with G, H, K granulari-
ties belonging to sameset G. Then, if convg, k = conv' y, ¢ conv' g 4 is dened, convg,  is
granularity corversion for values of attribute aC from granularity G to granularity K . However, such a
corversion s eligible as a valid conversion for attribute a°only if a specic corversion from granularity
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G to K has not beenspecied for a®in the classde nition, i.e., explicit corversion speci cations take
precedenceon corversionsgeneratedautomatically by composition by the system.
The following example discusseggranularity conversionsfor attribute of classMap

Example 3.13 Given the de nition of classMapof Example3.12, we modify the conversion speci ¢ ations
for attribute population as follows:

class Mapf
attribute  tempor al gay s(spatial municipaiities (int )) population
f SUMhunicipalities ! provinces »
MaXear s! decades »

last gecades | centur ies 9 ;
.. g
Let o be an object of class Mapand let v be the value for attribute population for o. Then, the
following conversions are geneated by composition as valid conversionsfor v:
COnV:I-years! decades;municipalites ! provinces = MaXears! decades SUMhunicipalites ! provinces
CONV2decades! centur ies;municipalies | provinces = 18St decades! centur ies  SUMhunicipalies ! provinces
CONV3years! centur ies = M&%ecades! centur ies 1St years! decades;

CONVAyears! centur ies:municipaliies ! provinces = CONV3years! centur ies  SUMhunicipalites ! provinces - 2

3.5 Issues and Prop erties of Gran ularit y Conversions

The granularit y conversionsformalisedin the previoussectionallow oneto explicitly convert multigran ular
data to dierent spatial and temporal granularities. The resulting medanism is exible, sinceit is
targeted to attribute speci cations, and therefore can be easily adapted to data semartics. Moreover,
the set of conversion functions we provide supports a wide range of possible conversions,and it can be
extended through the de nition of user-de ned conversion functions. In the following, we discussthe
issuesentailed by granularities cornversion,in particular with respectto how openreseart problemshave
beenaddressed.Then, we formalise someinteresting properties of conversions,such asthe correctnessof
granularity conversions,compositionality and invertibilit y.

3.5.1 Issues in Gran ularit y Conversions

According to De nitions 3.6 and 3.7, conversionsto coarser granularities have been de ned as total
functions, whereascornversionsto ner granularities have been de ned as partial functions. Sudc a
di erence is due to ner-than relationship (see De nition 2.4) holding among (temporal and spatial)
granularity sets Gs and Gy usedin a spatio-temporal schema. Indeed, given two granularities G and
H, such that G H, a (unique) H-granule is always de ned that includes each G-granule. Then, a
conversion function that maps G-valuesinto H-valuesis always de ned, onceit is de ned on the inner
domain of granular values. By contrast, the inverse condition is not always satis ed by the ner-than
relationship, i.e., givena coarserH -granule, a ner G-granule included in the H -granule is not guaranteed
to exist. As a consequencestatistical corversionsto ner granularities are de ned as partial functions.®

Moreover, even when de ned, corversionsto ner granularities result in undetermined values, as
discussedby Katri et al. in [KRSO02, DS9§. Sud problem can be partially addressedby de ning
conversion functions that map ead coarservalue in a set of ner values, according to a probability
function de ned on them, sud assplit[p(n)] andrestr[p(n)]  wediscussedn Section3.4. Probability
functions on ner valuesdistribution could be provided by the user accordingto data semartics (as for
re nement function split[p(n)] and restr[p(n)] ), or they could be retrieved automatically by the
databasesystem, according to the valuespreviously stored in the database.

However, also statistical granularity conversionsto coarser granularities should be managed with
care. Indeed, such corversionsare a ected by anomaliesthat are well known in the spatial context,
namely the Modi able Area Unit Problem (MA UP) [Ope84b]and the ecologicalfallacy [Ope844. Since
such anomaliesare in turn due to how statistical aggregationsare computed and interpreted, the same
problems arise also for temporal aggregations. Then, one should be aware of them when using values
obtained through sud kind of conversions.

155uch a condition is guaranteed by groups-into relationship (cf. De nition ??). If both ner-than and groups-into hold
for a set granularit y G, we say that partitions relationship holds on G (cf. De nition 2.5).
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Note moreover that a meaningful implementation of geometricconversionfunctions should be targeted
to object instances;then it must be provided by user-de ned operations/methods. Otherwise, geometric
values can be corverted to di erent granularities according to general indications, that might not be
always adequate to data to which they are applied. Howewer, due to indeterminacy on values, such
general rules can hardly be employed to give the semartics of ner cornversionsin a spatio-temporal
system engine. The cornversion of regionsto their barycerters, for instance, is usually a suitable choice
for represerting them at a coarsergranularity. By contrast, a correct implementation of a (re)conversion
of points to regions,at a ner granularity (supposingthat the ner represenation of the corresponding
data has not beenstored in the database)is not soimmediate to achieve. Indeed, the generalbehavior
of such a granularity conversionis the substitution of eat point with a region, but which is the best
region represenation to use? A suitable implementation of such conversionsrequires someknowledgeon
the application domain represerted.

By cortrast, statistical conversionsto ner granularities can be performed according to standard
rules with a richer semartics, like that provided by re nement functions. As a consequencethe resulting
indeterminacy can be limited, accordingto given error bounds.

3.5.2 Prop erties of Gran ularit y Conversions

Before we formalise properties of conversionfunctions, we must note that, accordingto De nitions 3.6and
3.7,ead granularit y corversiongconvg, 4 actually correspondsto a family of functions having a common
behaviour. For instance, coercionfunction sumdenotesthe setof functionsfsung, 4 jG;H 2 GG Hag,
wheresung: n : [ 11! [ 21, with 1; 22 TT [ Ss. Sincethe behavior of ead function in this set
is the same, we will refer in what follows to a generic function sum without explicitly specifying the
granularities, when ambiguities do not arise.

According to the de nitions of granularity conversionswe provide in Section 3.4, the valuesresulting
from granularity conversionsare legal values of the type system. Sud capability is referred to in the
spatio-temporal framework as value correctness The proof of the property follows from De nitions 3.6
and 3.7, that make explicit the typesof valuesinvolvedin granularity conversions. Sincevalue correctness
holds for granularity cornversions,such corversionscan be consideredas an algebrafor converting spatio-
temporal valuesto spatial and temporal granularities. Value correctnessis formalized as follows.

Prop erty 1 (Value correctness) Let v be a multigranular valueof type 2 TT [ S, and let gconv be
a granularity conversion de ned for . Then, gconv applied to v alwaysresultsin a legal value of type
°2TT[ S. 4

The next property is speci ¢ for geometric conversionsto coarsergranularities. According to sud
property, the conversion of geometric attribute values (and of geometric componert of spatio-temporal
attribute values)to coarsergranularities is performed by preservingtopological consistencyof values: all
the topologicalrelationships holding for the original valuesare maintained by the converted values,and no
new topological relationships instancesare introduced by the conversion. In particular, if a conversion
is performed by a composition of the generalization operators de ned in [Ber98] (i.e., the operators
in Opy with the exception of | _simpl ) we are guaranteed that topological consistencyis presered.
Sincel _simp 2 Opy has beenproved to presene topological consistencyin [Saa99, and it is composed
with compositions of operators de ned in [Ber9§], that presene topological consistency the resulting
composition presenetopological consistencyaswell. Wereferto suc a capability assemantic correctness
Semartic correctnessguaranteesthe consistencyof multigranular spatial data resulting from geometric
corversionsto coarsergranularities, and then their usability. It is formalized as follows.

Prop erty 2 (Semartic correctness) Letv be a valueof type 2 Sg, where = spatialg ( ), and let
toprer be the set of topological relationships holding for v. Given G = g, ::: g2 0§ a composition of
genealization operators where 8i = 1;::;n g 2 Opg, with g; de ned on , and let v° be the resulting
value of the application of G on v. Then, top,¢ is the set of topological relationships holding for v°, and
no other topological relationship can be devisel for vC. 4

The next property is specic for statistical conversions, and refers to the compositionality of such
functions. Sud a property can be applied to optimize object access,when statistical cornversions are
applied. In particular, giventhree granularities G;H; 1, belongingto the samesetof granularity G, ordered
suchthat G H | if a coercionfunction f (respectively, a re nement function) is compositional, the
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result of converting through f from G to H, and then from H to I, is the sameof converting through f
from Gtol.

Example 3.14 Considerthe temporal value of type temporalgay s(int ), fh01=01=2002 5i ; 4=01=2002 8i;
H25=01=2002 6i ; 08=02=2002 4i ; i28=02=2002, 15ig 4ays. If we rst apply to suchvalue the coercion func-
tion SuMiayst months » and then we apply to the value we obtain the coercion function SuMnonths ! years,
the computation resultsin the temporal value th2002 38igyears. The same would hapgen if we directly
apply function sumays: years to the temporal value at granularity days. 2

De nition 3.8 Letf be a (family of) coercion function(s), G;H;| 2 G be granularities suchthat G

H |, f is compositional if, 8v2 [ ], where 2 TT[ Ss, fur 1 (fer n(v)) = fe 1(v). Letf bea
(family of) re nement function(s), G;H;I| 2 G be granularities suchthat| H G, f is compositional
if, 8V2|[ ]|,Where 2TT[Ss,fH! |(fG! H(V)):fG! |(V). 3

Prop erty 3 According to De nition 3.8, statistical conversionsfirst , last , max sum and restr are
compositional, wheras main, avg, split , splitfp(n)] , restr[p(n)] are not. 16 4

The next property refersto the invertibility of granularity conversions. As for compositionality, sud
a property can be applied to optimize object access.Intuitiv ely, when converting a value to a di erent
granularity, and then performing the inverseconversion,we would expect the original valueto bereturned.
Unfortunately, when corverting from a ner to a coarsergranularity, we loosesomedetails that we cannot
usually re-obtain by applying the inversecorversionto the ner granularity, becauseof indeterminacy.
By contrast, when converting from a coarserto a ner granularity, we intro duce some details that we
should be able to forget, when we are not interested in them any longer. Then, we can re-obtain the
original value. ¥’ The rst type of corversionis captured by the notion of quasi-inverse granularity
conversions,that takesinto accourt that somedetails are lost, thus someimprecision is intro duced. The
secondtype of conversionis captured by the notion of inverse functions. Such notions are formalised as
follows.

De nition 3.9 Letf be a (family of) granularity conversion(s) to coarser granularities, g be a (family
of) granularity conversion(s) to ner granularities, G;H 2 G be granularities suchthat G H. Then, f

and g areinverseif, 8v2 [ ], where 2TT[ S, fe n(gn c(v)) = v. 3
Prop erty 4 According to De nition 3.9, sumis inverse of split and splitfp(n)] ; first , last , max
and avg are inverse of restr and restr[p(n)] ; | _contr is the inverse of exp_p2l; r _contr is the

inverse of exp_p2r; r _thinning is the inverse of expl2r ; | _split is the inverse of | _merge r split is
the inverse of r _merge | _contr is the inverse of exp_p2l; | _simpl is the inverse of add_p2l; p_abs is
the inverse of add_p2r; | _abs is the inverse of add_I2r . 4

Denition 3.10 Letf be a (family of) granularity conversion(s) to coarser granularities, g be a (family

of) granularity conversion(s) to ner granularities, G;H 2 G be granularities suchthat G H, bea
guanti c ation of the maximum allowableerror, functions f and g are quasi-inverseif, 8v2 [ ], wher
2TT[ S, 8|2|S, OH 1 G(fG! H(V))(I)ZV(I) . 3

Note that, whether two functions are quasi-inverse depends on how is set. For attributes with
numeric domains, a suitable setting of  could be, for eadr H-granule j, (max; min;)=n;, where
max; = maxfv(h) jh 2 1S;G(h) H(j)g, min; = maxfv(h)jh21S;G(h) H()gn =jfhjh2
I S;G(h) H(j)gj. The global could then be determined as the maximum over the ;'s determined
in this way. With sud a setting of , for instance, split is the quasi-inverseof sum whereasrestr is
the quasi-inverseof avg. first , last , min, max proj , main, all , avg.

A suitable setting of  for alphanumeric valuescould rely, for instance, on the length of such values.
By contrast, for geometric attributes we could de ne a distance function amongthe convex hulls of the
valuesrepreserted at di erent granularities, based,for instance, on the di erence amongtheir areas.

16 Some functions (e.g., split , avg) would be compositional if a stronger relationship than ner-than , such asthe period-
ically groups into (cf. Section 2.3), holds among granularities.

17This is equivalent to what happens with the cast operation in the object-oriented context. When we cast up an object
to a superclass, and then recast it down to its original class, we are not able to re-obtain the details we forgot with the cast
up. By contrast, if we cast down an object to a subclass, we are able to re-obtain the original object, when recasting up to
its original class.
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3.6 Querying Spatio-temp oral Data at Dieren t Gran ularities

In this sectionwe describe how multigran ular spatio-temporal instancesof classede ned accordingto the
syntax of Figure 3.4 are queried. Speci cally, the framework query languageextendsthe core of OQL, the
ODMG query language[CBB™* 99], to support spatio-temporal queriesexpressedwith respect to di erent
temporal and spatial granularities. Both the comparison of values and the navigation through objects
mecdanismshave beenextendedwith multigran ular spatio-temporal capabilities. In the remaining of the
section, the basic componerts of the spatio-temporal query languageare described, and the the syntax
for specifying spatio-temporal queriesis reported.

3.6.1 Spatial and Temporal Expressions

Temporal and spatial expressionsgive an implicit represenation of temporal and spatial elemens of
De nition 3.1, that are referred to in queriesto specify the accessto spatio-temporal attribute val-
ues. Temporal and spatial expressionsrepresert temporal and spatial conditions that are evaluated on
database objects. Intuitiv ely, the temporal and spatial elemeris resulting from temporal and spatial
expressionsspecify whenand where the conditions are satis ed. Temporal and spatial conditions in tem-
poral and spatial expressionsare speci ed by applying temporal and spatial variations of convertional
comparisonoperators f =;<>; <; >, <=;>=(g, and operators denoting spatial relationships, speci cally,
binary topological relationships as de ned by Egenhoferand Franzosa[EF91], fequal, disj oint, meet,
overlap, contain, inside, cover, coveredbyg. Such operators, aswell asarithmetical operatorsf+; ;=; g
and boolean operators f not; and; org, can be applied also among multigran ular spatio-temporal values,
and between multigran ular valuesand corvertional values, accordingto the inner type of multigran ular
values and the type of convertional valuesinvolved. The following example describes how aritmetical
operations and comparisonsare applied among temporal values.

Example 3.15 Letv; and v, two temporal valuesof type temporalgay s(int ), suchthat

vi = fh01=1999; 1000 ; h02=1999; 1050i ; 03=1999; 1025 months V2 = fh01=1999; 2500i ; H03=1999; 2450ig months

representing, for instance, the populations of two small cities. If we are interestal in knowing the
total amount of population of the two cities, we haveto compute the value of the integer expression:

vi + vz = th01=1999; 3500i; H02=1999; 1050i ; N03=1999; 34759 months

If we are interestal in knowing whetherthe rst city is more populated than the second one, for each
month, we haveto compute:

vi > vo =fh01=1999; f alsei; h03=1999; f alS€ig months - 2

The temporal variations of comparisonand topological relationship operators comp_opr and toprelr,
when applied respectively to temporal and spatio-temporal values, result in temporal elemens. By
cortrast, their spatial variations, comp.ops and toprels, applied to spatial and spatio-temporal values,
result in spatial elemeris. Temporal and spatial expressionsare composition of convertional expressions
on which such temporal and spatial operators are applied. The following examplereports a temporal and
a spatial expressions,de ned accordingto the schema of Example 3.8.

Example 3.16 Consider object o of Example 3.8, and value v for attribute head_of government, such
that:

v = fh2002, thUnite d Kingdom, Blair i, hGermany, Schrederi, hSpain, Aznari, hreland, Aherni, hCroazia, Raccani,
hCheck Republic, Spidlai, :::Qcountr iesi, :::,h2004, fhFrance, Raarin i, hUnited Kingdom, Blairi hPortugal, Barrosoi,
hSpain, Zapateroi, hCroazia, Sanaderi, :::Qcountr ies iQyears -

Then, the temporal expression o:headof government =1 \Blair" resultsin the temporal element
at granularity years f2002, 20049¥¢3"S. Moreover, the spatial expression o:headof _government =g
\Blair" resultsin the spatial elementat granularity countries f United Kingdomgeount ies 2

De nitions 3.11and 3.12formalise the semartics of spatial and temporal expressions.
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De nition  3.11 (Semartics of Spatial Expressions). Let vi and v, be two valueswith type 2 Togmg [
Tgeom [ S[ TT, ops be a spatial operator in comp_ops or toprels. Then, v; ops Vv, returns the spatial
element with respect to which op, an operator suitable to be applied to the (inner) type of vi and v, is
satis ed, speci c ally:

8

fGs(i)jva(i) op vo(i) = trueg if (1)

fGs(i)jva(j)(i) opva(j (i) = true it (2)

8 j suchthat vy(j)(i) is de ned,

8 j % suchthat v,(j 9(i) is de ned,g

fGs(i)jva(i) op ve = trueg if (3)

fGs(i)jva(j)(i) opvz = true 8 j suchthat v4(j)(i) is de nedg if (4)

fGs(i)jva op va(i) = trueg if (5)

fGs(i)jva op v2(j)(i) = true 8 j suchthat v,(j)(i) is de nedg if (6)

V1 OPs -ONVH 1 6. (V2) OF g-0NVg,1 H, (V1) Ops V2 if (7)

g-0nVG,1 K, (V1) Ops g-00NVi 1 K, (V2) if (8)
VIORSY2 = o vy ops g-@nv,: 6, (V2) OF g-00nVG,: 1, (V1) Ops Vz if (9)

g-0nVG, 1 k (V1) OPs 9-0NVH,1 k,(V2) it (10)

g-0NVg 1 H, (V1) OpPs 0-00NVH,1 G, (V2) if (11)

or g-NVg,1 H, (V1) Ops g-ONVH.1 6, (V2)

Or V1 Ops §-0NVi 1 6, (9-CONVH,1 c, (V2))

or g-0NVg,: H,(9-CONVG,1 H, (V1)) OPs V2

g-0NVg,1 k. (V1) OPs g-0NVi, 1 Kk (9-CONVH 1 G, (V2)) if (12)

or g-0NVg,! k,(9-CONVG,! H, (V1)) OPs G-ONVi 1 K, (V2)

g-0NnVG,1 k, (V1) Ops 9-0NVH, 1 k,(9-CONVH,1 G, (V2)) it (13)

Oor g-0NVg,: k,(9-CONVG,1 H, (V1)) OPs §-00NVi,1 Kk, (V2)

g-0NVg,! k,(9-CoNVG,1 Kk, (V1)) OPr g-00NVh 1 K, (9-CONVi,1 K, (V2)) if (14)

? otherwise

(1) viivz 2 [spatialg,()];

(2) va;v2 2 [temporalg, (spatial,( )) ]

(3) vi 2 [spatiale,( )], v22 [ 1;

(4) v1 2 [temporalg, (spatialg, ( )T .v22 [ 1;
B5) vi2 [ 1, v22 [spatialg ()]

6) vi2 [ 1, v22 [temporalg, (spatialc ( ))1;

(7) v1 2 [spatialg ()], v2 2 [spatialu ()1,
or vi 2 [temporalg, (spatialg.( )) 1, v2 2 [temporalg, (spatial ( )) 1,
or vi 2 [spatialg,( )], v2 2 [temporalg, (spatialn ( ) 1.
or v; 2 [temporalg, (spatialg ( )1, v2 2 [spatialn ()]
and Gg Hgor Hs Gg;
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(8)

(9)

(10)

(11)

(12)

(12) vi1 2 [temporalg, (spatialg.( )) ], v2 2 [temporaly, (spatialg.( )) 1, and K}

(14) vi1 2 [temporalg, (spatialg ( )) 1, v2 2 [temporaly, (spatialg ( )) ] and K

v1 2 [spatialg ( )],v2 2 [spatialy ()]

or vi 2 [temporalg, (spatialg.( )) 1, v2 2 [temporalg, (spatial ( )) 1,
or vi 2 [spatialg,( )], v2 2 [temporalg, (spatialn ( )) 1.

or vi 2 [temporalg, (spatialg ( )) 1, v2 2 [spatialn ( )]

and Ks = GLB (Gs; Hg);

v1 2 [temporalg,( )], v2 2 [temporaly, ( )1,

v1 2 [temporalg, (spatialg.( ))1,v2 2 [temporaly, (spatialc.( )) 1,
or vi 2 [temporalg,( )1, v2 2 [temporaly, (spatialc.( )) 1.

or vi 2 [temporalg, (spatialg ( )) 1, v2 2 [temporaly, ( )]

and G; H;orH; Gy;

vy 2 [temporalg,( )1, v2 2 [temporaly, ( )],

or vi 2 [temporalg, (spatialg.( )) 1, v2 2 [temporaly, (spatialg ( )) 1,
or vi 2 [temporalg,( )1, v2 2 [temporaly, (spatials_.( )) 1,

or v; 2 [temporalg, (spatialg.( )) ], v2 2 [temporaly, ( )]

and Kt = GLB (Gt, Ht)r

vy 2 [temporalg, (spatialg.( )1, v2 2 [temporaly, (spatialg.( )) ], and G;  H; or H;
and Ggs HsorHs Geg;

vy 2 [temporalg, (spatialg.( )1, v2 2 [temporaly, (spatialg.( )) ], and G;  H: or H;
and Ks = GLB (Gs; Hs);

Gs HsorHs Gg;

Ks = GLB (Gs; Hs).
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De nition  3.12 (Semartics of Temporal Expressions). Let v1 and v, be two valueswith type 2 Togmg [
Tgeom [ S[ TT, opr be atemporal operator in comp_opr or toprelr. Then, vi opr v» returns the temporal
element with respect to which op, an operator suitable to be applied to the (inner) type of vi and v, is
satis ed, speci c ally:

S fGe(i)jva(i) op va(i) = trueg if (1)
fGi(i)jva(i) op vz = trueg if (2)
fGi(i)jva(i)(j) op vz = true 8 i suchthat v,1(i)(j) is de nedg if (3)
fGi(i)jv1 opva(i) = trueg if (4)
fGi(i)jvi opvz(i)(j) = true 8 ) suchthat v»(j)(i) is de nedg if (5)
Vi Opr g-0NVH,1 g, (V2) OF g-0NVg,i H, (V1) OPr V2 it (6)
g-0NVG,1 k (V1) OPr 9-0NVy 1 k(V2) if (7)
V1 Opr g-@NVh,1 o, (V2) Or g-onve, H. (V1) Opr V2 if (8)

V10pr Vo =
g-0NVG,1 K, (V1) OPr g-0NVi,1 K, (V2) if (9)
g-0NVg,1 H. (V1) Opr g-0ONVy,1 g, (V2) if (10)

or g-nvg, 1 H, (V1) Opr g-0ONVu 1 G, (V2)
or Vi Opr g-@NVh,1 o, (9-conNvu,1 o, (V2))
or g-0nvg,: H,(9-CONVG,1 H, (V1)) op V2

g-0NVG,1 Kk, (V1) OPr g-0NVH 1 Kk (9-CONVH,1 G, (V2)) it (11)
or g-mnVg, k,(g-conVg,1 H, (V1)) Opr g-0NVi i «,(V2)

g-onvg,: K, (V1) Opr g-©NV4,1 k,(9-CONVH 1 &, (V2)) if (11)
Oor g-0NVg,: k. (9-CONVG,1 1, (V1)) OPr g-0ONVH 1 k, (V2)

g-mnvg,1 k,(g-convg, k, (V1)) OPr g-0NVi 1 Kk, (9-CONVi 1 K, (V2)) if (13)
? otherwise

(1) if vi;v2 2 [temporalg, ()]
or vi;Vp 2 [temporalg, (spatialc.( ) 1;

(2) if vy 2 [temporalg, ( )1, v22 [ 1.
or v 2 [temporalg, (spatialg . ( )) 1, v2 2 [spatialg.( )]1;

(3) if v1 2 [temporalg, (spatialc.( )], v22 [ 1;

4) ifvi2[ 1,v22 [temporalg, ()]
or vi 2 [spatialg . ( )], v2 2 [temporalg, (spatialg.( ))1;

B5) vi2 [ 1, v22 [temporalg, (spatialc_ ( ))1;

(6) if v1 2 [temporalg,( )], v2 2 [temporaly,( )]
or vi 2 [temporalg, (spatialg . ( )1, v2 2 [temporaly, (spatialc . ( )) 1,
or vi 2 [temporalg,( )], v2 2 [temporaly, (spatialc.( )1,
or vi 2 [temporalg, (spatialg ( )) 1, v2 2 [temporaly, ( )]
and G; H;orH; Gy;
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(7) if v1 2 [temporalg,( )], v2 2 [temporaly,( )]
or vi 2 [temporalg, (spatialg.( )) 1, v2 2 [temporaly, (spatialg ( )) 1,
or vi 2 [temporalg,( )], v2 2 [temporaly, (spatialc.( )1,
or vi 2 [temporalg, (spatialg ( )) 1, v2 2 [temporaly, ( )]
and K¢ = GLB (G¢; Hy);

(8) vi 2 [temporalg, (spatialc.( )) ], v2 2 [temporalg, (spatialn ( )) 1,
or vi 2 [spatialg . ( )], v2 2 [temporalg, (spatialn ( )],
or v; 2 [temporalg, (spatialg ( )1, v2 2 [spatialn ()]
and G Hgor Hg Gg;

(9) vi1 2 [temporalg, (spatialg,( )) 1, v2 2 [temporalg, (spatialn ( )1,
or vi 2 [spatialg,( )].,v2 2 [temporalg, (spatialy . ( )1,
or vi 2 [temporalg, (spatialg ( )) 1,v2 2 [spatialy ( )]
and Ks = GLB (Gg; Hg);

(10) v1 2 [temporalg, (spatialg ( )1, v2 2 [temporaly, (spatialg_( ))], and G; H; or H; Gy
and Gs Hs or Hg Gg;

(11) v1 2 [temporalg, (spatialg ( )1, v2 2 [temporaly, (spatialg_( ))], and G; H; or H; Gy
and K¢ = GLB (Gs; Hs);

(12) vy 2 [temporalg, (spatialg ( ))] ,v2 2 [temporaly, (spatialc.( )) ], andK; = GLB (G¢;H¢) and
Gs HsorHs Gg;

(13) vi1 2 [temporalg, (spatialg ( )) 1, v2 2 [temporaly, (spatialg,( ))] and K; = GLB (G¢; H¢) and
Ks = GLB (Gs; Hs). 3

3.6.2 Spatio-temp oral Access and Path Expressions

Spatio-temporal path expressionsare an extension of corventional path expressionsof object-oriented
languagesand model, in which the accessto object attribute valuesis speci ed involving temporal and
spatial dimensions. TI ME and SPACE in spatio-temporal expressionsare speci ed by temporal and
spatial elemerts, either explicitly, or implicitly , through temporal and spatial expressions,as described
in the previous section.

As in convertional path expressionsthe nesting of attribute accessn spatio-temporal path expressions
is allowed. Internal nodesof the (spatio-temporal) path expressionmust result in a single object identi er .
The accessto cornvertional object attribute valuesis obtained through the usual post x dot notation.
Moreover, in spatio-temporal path expressionsthe # operator is usedto specify the accesgo temporal,
spatial, and spatio-temporal attribute values. The accessis performed with respect to either a spatial
or a temporal elemen. The following de nition formalisesthe spatio-temporal accessto ST_-ODMG
spatio-temporal attribute values.

De nition  3.13 (Spatio-temporal access). Let o be an object denoted through a spatio-temporal path,
and let a be an attribute de ned for o. Let ©t and ©s be a temporal and a spatial element, speci e d
either explicitly, or resulting from a temporal and a spatial expression, respectively.

If ais a multigranular temporal attribute, o:a# ©' denotesthe temporal accessto the temporal
value of attribute a;

if ais a multigranular spatial attribute o:a# ©: denotesthe spatial accessto the spatial value of
attribute a.

if a is a multigranular spatio-temporal attribute,

o:a# ©t denotesthe temporal accessto the spatio-temporal value of attribute a;
jpo 2] po
{ o:a# ©s denotesthe spatial accessto the spatio-temporal value of attribute a;
o:a# ©Ct# ©s denotesthe smtio-temporal accessto the spatio-temporal value of attribute a.
2] po e2) po
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The spatio-temporal accessof a spatial, temporal or spatio-temporal attribute value, specied ac-
cording to De nition 3.13, is solved by projecting the portion of time and spacedimensionsidenti ed
by the granulesin the spatial and temporal elemens on the value of the given attribute. Examples of
spatio-temporal accessperformed to a spatio-temporal attribute value are reported in Example 3.17.

Example 3.17 Consider for instance, object o and value v of attribute head_of government of Exam-
ple 3.8, and the temporal elementat granularity years f2009¥¢2"S. Then, the temporal path expression
o:head_of _goverment # f2002gY¢ s resultsin the spatial value

fhUnite d Kingdom, Blair i, hGermany, Schrederi, hSpain, Aznari, Hreland, Aherni, hCroazia, Raccani, hCheck Repub-
lic, Spidlai, :::Qcountr ies -

By contrast, given the spatial element at granularity countries fIrelandg®"" s the spatial path
expression o:head-of _goverment # f Irelandg® " es resultsin the temporal value th2002, Ahemigyear s-

Finally, the spatio-temporal access o:head_of goverment # f2002gYea s # flIrelandgeou" ‘es results in the
string value Ahern. 2

Note that the temporal and spatial path expressionsspecied in the previous example are solved
projecting a singletemporal or spatial granule on the given spatio-temporal attribute value. The temporal
expressionresults in a spatial value, whereasthe spatial expressionresults in a temporal value. Then, in
both cases,the dimension involved by the elemen usedfor the accessdisappears. This is more evidernt
in the last part of the example, in which a spatio-temporal path expressionis speci ed. Indeed, both
the temporal and the spatial dimensionshave disappearedby the result, that is given by a cornventional
ODMG value. If the resulting value if of type OT oamg, it can be used as internal node for a nested
spatio-temporal path expression.

By contrast, if the temporal and/or spatial elemens speci ed (either explicitly or implicitly) in a
spatio-temporal accesscontain more than one granule, the accesscan result in a portion of the attribute
value, that correspondsto the temporal, spatial or spatio-temporal value restriction of the attribute value
to the giventemporal or spatial elemert. In the following Example, accesse$o spatio-temporal attributes
are illustrated.

Example 3.18 Given object o of Example 3.8 and attribute head of government, let v be its value,
suchthat v = f::: 2002, fhUnited Kingdom, Blair i, hGermany, Schrederi, hSpain, Aznari, hreland, Aherni, hCroazia,

Raccani, hCheck Republic, Spidlai, :::Qcountr iesi, :::,h2003, fhFrance, Raarin i, hUnited Kingdom, Blairi hPortugal,
Barr osoi, hSpain, Zapateroi, hCroazia, Sanaderi, :::Qcountr iesi h2004, fhFrance, Raarin i, hUnited Kingdom, Blair i
hPortugal, Barr osoi, hSpain, Zapateroi, hCroazia, Sanaderi, :::Qcountr iesi Oyears-

Then, the temporal path expression o:head_of goverment # f2002, 2004gY® s resultsin a spatio-temporal
value V0, suchthat:
v0 = th2002, fhUnited Kingdom, Blair i, hGermany, Schrederi, hSpain, Aznari, Hreland, Aherni, hCroazia, Raccani,
hCheck Republic, Spidlai, :::Qcountr ies i, 2004, thFrance, Ra arin i, hUnite d Kingdom, Blair i hPortugal, Barr osoi, hSpain,
Zapateroi, hCroazia, Sanaderi, :::Qcountr ies iyears-

Moreover, the spatial path expression o:head_of _goverment # f United Kingdom, Portugal geoun ies resultsin
a spatio-temporal value v suchthat:
v00 = f::: 2002,fhUnited Kingdom, BIlair igcountr iesi, h2003,fhUnited Kingdom, Blair i, hPortugal, Barr 0S0ig countr ies i
h2004,fhUnite d Kingdom, Blair i, hPortugal, Barr 0S0ig countr ies i9year s-

Finally, the spatio-temporal path expression o:head_of _goverment # f2002, 2004gY€® s # f United Kingdom,
Portugal gt es resultsin a spatio-temporal value v°° such that:
v000= § P002,fh Unite d Kingdom, Blair ig countr ies i, i2004,fhUnite d Kingdom, Blair i, hPortugal, Barr 0soig countr ies iJyear s-

Note that in all the examplereported, the valuesresulting from the accessesare spatio-temporal. In
particular, v® v and v°are spatio-temporal value restrictions of the speci e d value v, performed by
projecting, respectively, the speci e d temporal, spatial or spatio-temporal elementon v. 2

Given a spatio-temporal path expressionwith a spatio-temporal accessthe granularity of the value
of the spatio-temporal attribute specied in the accesscan be dierent from the granularity of the
spatio-temporal elemen specied (either explicitly or resulting by a spatio-temporal expression). The
granularit y of the spatio-temporal elemen (or expression)must be ner or coarserthan the the granularity
of the attribute value. A granularity conversion can be applied to the attribute value to convert it to
the right granularity, before to solve the access. If a suitable granularity conversion has been de ned
in the database schema for the attribute, sud a cornversionis applied automatically (equivalertly, the
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conversion is performed as a composition of a suitable set of conversions specied for the attribute).
Moreover, a granularity cornversion can be explicitly specied in the spatio-temporal path expression,
whene\er the accessoperator is speci ed in the form #9°" where gconv is the granularity conversionto
apply. However, a granularity conversion can be speci ed explicitly even if a suitable conversion exists
in the databaseschema, in order to corvert the attribute value accordingto a di erent semarics with
respect to that speci ed when de ning the attribute.

Example 3.19 Given the de nition of classMapof Example3.12, and the valuev for attribute head.of _-
government of Example3.18, the accesso:head_of _goverment # f 2000-2009gdecades | resultsin the spatial value
v = fhFrance, Ra arin i, hUnite d Kingdom, Blair i, hPortugal, Barr osoi, hSpain, Zapateroi,hCroazia, Sanaderi,: : :gcountr ies

When solving the aacess, value v, is converted to granularity decadesaccording to the conversion,
speci e d for attribute head_of _government, last years! decades. The value correspnding to decade 2000-
2009is that stored in v for year 2004, the last granule at granularity years among those speci e d for the
given decade. 2

Furthermore, when accessinga spatio-temporal attribute value, a corversion of the attribute value
to a dierent spatial or temporal granularity can be speci ed also by referring to the dimension non-
involved in the access.For instance, when performing a temporal accessthe value can be conveniertly
converted to a di erent spatial granularity, and viceversa. When a suitable conversion has beende ned
for the attribute, the accessoperator is speci ed in the form #©, where G is the target granularity of the
conversion. By cortrast, if a suitable conversion doesnot exist for the attribute, or a cornversionwith a
di erent semartics is required to solve the accessthe conversion should be speci ed in its full form, by
using the #9¢°" of the accessoperator, as speci ed above.

Otherwise, if no suitable granularity corversionexist in the attribute de nition for solving the access,
and no conversion is speci ed in the accessitself, the spatio-temporal value is simply restricted to the
spatio-temporal elemen usedin the spatio-temporal path expression.

De nitions 3.17, and 3.18 formalise the semartics of the accessto temporal and spatial attribute
values, respectively, in spatio-temporal path expressions. De nitions 3.19, 3.20 and , 3.21 formalise
the semartics of the temporal, spatial and spatio-temporal accessto spatio-temporal attribute values,
respectively, in spatio-temporal path expressions.The semartics of ST2_ODMGe accesss givenin term
of the temporal, spatial and spatio-temporal restrictions of the values, performed according to spatio-
temporal elemeris speci ed in the access.The temporal, spatial and spatio-temporal value restrictions
of multigran ular ST>_ODMGe attribute are formalisedin De nitions 3.14,3.15and 3.16.

De nition  3.14 (Temporal vaIueorestriction). Let v be a multigranular temporal value, speci c ally let
terr(l)poraIGt( ) beits type. Let St be a temporal element. Then, the temporal value restriction of v to
Gt, denoted by v; ,, is a multigranular temporal value of type temporalg, ( ) de ned as follows:
J G? t

; if GO i v(i) if GXi)2 S and GXi) Gi(j)
TG G VID=  ndefined  otherwise
i if GO(i GY i 0f;
TG G V)= \ngo)lef ined I(:tr?etr(vlv)isze and e G

VJ'G?_g

3

De niti(?)n 3.15 (Spatial valuerestriction). Letv be a multigranular smtigil value, of type temporalg ( ).
Let ©s beaspatial element. Then, the spatial valuerestriction of vto ©s, denotel by, <o IS @amulti-

granular spatial value of type temporalg,( ) de ned as follows:
8

3 e oo )= V0 it G2(i)2 ©F and GY() Gs(i)

_ undefined otherwise
j ) . . 0/; GO . 0/;
s 3 0. yiy= V() if Gg(i) 2 =< and Gs(j) Gs(i)
TG G () undefined otherwise

3

De nition  3.16 (Spatio-temporal vaIL{)e restriction). Let v be a multigranular spatio-temporal value of
type temporalg, (spatialg,( )). Let Ct be a temporal element. The spatio-temporal value restriction of
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vto ©¢, denote by vj .o, is @ multigranular spatio-temporal value of type temporalg, (spatial g, ( ))
de ned as follows: t

8

3G G V()=

Vj G?—

v(j) if GX(i) 2 & and GX(i) Gi(j)
undefined otherwise
2 . 0. V() if GX(i) 2 & and G(j) G(i)
TG Gh () = undefined otherwise

Let C: kea spatial element. Then, the spatio-temporal value restriction of v to G2, denote by
Vj .o, IS @ multigranular spatio-temporal value of type temporalg, (spatial,( )), is de ned as follows:

8 0
£ ~0 . - V(K@) if G2(i)2 ©Cs and G2(i) Gs(j)
26 G (k)= undefined otherwise

Vigg T i it GO(i G? - 0(i
= 0. = Vv(k(3) if Gg(i)2 ®sandGs(j) Gg(i)
T IFGs G vk)() = undefined otherwise

8k suchthat v(k) is de ned. . ,
The spatio-temporal valuerestriction of vto St andto ©s, denotal by Vi g0 w0 is a multigranular
t; s

spatio-temporal value of type temporalg, (spatialg.( )) de ned as follows:

: - L6y o2 ez
%'f GS Gu V()Y = o e anhde?(i) Gi(1);GiY  Gs(i9
. o undefine otherwise
e GE SN0 G2 o2 o
e G V9=, Gl G0)iG) G
_ o undefine otherwise
R S SV G2 oheki92 ©
Sie G vi)i0- Lo E0G0) GG G
. o undefined otherwise
TG & SVQNid i)z ez o
_ _§if G GY V()iIO=, and G(j) GXi);Gs(i) GYi9

undefined otherwise

3

De nition  3.17 (Semartics of the temporal accessto ST2_.ODMGe temporal values). Let o be an
object of classc resulting by a nestel spatio-temporal path, and let a be a temporal attribute de ned in
C. Letv 2 [temporalg,( )] beits value. Let S ke a temporal element, speci e d either explicitly, or
resulting from a temporal expression, and let G®be a temporal granularity. Then,

8 :

2 Y ) |fG?=Gt or

o:a# G = GY 6 G and @g-oonvg, o for ain ¢
g-onvg,1 co(V); 60 if G26 Gy and 9 g-convg, co forain c

. -Convg ., go0 GY _ .
ora# oMo o Gl = geoonvg, (V) o0
3

De nition  3.18 (Semartics of the spatial accessto ST?_.ODMGe spatial values). Let o be an object
of class c resulting by a nestel smtio-toemporal path, and let a be a spatial attribute de ned in c. Let
v 2 [spatialg,( )] beits valueLet ©s be a spatial element, speci e d either explicitly, or resulting from
a spatial expression, and let Gbe a spatial granularity, Then,

8

2 Y if G2 = Gs or

o:a# C:= G? 8 Gs and @g-nvg, ce forain c
g-onv,: co(v); ., if G286 Gs and9 g-oonvg,: o for ain ¢
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. -convg , goo G2 _ .
0:a#¥cMest el s = g-0nVg,: cu(V)] oo
3

De nition  3.19 (Semartics of the temporal accessto ST2_ODMGe spatio-temporal values). Let o be
an object of class c resulting by a nested spatio-temporal path, and let a be a spatio-temporal attribute
denedin c. Letv2 [temporalg, (spatialc,( ))] be its value. Let G pe a temporal element, spcied
either explicitly, or resulting from a temporal expression. Let G®°be a temporal granularity and let G2hbe
a spatial granularity,
Then, the temporal accessto a according to ST performed as follows:
8 :
2V g0 if GY= G
o:a# ©f = or GY 8 G; and @-mnvg, | co for ain c
g-onvg,1 co(V); o0 if GP6 G and 9 g-oonvg,, o for ain ¢

. -Convg ., goo G9 _ .
o:a# Mo o Gl = g-onvg, Gu(V); oo

8
e O
i 2 g-0nvg, co(V); 60 if Gf = G; or
o:a#¥MNest 6 Gi = G 6 G; and @g-oonvg,: o for ain ¢
g-onvg,1 g  g-0Nvg,1 co(V); 60 if G286 Gy and 9 g-nvg, co for ain c

g-0nve,1 co(V)j .o if 9 g-oonvs,: gw for ain ¢, and G = G; or
t
GP 6 G, and @g-onvg,: o for ain ¢
g-0NVG,1 g® g-0nVg,1 co(V); o0 if 9 g-oonvs,1 gw for ain c and
GP6 G and 9 g-oonvg, o for ain ¢
undef ined otherwise

0:a#%s Gl =

VWA AR 00

3

De nition  3.20 (Semartics of the spatial accesso ST?_ODMGe spatio-temporal values). Let o be an
object of classc resulting by a nested spatio-temporal path, and let a be a spatio-temporal attribute de ned
in c. Letv 2 [temporalg, (spatialg.( ))] be its value. Let G e a smatial element, speci e d either
explicitly, or resulting from a spatial expression. Let GX°be a temporal granularity and let G2°be a spatial
granularity,

Then,the spatial accessto a according to GS s performed as follows:

8
H 0 —
i 2 Vi g if G = Gs or
oa# Cs= S QQGO Gs and @g-wnvg,: o for a in.c
© g-onvgr 6o(V); o0 if G5 8 Gs and 9 g-onvg,; o for ain ¢
. -convg ., goo G2 _ .
0:a#9est 69 s = g-0NVg,: coo(V); so’
8 H 0
. . 2 g-onvg, go(V); 60 if Gg = Gs or
o:a#dOMNer o Gs = S G 6 Gs and @g-oonve,: co for ain ¢
T g-onvg, g g-0NVg, cg (V) o0 if G26 Gs and 9 g-oonvg,: oo for ain ¢
g-0nVg, 1 s(V); o if 9 g-onvg,; gw for ain ¢, and G2 = Gs or

_Gg 6 G and @g-cnnvG_S! ce forainc
g-oNnvg,1 g» G-V, co(V); 60 if 9 g-oonvg,1 g for ain c and

G2 6 Gs and 9 g-onvg,: o for ain c
undef ined otherwise

00 0
o:a#®t  Gs =

WAV AV 00
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De nition  3.21 (Semartics of the spatio-temporal accesto ST2_ODMGe spatio-temporal values). Let
o be an object of classc resulting by a nestad spatio-temporal path, and let a be a spatio-temporal attribute
denedin c. Letv 2 [temporalg,(spatialg ( ))] be its value. Let G and ©¢ bea temporal and
a smatial elements, speci e d either explicitly, or resulting from a temporal and a spatial expressions,
respectively. Let Gbe a temporal granularity and let Gbe a spatial granularity,

Then, the spatio-temporal accessto a according to G’ and C:is performed as follows:

8
H 0—
Vi 60, 69 if G = G; or
GP 6 G; and @g-oonvg,: ¢o for ain c;
and G = G or
G2 6 Gs and @g-nvg,: co for ain c
H 0
g-onvg,1 co(V); o0, e if G 6 G; and
9 g-onvs,: o for ain ¢, and
0—
oa# G? # GY _ GS = Gs or
: = 0 - i
Gs 8 Gs and @g-nvg,: o for ain ¢
H 0
g-onve,1 co(V); 6o, oo if Gg 6 Gs and
9 g-onvg,: o for ain ¢, and
GP= G; or
GY 6 G and @g-oonvg,: ¢ for ain ¢
H 0 0
g-oNnvg,1 g g-0NVg,1 co(V); 60 69 if G{ 6 Gt, G 6 G, and
) 9 g-onvg,1 o, g-ONVG, Go a inc
8 i if Gs = G or Gs 6 G? and
% g-monvg, 1 go(V); 60, e if Gs = Gg or Gg s an
0a#ItOMNe o G 4 G @g-oonvGB! co forainc
3 g-0NVg,: ge g-00NVg, c2(V)j 4o oo If Gs& Gg and
t; S
9 g-onvg,: go forainc
8 . 0 0
% g-onvg,1 co(V); 60 w0 if Gt = G or G; 6 G{ and
t; S
oaf G gucOVe co  GY _ _@g-oonv%t! co forainc
3 0-0NVg, gp  g-0NVe,: G2 (V); 60 oo if Gy 6 G; and
t s

9 g-onvg,: go forainc

-convg 0 - , 0
o:a#) oMo ot G yeoMNest o Gs = goonvg,y ge  g-0NVG,: (V)] ST

; if 9 g-onvg,1 o for ain c
and Gs = G2 or

if Gs 6 G2 and @g-onvs,: oo for ain ¢
if 9 g-onvs,1 ew, Gs 6 G2, and

g-0nVG,1 co(V); 69 aQ

o:a#C CGly G =
[

g-0nvg,1 g® g-@0NVg,! 62 (V)] 0

VWY /AR 0O

9 g-onvg,: o for ain c;
undef ined otherwise
8 . .
g-onve,1 co(V); 60 o if 9 g-oonvg,1 g for ain c
t: s
% and if G; = G? or
0:a L Oy 62 G 6 Gf and @g-onvg,; o for ain ¢
: % g-0NVG,1 e g-00NVg,: g9 (V)] 6o op if 9 g-onvs, g, G; 6 GY, and
9 g-onvg,: o for ain ¢
" undefined otherwise
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8

o o o o 2 g-0nvg, ge g-0Nnvg co(V); 60 6Q’ if 9 g-onvs,1 cw,g-0NVG,: g
o:a#®t Cugest Cs = ' for ain c
undef ined otherwise

3.6.3 Spatio-temp oral Query Speci cation

Spatio-temporal queries are speci ed according to the BNF syntax reported in Figure 3.8. Terminal
symbols classname is a classname, and classalias is the classalias. conv_attr _name, spatial _attr _.name,
temporal_attr _-name, st_attr _name are attribute names,such that attribute conv_attr _name hasbasictype

2 Todmg [ Tgeom; attribute temp_attr _name has a temporal type = temporalg, ( ); attribute
spat_attr _name has a spatial type = spatialg,( ); and attribute st.attr_name has a multigran ular
spatio-temporal type = temporalg, (spatialg,( )). attr_nameis a genericattribute name, usedin a

nestedpath, represeriing an attribute of type OT o4mg , i.€., an object identi er. Also the temporal, spatial

and spatio-temporal attributes, when usedin nestedpaths must result in a single object identi er. Then

they are accessedaccording to non-terminal accessesthat represen accessresulting in a single value,

<non-term _t _access>, <non-term _s_access>, and the non-terminal spatio-temporal access,that is

the sequenceof a temporal and a spatial non-terminal accesses;espectively. By contrast, terminal access
can result in more than one value. Temporal and spatial expressionsand elemeris are classi ed into

terminal and non-terminal, accordingto whether they partecipate in a terminal or non-terminal access.
s_granule and t_granule are a spatial and a temporal granule, respectively; t_gran_name and s_gran_name
are atemporal and a spatial granularit y name, respectively; explic_term_t_elemand explic_term_s_elemare
the explicit represenation of a terminal temporal elemen and a terminal spatial elemen, respectively.

They are specied as terminal elemens becausethey contain more than one granule. Finally, non-

terminal elemen <g_conv> is a granularity cornversion, according to the syntax of Figure 3.7. Note

that <g_conv>, when applied in attribute accessrepresen a granularity conversionthat suitable to the

attribute value.

The following example discussessomequeriesde ned accordingto the syntax of Figure 3.8.

Example 3.20 Consider a datatase schemainvolving objects of class Map as de ned in Example 3.12,
and objects representing planes, according to the following classde nition:

class Plane f
attribute  string  model;
attribute  tempor alyear s(string ) companyName;
attribute  tempor alminutes  (string ) flightNum;
attribute  tempor alminutes  (String ) departure;
attribute  tempor alminutes  (String ) arrival;
attribute  tempor alpgyr s(string ) pilot f
MaiNhour s months » €S hour si minutes  O;
attribute  tempor alminutes  (Spatial ms (set hRegioni)) trips f

r-mergéms provinces » I -CONIr provinces ! countr ies O; G

Given an object of classPlane, attribute model storesthe model of the plane, while attribute company-
Namestores the airline that ownsit. Attribute flightNum stores the numbers of the ights made by the
plane, whosedegarture and arrival airports are stored in attributes departure and arrival , and whose
pilot names are stored in attribute pilot . Moreover, attribute trips givesthe smatial location of the
plane over time, storing its routes. According to such a class speci ¢ ation, the following query retrieves
the namesof the pilots that, during Decemker 2003, were employel for ight number "AZ555"

select distinct  p.pilot  # hour s(f 12/2003gMenths )
from Plane p
where p.fightNum = “AZ555'
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<query> := select [distinct] < projection _clause > from < g_source> where < search _condition > ;

< projection _clause > := [< projection _clause >, ] <value >

< g-source> := [<g-source>] class_name class __alias

< search _condition > := [not] <cond> | <search_conditon > < bin bool_op> < search _condition >

<value > : [<path>]value | <conv.alue> | <t_value> | <s.alue> | <st_value >

< path> := object name<internal _path>

<internal _path> := [<internal _path>.] attribute _name | [<internal _path>.] temp _attribute _name < non-term 1 _access> |

[<internal _path>.] spat_attribute _name < non-term _s_access> |
[<internal _path> ] st_attribute _name < non-term _t _access> < non-term _s_access>
<conv.value > := [<path>.] conv_attr .name | <t _value > <non-term t _access> | <s_value> < non-term _s_access> |
< st _value > < non-term _t _access> < non-term _s_access> | [not] < conv.value > |
<value > <bin _op> <value >

<t_value> := [<path>.] temp _attr _name [<term_t_access>] | <st value> < non-term s_elem> |
[not] <t_value> | <t_value> <bin_op> <t_value>
<s.alue> := [<path>.] spat_attr _name [<term_s_access>] | <st _value> <non-term i _elem> |

[not] <s.value > | <s.value> <bin_op> <s._value >
<st_value > : [< path>.] st_attr _name [<term_t _access>] [< term_s_access> ]

<s.access> := <term_s.access> | < non-term _s_access>

<term._s.access> = #[9 ©V > <term_s_elem>

< non-term _s_access> := #[<9 ©™ >1 < non-term _s_elem>

<term_s_elem> := explic term _s_elem | <term_s_expr> | s_gran_name (< spat_elem>) |s_gran_name (< spat._expr>)
< non-term _s_elem> : s_granule | <non-term s_expr> | s_gran_name (< spat_elem>) | s_gran_name (< spat_expr>)
< non-term s_expr> := <s.alue> <bhin_ops > <conv.value> | <s_value> <toprel s > <conv_value > |

<s_value > <bin_ops > <s.value> |<s_value> <toprel s > <s.alue> | <s_value> <bhin_ops > <st_value> |
<s.value> <toprel s > <st_value> | <st_value> <bin_ops > <st_value> | <st_value> <toprel s > <st_value >

<term_s_expr> := <s.value> <bhin_ops > <conv.value> | <s_value> <toprel s > <conv.value> |
<s.alue> <bin_ops > <s.value> |<s.alue> <toprel s > <s.value> | <s.value> <bin_ops > <st_value> |
<s.alue> <toprel s > <st_value> | <st_value> <bin_ops > <st_value> | <st_value> <toprel s > <st_value>

< spat_elem> := <non-term s_elem> | <term_s_elem>

< spat -expr> < non-term _s_expr> | <term_s_expr>

<t._access> := <term_t_access> | < non-term _t_access>

<term._t_access> = #9 ©W > <term t_elem>

<term_t_elem> := explic term _t_elem | <term_t_expr> | t_gran_name (<temp-elem>) |t_gran_name (< temp-expr>)

< non-term _t _access> #159 oV >1 < non-term _t _elem>

< non-term _t _elem> : t_granule | <non-term _t_expr> | t_gran_name (<tempelem>) |t_gran_name (< temp.expr>)

< non-term _t .expr> := <t_value> <bin_opt > <conv.value> | <t_value> <toprel v > <conv.alue> |
<t_value > <bin_opr > <t.alue> |<t.alue> <toprel 1 > <t_value> | <t_value> <bin_opr > <st_value> |
<t_value> <toprel t > <st_value> | <st_value> <bhin_opr > <st_value> | <st_value> <toprel v > <st_value >
<t.value> <toprel 1 > <st._value> | first( <tempelem>) | last( <tempelem>) | proj( <tempelem>, n)

<term._t_expr> := <t._value> <bin_opr > <conv.alue> | <t._value> <toprel v > <conv.value> |
<t.value> <bin_opr > <t.value> |<t.value> <toprel 1 > <t_value> | <t._value> <bin_opr > <st_value> |
<t.value> <toprel 1 > <st_value> | <st_value> <bin_opr > <st_value> | <st_value> <toprel 1 > <st_value>
<t_value> <toprel v > <st_value>

<temp.elem> := <non-term _t_elem> | <term_t _elem>

<temp.expr> = <non-term_t_expr> | <term_t_expr>

< expr> <expr> <bool_op> <expr> | <not> <expr> | <tempexpr> |< spat_expr>
<elem> := <elem> <set_op> <elem> | <tempelem> |< spat_elem>

< bin op> = <compop> | <toprel > | <arithm _op> | <bool op> | < set_op>

<arithm op> == + | - | [ | *

<bool .op> = and | or

<setop> = n| [ |\

<compop> = = | <> | < | > | <=]| >=

<toprel > == equal | disj oint | meet | overlap | contain | inside | cover | coveredby
< bin _opr > <compopt > | <toprel Tt

>
;T]<>T|<T|>T|<:T|>:T ) o
disj oint + | meett | overlapt | equalt | contain 1 | inside v | covert| coveredbyt
< bin _ops > <compops > | <toprel g >
<.compops > ;5]<>3|<5|>3|<:3|>:5 ] o
<toprel s > = disj oint s | meets | overlaps | equals | contain s | inside s | covers |coveredbys

< compopr >
<toprel 1 >

Figure 3.8: BNF syntax for ST_ ODMG query elemeris.
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To obtain in particular the namesof the pilot that more often performed that ight, during the same
period of time, the following query can be speci e d:

select p.pilot ~ #months £ 12/2003gmonths
from Plane p
where p.flightNum = “AZ555'

Indeed, executing such a query, a granularity conversion is automatically applied to the value of
attribute pilot , to convert such value to granularity months. Speci ¢ ally, such a conversion is the one
speci e d in the classde nition for such an attribute, i.e., main, which semanticsis that required by the
query.

Furthermore, to getthe countries and their capitals that havebeen own over by the plane with ight
number "AZ555' on the 25th of December 2003 the following query must be speci e d.

select distinct  p.trips  #°°UNt ies minytes (f25/12/2003 gd& S) <> g ?, m.capitals
from Mapm, Plane p
where p.flightNum = “AZ555' and p.trips  # minutes (f25/12/2003 g9a s)
overlap m.capitals #%S f12/05/2003 gda& s

The temporal accessp.trips ~ #%°unt ies minutes (f25/12/2003 g9 ) retrievesthe trajectory of the plane for
the required ight at granularity countries (at sucha granularity, it is representa by a set of points, that
give the position of the centroid of the plane over time). Note that the granularity conversionto be applied
to the attribute valueis explicitly speci e d. This is needed to perform correctly the query, since otherwise
no conversion shouldbe applied to the attribute value, then the retrieved trajectory shouldbe at granularity
ms, that would be uselessfor solving the rst part of the query. Indeed, the spatial elementspeci e d by
p.trips  #eounr ies minutes (f25/12/2003 g% S) <> g ? retrievesthe (granules at granularity) countries that
havebeen own down by the plane.

Note moreover that the temporal accessdoes not require a temporal granularity conversion, since the
temporal element speci e d for the access (minutes (f 25/12/2003g% $)) is at granularity minutes, i.e.,
that speci e d in the attribute de nition. 2

3.7 Safe Re nemen t of Multigran ular Attributes

In this section we discusshow to ensuresubstitutabilit y for temporal attribute re nement, establishing
the consistencyconditions for an ST_ODMG databaseschema. We focus on those attribute re nements
that canbe devisedassafeat schemade nition time. We give the speci cation of ST_ ODMG classeghat
include re nements of temporal attributes, and we analyzein detail the di erent casesof safere nement
of temporal attributes.

3.7.1 Spatio-temp oral Subtyping

We now considerthe subtype relation on multigran ular spatio-temporal typeswe intro ducein Section3.3.

Multigran ular spatio-temporal temporal typesin TT [ S are parametric with respect to granularity
speci cations and an inner type. In particular, inner typesare basictype, i.e., convertional ODMG types
and vector types. Then, we rst discussthe existing relations on parameters,i.e. granularities and basic
types.

Among ST_-ODMG basic typesthe usual notion of subtype can be devised. In particular, for object
types, the subtype relation relies on the inheritance relationships betweenclassesde ned in a ST ODMG
databaseschemal® Among vector typesin Tqeom, the subtype relationship relies on the inheritance hier-
archy amongthe Geometryinterface and its implementations Point , Line , and Region (cf. Section 3.3).

By cortrast, the only relationship holding among granularities in the ST_.ODMG model is the ner
than relationship, that is not suitable to model a subtype relation. Granularities in Gr and Gs have a
common behaviour that can be easily modeled as an abstract data type, but no subtype relation can
be devised among them. Then, the subtype relation between spatio-temporal types only relies on the
existing subtype relation betweeninner basictypes. Speci cally, accordingto what we discussabove, we
distinguish the subtype relationships among multigran ular temporal types, multigranular spatial types

18For the formal de nition of the subtype relation on ODMG types we refer to [BF GMO3].
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and multigran ular spatio-temporal types. Note that the subtype relationship amongmultigran ular spatio-
temporal typesrelies on the subtype relationship among multigran ular spatial types.

De nition  3.22 (Temporal Subtypes. Let 3, > 2 TT be multigranular temporal types, let 2, 22
Todmg be two conventional ODMG types, suchthat 1 = temporalg, ( ) and , = temporalg, ( 9). Then
2 is a subtype of ; (denoted as , <: ;) if andonlyif J<: 2 3

De nition  3.23 (Spatial Subtypes. Let 1, » 2 S be multigranular spatial types,let 2, 22 Togmg [

Tgeom be two basic ST_ODMG types, suchthat ; = spatialg_ ( {) and , = spatialg_.( J). Then ,isa
subtype of ; (denoted as , <: ;) if andonly if 9<: {. 3

De nition  3.24 (Spatio-Temporal Subtype9. Let 1, 2 TT betemporal types,let 2, 22 S be
two multigranular spatial types, let let 90 992 Togmg [ Tgeom be two basic ST.ODMG types, such that

1 = temporalg, (spatials,( Y9) and , = temporalg, (spatialg . ( J9). Then , is a subtype of
(denoted as , <: ;) if andonlyif °<: 9 (or, equivalently, 9<: 9). 3

Subtyping hassomeimportant implications in object-oriented models. As expected, a spatio-temporal
type that is subtype of another spatio-temporal type can subsumeit. Information about the actual
parameters of a spatio-temporal type, that is, the granularit y(ies) and the inner type usedto instantiate
it in the databasestema, are available at run time. Thus, the correctnessof an assignmen to a spatio-
temporal attribute canbe chedkedat run time. The samerule doesnot hold, in general,in object-oriented
languagesthat treat parametric typesperforming what is known as homayeneus translation [BOSW9§],
that is, a translation to the original non parameterizedlanguage,that doesnot presene type information
about parametersat run time.

Prop osition 3.1 (Subsumption). Let 1, » 2 TT be temporal types,let P, 22 Togmg be two conven-
tional ODMG types, suchthat ; = temporalg, ( {) <: , = temporalg, ( ). A valuev of type , can be
usal everywhee a value of type ; is expected, that is, v hastype ;.

Let 1, 22 S bemultigranular spatial types,let 2, 22 Togmg [ Tgeom be two basic ST.ODMG types,
suchthat ; = spatialg,( ) <: » = spatialg_ ( J). A valuev of type , can be used everywhee a value
of type 1 is expected, that is, v hastype 1.

Let 1, 22 TT betemporal types,let 2, 92 S betwo multigranular spatial types, let let 20 90
2 Todmg [ Tgeom be two basic ST.ODMG types, suchthat ;1 = temporalg, (spatialg,( J9) <: > =
temporalg, (spatial g, ( 99). A valuev of type , can be used everywhee a value of type 1 is expected,
that is, v hastype ;.

The secondconsequencef the subtype relationship is extentinclusion, that is, the property ensuring
that the extent of a subtype is included in the extent of its supertype.

Prop osition 3.1 (Extent Inclusion). Let i, » 2 TT be temporal types, let 2, 9 2 Togmg be two
conventional ODMG types, suchthat ; = temporalg, ( ) <: , temporalg,( 9. Then [ 21 [ :1.
Let 1, 22 S bemultigranular spatial types,let 2, 22 Togmg [ Tgeom be two basic ST_-ODMG types,
suchthat ; = spatialg_ ( 9) <: , = spatialg,( 9. Then [ 2] [ 1].
Let 1, 22 TT betemporal types, let 2, 22 S be two multigranular spatial types, let let 20
992 Togmg [ Tgeom be two basic ST.ODMG types, suchthat ; = temporalg, (spatialg,( Y9) <: 2
temporalg, (spatialg,( §9). Then [ 21 [ 1.

3.7.2 Safe Re nemen t of Attributes

As widely demonstrated in the object-oriented literature, attribute rede nition is an unsafe operation.
Howevwer, it can be managedby adding additional run time cheds on inherited properties. In this section,
we investigatein particular the issuesrelated to covariant rede nition [AC96] of inherited properties, since
it preserts some interesting features. Unsafety also arisesfor covariant re nement of spatio-temporal
attributes. For example, if we override a temporal attribute de ned with type ;=temporalg, ( 9 with
a type i=temporalg,, ( 9) such that , <: ; (i.e., accordingto De nition 3.22, 9 <: 9and G, =
Gt,), usually sud rede nition requiresthe intro duction of additional run time chedsto prevert run time
errors.

However, for multigran ular temporal, spatial and spatio-temporal ST_ODMG attributes we are able
to devisea set of signi cant re nements that are safe i.e., for which we are able, at schema de nition
time, to state that no run time errors can arise.
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When specializing a spatio-temporal attribute domain, a changeof its granularit y(ies) can be a more
realistic needthan a change (even than a specialization) of the inner type, involving a di erent domain
for the attribute. The re nement of the granularit y(ies) of a spatio-temporal attribute, indeed, actually
represerts a change of the level of detail for the attribute. Depending on the application domain and
on the attribute semartics, in the subclass,for instance, one could be interestedin keepingthe attribute
valuesat a greater level of detail, or in decreasinghe level of detail at which an attribute valueis recorded.
Since such spatio-temporal attribute re nements involve only the granularities, their consistencycan be
chekedat schemade nition time. Then, wecanarm that re nements that re ne the domain of a spatio-
temporal attribute with a ner granularity(ies), or with a coarser one(s), are safe The only exception
to this statemernt is represenied by re nements that involve gap granularities [BDES9§], that have non
cortiguous granules, and require additional run time cheds to distinguish accesse$o value related to non
existing portions of granules (throwing run time exceptions), from accesse$o unde ned spatio-temporal
values(that result in null values). For instance, an additional ched is neededto distinguish if antemporal
attribute value, stored at granularity bweeks, is accessedn a Sunday (note that this accessaccording
to the granularity of the attribute, does not make sense)from the casein which the attribute value is
accessedn a working day for which no value has beenstored.

A spatio-temporal database schema with safe attribute re nements, in order to be de ned as con-
sistert, should satisfy some properties related to object casts. First, substitutability must be satis ed,
according to which an object with dynamic type c, can be usedas having any supertype of ¢c. Second,
a cast down to a classc® of an object with static type ¢ and dynamic type c® sud that c®<: ¢, must
not produce run time errors. Suc a cast down would allow temporal re ned attributes of classc®to be
accesse@swell. Wewant to enforceboth properties along an inheritance hierarchy involving an arbitrary
number of classesn which spatio-temporal attributes are re ned in a safeway, that is, by re ning their
granularities.

Substitutabilit y requiresto convert attribute valuesto di erent domains. For the safere nements of
spatio-temporal attributes we discussed,we emplay the granularity conversionsdescribed in Section 3.4.
Speci cally, when re ning a temporal attribute of type temporalg, ( ) to type temporaly, ( ), a pair of
conversion functions must be included in the speci cation of the attribute. The rst function will be
employed for accessingthe attribute value at granularity Gg, i.e., it corverts the attribute value from
type temporaly, ( ) to type temporalg, ( ). The secondconversion function will be used for updating
the attribute value at granularity Gy, i.e., it performs the inversecorversion. In particular, if H; G
a coercion function for accessingthe attribute value and a re nement function for updating it should
be provided. By cortrast, if G; Hy¢, the attribute speci cation must include a re nement function for
accessinghe value and a coercion function for updating it.

The following de nition formalisesthe notion of safere nement of multigran ular temporal attributes
in ST_.ODMG.

De nition  3.25 (Safe Re nement of Temporal Attributes) . Given an attribute a de ned in a class c®
with type 1 = temporalg,( ), with inTeamg, and re ned in a classc, sulzlassof ¢ with type , =
temporaly, ( ), suchre nement is safeif one of the following conditions holds:

H; Gt, and the pair hafy,1 ¢,;uUf, w,i is specied for attribute a in classc, wher af is a
coercion function and uf is a re nement function;

Gt H¢, and the pair hafg,1 u,;ufn,1 i is specied for attribute a in classc, where af is a
re nement function and uf is a coercion function.

3

When re ning a spatial attribute of type spatialg ( ) to type spatialy ( ), a pair of conversion
functions must be included in the speci cation of the attribute. The rst function will be employed for
accessinghe attribute value at granularity Gs, i.e., it converts the attribute value from type spatial 1, ( )
to type spatialg.( ). The secondcorversion function will be used for updating the attribute value at
granularity Gs, i.e., it performs the inverse corversion. In particular, if Hg Gs and 2 Toamg @
coercion function for accessingthe attribute value and a re nement function for updating it should be
provided. If Hs Gs and 2 Tgeom @ generalisationcomposition for accessingthe attribute value and
a re nement composition for updating it should be provided. By cortrast, if Gi  H¢, and 2 Todmg .
the speci cation must include a re nement function for accessingthe value and a coercion function for
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updating it, whereasif G; H and 2 Tgeom, the speci cation must include a re nement composition
for accessinghe value and a generalisation composition for updating it.

The following de nition formalisesthe notions of safere nement of a multigran ular spatial attribute
in ST_.ODMG.

De nition  3.26 (Safe Re nement of Spatial Attributes). Given an attribute a de ned in a class c®
with type 1 = spatialg,( ) and re ned in a classc, sulzlassof ¢ with type , = spatialy ( ), such
re nement is safeif one of the following conditions holds:

Hs Gs, and the pair hafp, g.;Ufe,1 w.i is specied for attribute a in classc, where af is a
coercion function or a composition of genealisation operators, and uf is a re nement function or
a composition of re nement operators;

Gs Hs, and the pair hafg, n,;Ufu, . i is specied for attribute a in classc, wher af is a
re nement function or a composition of re nement operators and uf is a coercion function or a
composition of genealisation operators. 3

Finally, given a spatio-temporal attribute of type temporalg, (spatialc,( )), a safere nement of such
attribute is obtained by providing spatial and/or granularity corversions,according to either both the
spatial or the temporal granularity have beenre ned, or only one of them. If both the granularities
have beenre ned, i.e., the attribute is re ned to type temporaly, (spatial 4, ( )), two pair of granularity
corversionsmust be included in the speci cation of the attribute, i.e., onefor eat granularity modi ed:
the rst pair of functions must be speci ed to managethe re nement of the temporal granularity; the
secondpair of functions must be speci ed to managethe re nement of the spatial granularity. Then, the
conversionsfrom the re ned type to the original type, and viceversa,in order to perform both the access
and the update of the re ned attribute, are obtained as spatio-temporal compositions of the spatial and
temporal conversionsspeci ed.

The following de nition formalisesthe notions of safe re nement of multigranular spatio-temporal
attributes in ST_.ODMG.

Denition  3.27 (Safe Re nement of Spatio-temporal Attributes). Given an attribute a de ned in a
classc® with type 1 = temporalg, (spatialg,( )), its re nement in a classc, sukclassof c®, with type
2 is safeif one of the following conditions holds:

2 = temporaly, (spatial . ( )) and one of the following conditions holds:

{ Ht Gy, and the pair hafy,1 ¢,;uUfc,1 n,i is specied for attribute a in classc, wher af is
a coercion function and uf is a re nement function;

{ Gt Hi, andthe pair hafg,1 w,;Ufu,1 i is specied for attribute a in classc, wher af is
a re nement function and uf is a coercion function.

2 = temporalg, (spatial 4, ( )) and one of the following conditions holds:

{ Hs Gs, and the pair hafy, c.;ufc, w.i is specied for attribute a in class c, where af
is a coercion function or a composition of genealisation operators, and uf is a re nement
function or a composition of re nement operators;

{ Gs Hs, andthe pair hafg, n,;Ufu, . i is specied for attribute a in classc, where af is
a re nement function or a composition of re nement operators and uf is a coercion function
or a composition of genealisation operators.

2 = temporaly, (spatial 4, ( )) and one of the following conditions holds:
{ Ht Gi, Hs Gs, and the pairs of granularity conversionshafy,i ,;uUfe, H,i,
hafy, c.;uUfe w i are specied for attribute a in classc;

{ Gt Hi, Gs Hs, and the pairs of granularity conversionshafg,1 u,;Ufn,1 c,i
hafc.i w.;Ufu, .1 are specied for attribute a in classc;

{ Hi Gt, Gs Hs, and the pairs of granularity conversionshafuy,: c,;uUfg,1 i,
hafc1 n.;uUfn, o1 are specied for attribute a in classc;
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{ Gt Hi, Hs Gs, and the pairs of granularity conversionshafg,i w,;uUfu,1 i,
hafu.1 6.;Ufc,1 H,i are specied for attribute a in classc. 3

The consistency of a spatio-temporal attribute re nement is tested as follows. First we must ched
if granularities in both attribute speci cations are related by the ner than relationship. If they are,
the attribute re nement is safeif a suitable pair (or two) of granularity corversionsis de ned for the
re nement. Oncesud conditions are veri ed, no run time errors in accessinghe re ned spatio-temporal
attribute can arise.

3.7.2.1 Classes with Rened Attributes

The speci cation of an ST.ODMG classwe described in Section 3.3.4 has to be modi ed in order to
handle re ned attributes. In particular, accordingto the discussionof the previous section, the attribute
speci cation attr of a re ned attribute must be modi ed, by introducing granularity cornversions to
ensuresubstitutabilit y. Then, if an attribute speci cation is a re nement of an inherited attribute, it also
cortains a pair of granularity conversions(two if the attribute is spatio-temporal), one for accessinghe
attribute value and onefor updating it usinga granularity speci ed in a superclassde nition. Then, given
an ST_ODMG classde ned accordingto De nition3.3, the attribute speci cation attr is a set containing
an elemert for ead attribute of the class. Each elemert is described as 3-tuple (ay pe; @name ; aref ), Where

aype 2 T is the attribute domain;
aname IS the attribute name;
aref IS @an optional componert, required if the attribute is re ned, where

if the attribute is temporal or spatial, a,¢f = haf; uf i, with af the granularity conversionto
usefor accessand uf the granularity corversionto usefor update;

if the attribute is spatio-temporal, a;¢; = hafy; ufihafg; uf si, with af; and af s are the granu-
larity conversionsto usefor accessand uf; and uf s are the granularity conversionsto usefor
update.

Example 3.21 The following speci ¢ ation reports the de nition of class meteo. Class meteo is usel
to store generic meteorological data, such as the daily temperature, the monthly rainfall and snowfal.
Moreover, information alout the amount of population of the area in which data are collected is stored.

class meteo f
attribute  tempor al gay s(spatial pr ovinces (int )) population;
attribute  tempor al gay s(spatial pr ovinces (float )) temperature;
attribute  tempor almenths  (SPatial pr ovinces (int )) rainfall;
attribute  tempor almenths  (SPatial pr ovinces (int )) snowfall;

g

Then, classesurban-meteo and mountain-meteo are de ned. Class urban-meteo is de ned to store
meteorological attributes speci ¢ for urban areas. Class mountain-meteo is speci ¢ for representing me-
teorological data of mountain areas.

class urban-meteo extends meteo f
ref attribute  tempor almonths  (SPatial pr ovinces (int )) population
hrestr months 1 day s:1ast day st months 1;
ref attribute  tempor alpoyr s(spatial municipalities (float )) temperature
FaVOnour s! day s,f€SUr day s! hour si, PMaiNmunicipalites | provinces €SI pr ovinces ! municipalities i
ref attribute  tempor algay s(spatial municipalities (int )) rainfall
MSUMYay st months »SPIit  months | day si, PBVOmunicipaiiies ! provinces Y€ provinces ! municipalities i
ref attribute  tempor alyear s(spatial municipaiities (int )) snowfall
hsplit year st months sSUMmonths ! year sis MM@%unicipalies 1 pr ovinces F€SIT provinces ! municipalities i
attribute  tempor al gay s(spatial quar ter s(float )) humidity;
attribute  tempor algay s(spatial quar ter s(int )) atm-pressure;
attribute  tempor alpoyr s(spatial quar ter s(float )) CQ;
attribute  tempor alpeyr s(spatial quar ter s(string )) windDir;
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attribute  tempor alpoyr s(spatial quar ter s(int )) windSpeed;

class mountain-meteo extends urban-meteo f
ref attribute  tempor alzmonths (Spatial pr ovinces (int )) population
hrestr amonths | months +@VQ months | 3months |5
ref attribute  tempor alyear s(spatial municipaiities (int )) rainfall
hsplit year st day s:SUMday st year si;
ref attribute  tempor alpaf anhour (SPatial hamiets  (int )) snowfall
PSUMhaif anhour ! day ssSPlit  day st half anhour is MMiNhamiets | municipalities ,Festr  municipalities I hamlets 1
ref attribute  tempor alzmonths (Spatial pr ovinces (float )) CQ
hrestr amonths 1 hour s:M@%hour st 3months |, €SI pr ovinces ! quar ter s.MaIN quar ter s! pr ovinces 1}
g9

Classesurban-meteo extends (is a sulrlass according to ISA inheritance hierarchy) meteo. In class
urban-meteo attributes population , temperature , rainfall , and snowfall are re ned with dier ent
granularities. Moreover, new attributes are de ned, that representthe atmospherichumidity and pressue,
as well the amount of CO,, direction and speed of wind. Class mountain-meteo rede ned some of
the attribute it inherits from class urban-meteo: population , rainfall , snowfall , and CQ. The
remaining attributes, i.e., temperature , humidity , atm-pressure , windDir windSpeed are inherited
without being re ned. Adeguate pairs of conversion functions are speci e d for re ned attributes in both
classdeclarations, then the re nements are safe according to De nition 4.5. 2

3.7.3 Access and Update for Re ned Attributes

The operation on object attributes that we considerfor discussingthe safety of attribute re nements are
accessand update. We focus on simple form of access,requiring the value of an object attribute in a
speci ed granule. Accessto spatio-temporal attributes is formalised as follows.

De nition  3.28 (Accessto Spatio-temporal Object Attributes) . Let ¢ a name of class, let a be a name
for an attribute de ned, inherited, or re ned in classc, let o be an object identi er, for an object of class
c. Then, let v be the value of attribute a in object o.

If a is a multigranular temporal attribute of type temporalg( ), let G be a temporal granularity. If
a is a multigranular spatial attribute, of type spatialg( ), let G be a spatial granularity. Then, given a
granule lakel |i,, the expressiono:a# I\, denotesthe object accessto attribute a, requiring the value of

a, de ned for object o in granule I, i.e., v(l5).

If ais a multigranular spatio-temporal attribute, let G; be a temporal granularity and let Gs be a
spatial granularity. Then, given two granule lakels I , I'G , the expressiono:a # |5 # |5 denotesthe
object accessto spatio-temporal attribute a, requiring the value of a , de ned for object 0 Wlth respect to
granules| G, and I'GS, i.e., v(lg 1)(II ) 3

If the inner domain of a in the classto which o belongsis 2 Toamg [ Tgeom , then the accessdenotesa
basicvalue of type . This form of accesscan be easily generalizedto the accesdo the value of an object
attribute in atemporal, spatial and spatio-temporal elemen, accordingto what we discussin Section3.6.
However, this extensioncomplicatesthe notation usedand doesnot intro duce new issuesin this context.
Thus, we focus on single granule object accesses.

Moreover, we formalise the speci cation of attribute updates as follows.

De nition  3.29 (Update of Spatio-temporal Object Attributes). . Let ¢ a name of class, let a be a name
for an attribute de ned, inherited, or re ned in classc, let o be an object identi er, for an object of class
c. Then, let v be the value of attribute a in object o.

If a is a multigranular temporal attribute of type temporalg, ( ), let G; be a temporal granularity. Let
Vg, be atemporal value of type temporalg,( ). Then, the expressionu(o:a;Vg,) resultsin the update of
the value of attribute a with the temporal value vg,. For each valuein Vg, that refersto a granule for
which a value is already de ned for a, the valuein vg, is taken.

If a is a multigranular spatial attribute of type spatialg.( ), let Gs be a spatial granularity. Let Vg,
be a spatial value of type spatial s, ( ). Then, the expressionu(o:a;Vg,) resultsin the update of the value
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of attribute a with the spatial value Vg,. For eachvaluein Vg, that refersto a granule for which a value
is already de ned for a, the valuein Vg, is taken.

Finally, if a is a multigranular spatio-temporal attribute of type temporalg, (spatialg.( )), let G;
be a temporal granularity and let Gs be a spatial granularity. Let Vg,.c, be a spatio-temporal value of
type temporalg, (spatialg.( )). Then, the expressionu(o:a;Vg, c.) resultsin the update of the value of
attribute a with the spatio-temporal value Vg, ... For each valuein Vg, ¢, that refersto a temporal and
a smatial granule for which a value is already de ned for a, the valuein Vg, .. is taken. 3

The simplest forms of accessand update we just formalised do not require to perform any conversion of
attribute valuesto dierent granularities. The only requiremert is that an attribute with the speci ed
name exists for the object that is accessedr updated. By contrast, conversionsare required wheneer
ais re ned in a subclass. Supposeattribute a, rst declaredin classc’ a superclassof c, is re ned in
classc with a dierent granularity. For substitutabilit y we can accessand update attribute a asit is
de ned in classc®. This requirescasting o to type c® and specifying a granule of the original granularity
for the accessor a value at the original granularity for the update. The following de nition formalises
the semarics of accessand update to spatio-temporal attributes that require a cast to a superclass,
specifying how the cast is mapped into granularity conversionsof the valuesinvolved by the operations.

De nition  3.30 (Accessand Update with Cast Up). Given two classes,c and c®, with ¢ sultlassof c°,
and an attribute a de ned in c®and re ned in c for the rst time in the inheritance hierarchy.

If a is a multigranular temporal attribute of type temporalg( ), let a be rened in ¢ with type
temporaly ( ), with G and H two temporal granularities suchthat G H or H G If ais a multi-
granular spatial attribute, of type spatialg( ), let a be re ned in c with type spatialy ( ), with G and H
two spatial granularities suchthat G H or H G Supmsethe granularity conversion speci e d for the
attribute accessbe af g1 . Let o be an object of classc and v the value of attribute a in object 0. Finally,
let I}, be a granule lakel of granularity H. Then,

(Oo:a#ll, = afg 1 (V)(Ig).
Let the granularity conversion speci e d for the attribute update be uf 3, g, and let vy be a value of type
temporaly ( ) or spatialy ( ), according to the type of the attribute. Then,

u((do:a;vy) = v [ ufyr g(Vh).

If ais a multigranular spatio-temporal attribute of type temporalg, (spatialc.( )), let a be re ned in
¢ with type temporaly, (spatial 4, ( )), with G¢;H; two temporal granularities, with Gs;Hs two spatial
granularities, such that G; Hi or H; G; for somei = t;s. Suppse the granularity conversions
speci e d for the attribute accessbe afg,1 1, and afg.1 n.. Let o be an object of classc and v the value
of attribute a in object o. Finally, let Ith be a granule lakel of granularity H¢, let IiGt be a granule lakel of
granularity G, let Ihs be a granule label of granularity Hs, and let IiGs be a granule lakel of granularity
Gs. Then,

(Qo:a#ly #ll, = afe u, afe, (V) )g,)
(Qo:a#lg, #1y, = afer n, (VI )(5s,)
(Aoa#ly, #lg, = afc, n, (VG )E.)

Let the granularity conversion specied for the attribute update be ufny,1 &,, and ufy, g, and let
Vi, :H, beavalueof typetemporaly, (spatial 1, ( )). letVg,.n, be avalueof type temporalg, (spatialy, ( )).
let V4,.c, be a value of type temporaly, (spatialg.( )). Then,

u((c)o:a;Vi,1,) = V[ Ufga n, Ufer Ho(VHH,)
u((c)o:a;Ve,m.) = V[ Ufe,r n, (Ve h.)
u((c)o:a;vu,;c.) = V[ ufg, u, (VH,c.)-

3
Example 3.22 Let c® be a classwith a temporal attribute a of type temporalyear s(int ), let ¢ be a di-
rect sulzlass of ¢ such that attribute a is re ned to type temporalmonts (int ). Let coercion function

SUMmonths | years 08 Speci e d for accessfor attribute a in classc. Let o be an object instance of classc
whosevalue for attribute a is value v, suchthat:
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if ¢ = cthen M H =Gj and (co:a#ll, = o:a#liGi */
if v(l; ) 62 then return v(IiGi ) else return  null

else while (c:> ¢j) dof

if f; is declared then v = fj(v)

i=j 1 _ :
M c=g¢, H=Gj and (c)ora#l = V(llc;j) */
if v(IiGj ) 62 then return v(IiGj ) else return null

Figure 3.9: Semarics of accesse$o multigran ular attributes with cast up

v = fh1=2002; 3i,h2=2002; 2i ,i3=2002; 4i ,4=2002; 5i, H5=2002; 1i ,h6=2002; 2i ,H7=2002; 4i ,hB=2002; 3i, B=2002; 3i,
h10=2002; 6i ,h11=2002; 0i ,h12=2002; 3ig months -

Then o:a# 3=2002= 4 and (c%0:a# 2002= SUMmonths | years(V)(2002) = 36.

Let splityearst months & the re nement function to useto perform the update. Then, the sequene of
updates u(o:a;fh1=2002 10i ; '2=2002 12ig) and u(o:a;fh2003 60ig), resultsin the value v’ such that:

vO= th1=2002; 10i, H2=2002; 12i,: : :,h12=2002; 3i,h1=2003; 5i, 2=2003; 5i ,lB=2003; 5i ,lK=2003; 5i, K5=2003, 5i ,h6=2003; 5i
h7=2003; 5i ,i8=2003; 5i ,h9=2003; 5i ,h10=2003; 5i, h11=2003; 5i ,h12=2003; 5ig months - 2

If morethan onere nement for an attribute ais speci ed alongthe inheritance hierarchy, the semartics
just formalized is extended recursively. We simply move up through the inheritance hierarchy that
involvesre nement for the attribute a, mapping object cast with a step by step conversion of the value
to accessor usedfor the update. At ead step, the corresponding accessor update conversion function
is applied, obtaining the value that will be converted at the following step. If the conversion functions
applied are compositional (cf. De nition 3.8), the value to be returned can be obtained by applying the
conversionfunction only once. If they are not compositional, by contrast, a sequenceof conversionsmust
be performed. In Figure 3.9 the general operational semariics of accesseso multigranular attributes
involving cast up is reported. Figure 3.9 refers explicitly to a temporal or spatial attribute, but the
semartics of spatio-temporal attribute canbe easily inferred, giventhe speci cation we formalised above.

type speci ed according granularity G. The, this attribute can be re ned in ead subclassof c¢; through
the inheritance hierarchy. If a re nement is specied in classc; for attribute a, then the re nement is
speci ed with a (spatial or temporal) type speci ed according granularity G;, where G; is ner than or
coarserthan G; 1, the granularity usedin the precedingspeci cation of attribute a, and with granularity

H be a granularity correctly speci ed, that is, in classc, attribute a is declared with granularity H,
Figure 3.9 shaws how the access(c)o:a# 1, is recursively evaluated.

When along the inheritance hierarchy a chain of re nements involves, for the sameattribute, more
than once the samegranularity, the re nement is said circular. Such kind of re nements requires the
granularity corversion(s) specied for the re nement be inverse (cf. De nition 3.9) or quasi-inverse
(cf. De nition 3.10), to ensurethat the error introduced by the corversion processdoes not exceedan
establishedbound. Circular re nements are discussedin Section3.7.4.

The semartics of cast down is simpler than that of castup, because,asfor simple accessijt doesnot
involve value conversions. To perform a cast down of an object, in order to accessor to update one of
its temporal attributes, we must ensurethat the object dynamic type be the object type speci ed for
the cast. If it is, then we simply perform the accessor the update with a granule or a temporal value of
the right granularity. Suc behavior doesnot changeif the accessor the update operation involvestwo
classesthat are not directly related by an attribute re nement. The following de nition formalisesthe
notion of accessand update involving a cast down.

De nition  3.31 (Accessand Update with Cast Down). Given two classes,c and c®, with ¢ sulclass of
c®, and an attribute a de ned in c® and re ned in c. Let o be an object with dynamic type ¢ and static
type ¢, v the temporal value of attribute a in object o. If a is a multigranular temporal attribute, let
temporalg( ) be its type. If a is a multigranular spatial attribute, let spatialg( ) be its type. Let 15 be
a granule lakel. Then, the object access(c)o:a# |} evaluatesto v(l5). Finally, let Vg be a legal value for
attribute a at granularity G. Then, the object update u((c)o:a;Vg) evaluatesto V0= v [ Vg.
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If ais a multigranular spatio-temporal attribute, let temporalg, (spatials.( )) beits type. Let IiGt be
a granule lakel of granularity Gt, I, be agranule label of granularity Gs. Then, the object access(c)o:a#
I'Gt # I'G evaluatesto v(II (15 .)- Finally, let Vg g, be a legal value for attribute a at granularities G¢
and Gs. Then, the object update u((c)o:a;Vg, c,) evaluatesto vV°= v [ Vg, .. 3

3.7.4 Analysis of Safe Re nemen ts of Temporal Attributes

In this sectionwe analyzeinteresting casesof safere nement of ST_.ODMG multigran ular attributes that
can arise in a ST_.ODMG databasestema. The discussionrefersto the databasesthema preserted in
Example 3.21. The proposedcasesare discussedaking into accourt the re nement of either the temporal
or the spatial granularity of spatio-temporal attributes. However, all the other casesof safere nements
can be inferred easily.

Renemen t to coarser granularities (")

Attribute population is de ned in class meteo with temporal granularity days, then re ned in class
urban-meteo with temporal granularity months and in class mountain-meteo with temporal granu-
larity 3months. Specializing the object domain, we actually require that updates for suc attribute are
performed lessand lessfrequertly. Each temporal attribute re nement speci es a pair of conversionfunc-
tions. Temporal granularity conversionsdeclaredfor accessinghe value belongto the samefamily restr,
that is compositional (cf. De nition 3.8). Then, given an object o with dynamic type mountain-meteo,
the accesso attribute population (meteo)o:population # 14, Ipr ovinces » With lda s and Iprovmces two
labels, represerting a granule at granularity days and a granule at granularity provinces, results in the
value restramonths | day S(v)(Imonths ) #Ipr ovinces -

Let v the value of attribute population , of type temporalzmonths (Spatial pr ovinces (int )). The update
of v with the spatio-temporal value Vyay s;pr ovinces » Of type temporalgay s(spatial pr ovinces (int )) is denoted
by u((meteo)o:population; Vgay s;pr ovinces ). 10 perform the update, the granularity conversionsspeci ed
are applied. Then, the update resultsin v [ aVOmonths | 3months (I8Stdays! months (Vday s:pr ovinces ))-

Renemen t to ner granularities (#)

Attribute snowfall is de ned in class meteo with spatial granularity provinces, then re ned in class
urban-meteo with granularity municipal ities and in class mountain-meteo with granularity hamlets.
Spatial granularity cornversionsdeclared for accessingthe attribute value are sum and split. are max
and min. Belonging to dierent families, they must be applied in the right sequencewhen perform-
ing an accessinvolving a cast up. Then, given an object o with dynamic type mountain-meteo, the
access(meteo)o:snowf all # 1L conour I'pro\,mces, given I annour &N I;), ovinces WO labels, repre-
serting a granule at granularity half anhour and a granule at granularity provinces, is equivalert to
MaXmunicipalites ! pr ovinces (MiN hamiets municipalities (V) hart anhour #I;)r ovinces -

Let v the value of attribute snowfall , of type temporalnais anhour (Spatial pamiets (int )). The granu-
larity conversionsdeclaredfor updating the value belongto the samefamily restr, that is compositional.
Then, given the value Vharr anhour :pr ovinces , Of type temporalhar anhour (SPatial provinces (int )), the up-
date u((meteo)o:snowf all; Vharr anhour ;pr ovinces ) iS performed by adding to the existing spatio-temporal
attribute value v the value restrpovinces ! hamiets (Vhaif anhour ;pr ovinces )-

Renemen t to a coarser and then to a ner granularit y (*)

Attribute snowfall is de ned in class meteo with temporal granularity months, then re ned in class
urban-meteo with granularity years and in classmountain-meteo with granularity half anhour.
Temporal granularity conversionsdeclared for accessingthe attribute value are sum and split, and
they must be applied in the right sequencevhen performing an accessinvolving a cast up. Then, given
an object o with dynamic type mountain-meteo, and givenl! . and Il ... two labelsrepreserting a
granule at granularity months and a granule at granularity hamlets, respectively, ((meteo)o:snowf all #
months )#Ihamlets , is equivalert to: Sp“tyeafs' months (SUMhalf anhour ! YeafS(V))lmonths #lhamlets :
Let v the value of attribute snowfall , of type temporalnar anhour (Spatial hamiets (int )). The granular-
ity conversionsdeclaredfor updating the value belongare split and sum, that is not compositional. Then,
given the spatio-temporal value Vimonths:hamiets  » Of type temporalmonins (Spatial namiets (int )), the update
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u((meteo)o:snowf all; Vimonths:hamiets ) IS performed by adding to the existing spatio-temporal attribute

value v the value Spli‘tyear s! months (SUMhait anhour ! years(Vmonths;hamlets  ))-

Moreover, given I s and 1o o inces two labels represerting a granule at granularity months and
a granule at granularity provinces, the access(meteo)o:snowf all # 11, ,s # I ovines » 1S €quivalert to
Sp”tyears! months (maxmunicipalities I provinces (Sumhalf anhour ! years(min hamlets ! municipalities (V)))) #
I}mmhs # I;)r ovinces + T1hen, giventhe value Vimonths:pr ovinces » Of typetemporalmontns (spatial pr ovinces (int )),

the update u((meteo)o:snowf all; Vmonths:pr ovinces ) IS performed by adding to value v the value
Sp”t year s! months (Sumhalf anhour ! years(reStrpr ovinces ! hamlets (vmonths;pr ovinces )))

Circular renemen t through a coarser granularit y (4)

Supposeattribute snowfall is re ned in classmountain-meteo with temporal granularity months, in-
stead of granularity half anhour. This is a particular caseof the preceding one, that models a class
hierarchy in which an attribute is rst re ned with a coarsergranularity and then re-re ned to the initial

granularity of the hierarchy. Sincethe selectedconversionfunction for performing both accessand update
belongto families that are devisedto be quasi-inversewith respect to De nition 3.10,we can ensurethat

the conversionsperformed do not introduce an error greater than the speci ed bound .

Renemen t to a ner and then to a coarser granularit y (_)

Attribute rainfall is de ned in classmeteowith granularity months, then re ned in classurban-meteo
with granularity days and in classmountain-meteo with granularity years. Then, attribute speci cation
in classurban-meteo requires the declaration of a re nement function for updating the value and of
a coercion function for accessingit, and suc functions are split and sum; whereasthe speci cation
of rainfall  in class mountain-meteo requires the declaration of a coercion function for accessingthe
attribute value and of a re nement function for updating it, and such functions are sum and split,
respectively. Such attribute re nement is the logical inverse of (*) we discussedabove for attribute
snowfall . Given for instancel! ... and l:"nunicipalities two labels represerting a granule at granularity
months and a granule at granularity municipal ities , respectively, the accesdo attribute rainfall  with
temporal value v of an object o with dynamic type mountain-meteo, denoted by (meteo)o:rainf all #
IIrnonths # IIrnunicipalities , Is equivalent to SUMday st months (split year s! dayS(V))(llmonths ) # IImunicipalities
To perform the update u((metec)o:rainf all; Vimonths;municipalites ), the value Vmonths:municipaiities , of
type temporalmonths (Spatial municipaiites  (int )), must be converted by using the granularity conversions
DfOVided to the value SUMay s! years(sp“t months ! day s(vmonths;municipalities )), and then appendedto the
existing attribute valuev.

Circular renemen t through a ner granularit y (r)

Supposeattribute rainfall  is re ned in classmountain-meteo with temporal granularity months, in-
stead of granularity years. This is a particular caseof the precedingone, that models a classhierarchy
in which an attribute is rst re ned with a ner granularity and then re-re ned to the initial granularity
of the hierarchy. Sincethe selectedconversion function for performing both accessand update belong
to families that are devisedto be quasi-inversewith respect to De nition 3.10, we can ensurethat the
conversionsperformed do not introduce an error greater than the speci ed bound .

3.8 Implemen tation Issues

The main issuesin the implementation of the spatio-temporal framework described in this chapter are
related to the designof the data structures for storing/representing multigran ular spatio-temporal data; to
granularit y conversions;to the designfor supporting the navigational systemfor querying spatio-temporal
data; and to the designof the support for safere nements of multigran ular spatio-temporal attributes.
In the remaining of the section, we discussead of these aspects separately using a Java-like syntax to
represen the main data structures. The main issuesof implementation of granularity cornversionshave
beendiscussedin Section 3.5. Then, in the remaining of the section we simply proposea designthat is
functional to understand the other aspects.
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Figure 3.10: Data structure for multigran ular spatial values

3.8.1 Representation of Multigran ular Spatio-temp oral Attributes

Spatial, temporal and spatio-temporal attribute valueshavedi erent characteristics, then require di erent
data structures to be modeled e cien tly.

3.8.1.1 Storing multigran ular spatial values

A value vs of type spatial g, ( ) formally is a partial function mapping the spatial granules of granularity
Gs to valuesof type 2 Togmg [ Tgeom . Such a function can be represerted by its graph asa set of pairs
< g;v >, whereg is a granule of granularity G5 and v is a value of type . Valuesin vg are not ordered.
Moreover, for eact granule g a unique value v is allowed. A suitable structure to represen V is an hash
table, that in Java is implemented by type Map The entry of the hash table is given by the granules g.
Given a granule g, the hash function retrieve in constart time the corresponding valuesv. According to
the implementation of granularity we discussin Section 2.4, g can be an object of type Granule (then,
g is an object id). v can be represerted di erently accordingto its type . If 2 LT oamg, V is a literal
value, then it can be stored directly in the hashtable. By contrast, if 2 OT gdmg [ Tgeom, V is an object
id, represerting an object de ned in the database schema, or an object represering a (set of) vector
feature(s) belonging to the Geometry hierarchy (cf. Section 3.3). Indices can be maintained to manage
e cien tly value vs, on the textual labels of granules (e.g., a B-Tree), or on their physical represenations
(e.g.,R-tree). A graphical represertation of the data structure for multigran ular spatial valuesis depicted
in Figure 3.10. A graphical represenation of the three possible categoriesof valuesfor v, according to
the type , is reported. Note that, actually, the value v of vs must be consistert with the type de ned,
i.e., of the sametype

3.8.1.2 Storing multigran ular temp oral and spatio-temp oral values

A value vy of type temporalg, ( ) is a partial function from the set of temporal granules of G; to the
set of legal values of type , which domain is ordered according the indices that identify the granules.
Also in this casethe value is a set of (ordered) pairs of the form < g;v >, whereg is a temporal granule
of granularity G¢, and v is a value of type A suitable structure to represen such a value is a B-Tree,
or a B* -Tree, supposing that queriesoften involve valueswhich granules are contiguous. The structure
must be orderedwith respect to the indices of the granules, maintained in the objects of type Granule as
suggestedn Section2.4. If 2 LT oamg , the value can be maintained directly in the B-Tree. By cortrast,
if v is of type OT gamg [ Tgeom, the B-Tree storesthe identi er of the object represerted. A graphical
represenation of the data structure for multigran ular temporal valuesis depicted in Figure 3.11.

Moreover, if 2 S, i.e., vt is spatio-temporal, v can store the referenceto the hash map represering
the multigranular spatial inner value, according to that discussedabove. A graphical represenation of
the data structure for multigran ular spatio-temporal valuesis depicted in Figure 3.12.
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‘ 19%/J/ ‘ ‘ 1998 ‘ ‘ ‘ 2000 ‘ ‘ ‘2006 ‘ ‘
— >
TP e G @O
gs4
——

gs4 gs4 gs4
gs6 — gs6 B gs6 I gs6 P

Figure 3.12: Data structure for a multigran ular spatio-temporal values

3.8.2 Granularit y Conversions

The design of the implementation of granularity corversionswe proposein this section relies on the
implementation of coercion functions in the prototype of the T_ODMG model [BFGMO03]. Moreover, such
designis suitable for the implementation of the standard behaviour of prede ned granularity corversions
(cf. Section 3.5). Such a behaviour should be targeted to ead application in the user classmethods.
The standard behaviour of prede ned granularit y conversionscanbe implemented by alibrary of static
methods, such as that depicted in Figure 3.13. Each method represerting a coercion function takesas
input an array of valuesand returns the corverted value. Each method represerting a re nement function
takesasinput avalue and returns the converted value. For instance, supposea temporal attribute domain
is re ned from granularity years to granularity months and the coercion function sumis speci ed. If we
accesssudh attribute for an object o in the superclassasking its value in year 1997,to coercefrom gran-
ularity months to granularity years, method GranConversion. sumis invoked on the array of the twelve
objects corresponding to the valuestaken by that attribute in the twelve months of 1997. The type of the
parametersand of return valuesof methods implementing statistical cornversionsis Object (or an array of
Object values), then the methods can be conveniertly applied to temporal and spatial statistical values.
By cortrast, geometricalgranularit y conversionshave parametersand return valuesthat correspond to the
speci ¢ typesof the geometric value involved, according to the Geometry object type hierarchy givenin
Section3.3. For example,method GranConversion.rc ontr,takenaregionr (represered by the parame-
ter of type Region) returns a point (implemented by an object of type Point ), that represerts the certroid
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public class GranConversion f
/* Geometric Conversions */ ;
static Point Icontr(Line 1) f... g; [*  Statistical Conversions */ ;
static  Point rcontr(Region r)f... g; static  Object sum(Object[] v)f... g;
static Line rthinning(Region r)f... g; static Object avg(Object]] Vv)f... g;
static Line Imerge(Line[] ) f... g; static  Object min(Object]] v)f... g;
static Region rmerge(Region]] ) f... g; static Object max(Object]] v)f... g;
static  Line Isimp(Line ) f... g; static  Object proj(Object[] v, int n)f.. g;
static  Region pabs(Object g)f... g; static  Object first(Object[] v)f... g;
static Region labs(Object g)f... g; static Object last(Object]] v)f... g
static  Line expp2l(Point p)f.. g; static  Object]] restr(Object v)f... g;
static  Region expp2r(Point p)f... g; static Object[] split(Object v)f... g
static  Region expl2r(Line ) f... g; static  Object[] restr(Object v,Object p)f... g;
static Line[] Isplit(Line I, Point p)f.. g; static Object[]] split(Object v,Object p)f... g;
static  Region[] rsplit(Region r, Line I) f... g; .. g
static Line addp2i(Line 1, Point p)f.. g;
static Object addp2r(Region r, Point p)f... g;
static  Object addI2r(Region r, Point ) f... g;

Figure 3.13: Granularity corversions

| Operator | SElement Metho d name | TElement Metho d name

[ union union

\ intersection intersection
n difference difference
I cardinality cardinality
G() convert convert
first first

last last

proj (n) proj

Table 3.1: Implementation of Operation among Temporal and Spatial Elemert

of the region in input. Parameter g in methods GranConversion. pabs and GranConversion.l abs, as
well the return valuesof methods GranConversion.a ddp2r and GranConversion.a ddi2r , represerts, in
the generalcase,a set of vector features ( of type set < Geometry> in ST . ODMG model).

3.8.3 Multigran ular Navigational Access

The design of the implementation of the ST ODMG spatio-temporal navigational system relies on the
implemenrtation of the temporal navigational system of the prototype of T_ ODMG model [BFGMO03], as
discussedin [Ber01]. Sud a design provide all the basic componerts of the navigational system, that
could be combined to obtain complex speci cations.

A basic componernt of the navigational systemis represenied by temporal and spatial elemerns, that
are used to accessmultigranular spatio-temporal values. Figure 3.14 reports a possible implemerta-
tion of temporal and spatial elemens. Temporal and spatial elemers could be implemented by two
class TElement, represerted in Figure 3.14(b), and SElement, represerted in Figure 3.14(c), that ex-
tend an abstract class Element, that groups the characteristics they have in common, as depicted in
Figure 3.14(a). In particular, classElement reports the represenation of the elemern, given by a set of
granules, represerted by attribute granules , an array of objects of type Granule, and the implementa-
tion of setoperationsn, [,\, andj j on suc set. ClassesTElement and SElement could override such
implemertations, in order to provide more e cien t ones. Moreover, both classesmust implement the
abstract method convert , that allow to convert a spatial or a temporal elemert at a dierent, ner or
coarser, granularity. Finally, class TElement should provide also the methods to implements operators
first, last, and proj(n). Table 3.1 givesthe correspondenceof methods of class TElement and class
SElement and the operators they implemert.

Furthermore, to implement spatio-temporal expressions,that allow to represer implicitly temporal
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public abstract class Element f
public Granule[] granules;
abstract public Element convert(Granularity 9);
abstract public Element intersect (Element e)...;
abstract public Element union (Element e)...;
abstract public Element difference (Element e)...;
public int cardinality()...;
-9
@)
public class TElement extends Elementf
public Element convert(Granularity 9)...;

public TElement first((TElement €).. public class SElement extends Elementf

public TElement last(TElement  e).... public Element convert(Granularity 9)...;

public TElement proj(TElement e, int n)...; -9 ©
-9

(b)

Figure 3.14: Implementation of spatial and temporal elemen (a) Class Element (b) Class TElement (c)
Class SElement

and spatial elemers, the implementation of the temporal and spatial versionsof comparisonand topo-
logical relationship operators must be provide. Since such operators are applied among spatio-temporal
values, their implementation should be conveniertly provided in the classthat implemerts such values.
Figure 3.15reports the implemertation of class(b) TValue, that represers multigran ular temporal values;
(c) SValue, that implements multigran ular spatial values;and (d) STValue, that implements multigran-
ular spatio-temporal values. Such classesare de ned as subclassesof the abstract classMValue (a), that
represert multigranular values. Each multigranular value is represered by a physical represenation
(cf. Section 3.8.1) stored in attribute value . Given a value, methods access, conversion and update
represen the accessto the value, accordingto a single granule (access (Granule g)) or according to
a (spatial or temporal), elemen (access (Element e)), to convert it to a di erent granularity and to
update it. Method conversion has a parameter, represeriing the name of the granularity corversion
to apply to the value, and the target granularity of the conversion®. Sud methods must be imple-
mented in the subclass TValue and SValue, according to the physical represenation usedto represen
the temporal or spatial value. Moreover, TValue and SValue give the implementation of the temporal
and spatial operators that can be applied to the value to retrieve a temporal and a spatial elemen.
The correspondenceamong the classmethods and the operators is given in Table 3.2. Every method is
de ned with a parameter of type Object , allowing to comparethe value with every type of values, either
multigran ular or not. Finally, classSTValueis de ned as extensionof classTValue, in order to reusethe
code of the superclass,becausetemporal and spatio-temporal values could be conveniertly represered,
aswe discussedabove, using the samedata structure. Moreover their behavior is similar, evenif access,
conversion and update methods must be overridden in order to managee cien tly the dierent inner
type. Class STValue must also provide the implementation of the methods represeriing spatial version
of comparisonand topological operators that result in spatial elemerts.

3.8.4 Implemen tation of Attribute Renemen t

The implementation of the support of safeattribute re nements we discussedin Section 3.7 require to
manage,with respect to a non-re ned attribute, the additional information that describe the re nement
operation. In particular, a re nement is completely described by the current granularity(ies) of the
attribute, by the granularit y(ies) of the attribute in the superclass,and by the granularity conversionsto
usefor accessinghe value and for updating it, accordingto the re nement. Sud information canbe stored
in an additional structure that can be initialized for ead attribute accordingto the speci cation givenin
the databaseschema, and retrieved when needed. Class Refinement reported in Figure 3.16 represerts
such a structure. ClassRefinement contains four attributes: currentG , that storesthe attribute current

19Note that only one granularity is modied. Then, conversions of spatio-temp oral values could require two calls to
method conversion .
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abstract class MValud
Object value;

Value access(Element e);
Object access(Granule g);

Value conversion (String gconv, Granularity

void update (Value);
-9

public class TValue extends MValug
Value access(Element e) f... g;
Object access(Granule g) f... g;
Value conversion (String gconv,
Granularity g) f... g;
void update (Value) f.. g;
TElement whenlsEqual (Object v) f... g;
TElement whenlsNotEqual (Object v) f... g;
TElement whenlsGreater (Object v) f... g;
TElement whenlsLess (Object v) f... g;
TElement whenlseqGreater (Object v) f... g;
TElement whenlsEgLess (Object v) f... g;
TElement whenlsSEqual (Object v) f... g;
TElement whenlsDisjoint  (Object v) f... g;
TElement whenmeets (Object v) f... g;
TElement whenOverlaps (Object v) f... g;
TElement whenContains (Object v) f... g;
TElement whenlsinside (Object v) f... g;
TElement whenCovers (Object v) f... g;
TElement whenlsCovered (Object v) f... g;
-9
(b)

g f.. g

@)

public class SValue extends MValud
Value access(Element e) f... g;
Object access(Granule g) f... g;
Value conversion (String gconv,

Granularity g) f... g;

void update (Value) f.. g;
SElement wherelsEqual (Object v) f... g;
SElement wherelsNotEqual (Object v) f... g;
SElement wherelsGreater (Object v) f... g;
SElement wherelsLess (Object v) f... g;
SElement wherelseqGreater (Object v) f... g;

SElement wherelsEgLess (Object v) f... g;
SElement whereisSEqual (Object v) f... g;
SElement whereisDisjoint ~ (Object v) f... g;
SElement whereMeets (Object v) f.. g;
SElement whereOverlaps (Object v) f... g;
SElement whereContains (Object v) f... g;
SElement wherelsinside (Object v) f... g;

SElement whereCovers (Object v) f... g;
SElement wherelsCovered (Object v) f... g;
-9

(©

public class STValue extends TValuef
Value access(Element e) f... g;
Object access(Granule g) f... g;
Value conversion (String gconv, Granularity
void update (Value) f... g;
SElement wherelsEqual (Object v) f... g;
SElement wherelsNotEqual (Object v) f... g;
SElement wherelsGreater (Object v) f... g;
SElement wherelsLess (Object v) f... g;
SElement wherelseqGreater (Object v) f... g;

9 f. g

SElement wherelsEgLess (Object v) f... g;
SElement whereisSEqual (Object v) f... g;
SElement whereisDisjoint ~ (Object v) f... g;
SElement whereMeets (Object v) f... g;
SElement whereOverlaps (Object v) f... g;
SElement whereContains (Object v) f... g;
SElement wherelsinside (Object v) f... g;

SElement whereCovers (Object v) f... g;
SElement wherelsCovered (Object v) f... g;
-9

(d)

Figure 3.15: Spatio-temporal values(a) Class TValue (b) ClassSValue (c) Class STValue
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Temp oral Op erator | Metho d name

Spatial Operator | Metho d name |

=7 whenlsEqual =s wherelsEqual

<> 7 whenlsNotEqual | <> g wherelsNotEqual
<t whenlsLess <g wherelsLess

> whenlsGreater >q wherelsGreater
<=7 whenlIsEqgLess <=g wherelsEgLess
>=1 whenIsEqGreater | >=g wherelsEqGreater
equaly whenlsSEqual equals wherelsSEqual
disj oint 1 whenlsDisjoint disj oint s wherelsDisjoint
meetr whenMeets meetg whereMeets
overlapr whenOverlaps overlaps whereOverlaps
contsainst whenContains contsainss whereContains
inside 1 whenlsinside inside s wherelsInside
coveredbyr whenlsCovered coveredbys wherelsCovered

Table 3.2: Implementation of spatio-temporal operators

class Refinement f private Granularity[2][] currentG;
private  Granularity[2][] superG;
private  String[2][] af;
private  String[2][] uf;

¢}

Figure 3.16: Class Redefinition

granularit y(ies); superG, that storesthe granularity(ies) of the attribute in the superclass, before the
re nement; af and uf which are the assaiated granularity conversionsto usefor accessand for update,
respectively. The corversion functions are used to guarantee substitutabilit y and to update correctly
(with the right granularity(ies)) the attribute value. Then, the accessorand mutator methods of eat
attribute must be implemented in order to take into accourt the conversion functions speci ed in the
re nement.

3.9 Concluding Remarks

In this chapter we have de ned a data model that includes spatial and temporal aspects of data and
represenations at multiple granularity. We have developed a multigran ular spatio-temporal extension of
ODMG model that supports a uniform speci cation for multigran ular spatial and temporal types, that
can be easily composedin multigranular spatio-temporal types. The support for spatial and temporal
conversions of spatio-temporal data at dierent granularities is provided. This is an important func-
tionality for analyzing spatio-temporal data. Queries on temporal multigranular objects, suc as path
expressionstraversing attributes stored at di erent granularities, require corverting the traversedtem-
poral value at the appropriate granularity. Moreover, we adopt an integrated approach that uniformly
handlesboth spatial and temporal data, di eren tiating itself from traditional GIS systems.

In the context of that model, we have then investigatedattribute re nement alongthe classinheritance
hierarchy, allowing the granularit y(ies) at which attribute valuesare storedto bemodi ed in subclasses.A
consequencef attribute re nement is that, to ensuresubstitutabilit y, wheneer an instance of a subclass
is accesseds an instance of one of its super-classesthe needarisesof corverting the attribute value to
the granularit y(ies) of the attribute in the superclass. Then, granularity conversionscan be speci ed in
the subclass,in order to ensuresubstitutabilit y.

Although some of the issueswe addresshave already been individually investigated, our approac
represens the rst unied formalisation that combines multirepresentation for spatial and temporal
information in an object data model.

Coercionand re nement functions we describe in Section 3.4 rely on semartic assumptionsintro duced
by Bettini et al. [BWJ98], that formalise implicit information derived from temporal data stored in (re-
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lational) databases.Moreover, our speci cation for re nement functions recalls valid-time indeterminacy
intro duced by Dyreson and Snodgrassin [DS98, DELSO0Q], where probability distributions are related to
a set of indeterminate time instants (or periods). In particular, the re nement function split is de ned
accordingto the approac suggestedfor dealing granularity mismatch. The set of standard distributions
preseried in [DS98 DELSOQ)] is totally covered by our approad, and non-standard onescan be easily
integrated by user-de ned re nement functions. Our re nement functions, moreover, explicitly give the
semariics of the applied conversion. Note, however, that the goal of [DS98, DELSO0Q] is converting
granules from one granularity to another, rather than converting temporal values. Thus, the approac
we proposesigni cantly extendsthe existing proposalsto granularity conversions.

Furthermore, comparedwith recert related work [HE02, KRSOO02] we have de ned a set of functions
that cornvert spatio-temporal values (instead of granules and granularities) at di erent spatial and tem-
poral granularities. Granularity cornversionsare performed by applying di erent semartics, according to
the semartics of data or speci ¢ needs,and are embeddedin the query language,enriching its expressie
power. Compared with [Van01, CJ0OQ], we provide a more powerful support of time dimension, that is
orthogonal to the represenation of space. Moreover, we support both spatial and temporal multirepre-
sertation of spatio-temporal data, through the application of granularity conversions,that allow one to
represen spatio-temporal data at di erent spatial granularities, both ner and coarser. The conversions
we support result in a set of data represertations that can be organizedin a hierarchical way, accordingto
userrequiremerts. Furthermore, our approach to support hierarchical represenations of spaceis opposite
to that proposedby Timpf [Tim99], becauseour support to di erent spatial levels of detail is declarative.
Spatial granularities are speci ed in attribute typesin classegde nition. Moreover, an attribute value is
converted to a di erent spatial granularity by applying a speci ¢ conversionfunction, that entails a given
semartics. With respect to [SW98], we support a concrete notion of spatial granularity, and we specify
a set of operators to usefor corverting a geometric data at di erent spatial granularity.

The ST_.ODMG model could be further extendedin seeral directions. The query languagepresened
should be integrated with spatial operations, such as map overlay, and by adding condition speci cations
for re ning the application of spatial conversionsto portions of spatial attribute values. Moreover,
the ST_.ODMG data de nition languagecould be extendedto allow for the explicit storage of topological
relationships of spatial data represerned in temporal maps, that is, a critical issuefor speedingup queries.
Furthermore, following speci cations and international initiativ essuc asthe Open GIS Consortium and
the INSPIRE project [INSPIRE] an XML-based version of our model, as well as a object-relational
version, could be de ned.
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Part 11

Expiration of Multigran ular
Temporal and Spatio-T emp oral
Ob jects

This secondpart of the thesisdealswith the expiration of temporal and spatio-temporal objects. Speci -
cally, the support of multigran ularity in heterogeneousnodelshasbeenextendedto allow the modi cation
of attribute granularities and the deletion of attribute values.

We rst describe the T_ODMGe model, that supports dynamic attributes, i.e., temporal attributes
for which periodical expirations are performed according to the age of data. Then, we investigate the
support of dynamical expirations in a spatio-temporal model supporting both valid and transaction
time, by designingthe ST>_.ODMGe model. The work preserted in this part of the thesis relies on the
formalisation of the ST_ODMG model we preseried in Chapter 3, and on the temporal formalisation
proposedin [BFGMO03]. The formalisation of the T_ODMGe model we propose has been published in
[CBGMO02, EBGMO04, BCGO04].
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Chapter 4

T_ODMGe: A Data Mo del
Supp orting Dynamic Attributes

A well-known problem of temporal databasesis that the amount of stored data tends to increasevery
fast. Moreover, detailed data are useful when they are acquired but they often becomeless relevant

after sometime. In most cases,after a period of time only summarized data needto be kept, whereas
detailed data expire and can be removed from the database. Multigran ular temporal databasesenhance
the expressive power of temporal databasesby supporting temporal attributes at di erent levelsof detail.

However, in existing approachesthe level of detail of an attribute, that is its granularity, only dependson
the attribute semartics and doesnot depend on how recert the attribute valuesare. In this chapter we
proposean approad supporting the aggregationof di erent portions of the value of a temporal attribute

at dierent levels of detail, and the deletion or the transfer to tertiary storage of old valuesat a given
level of detail, in order to minimize disk storage occupancy In the proposed multigranular temporal
object-oriented data model, the expiration of attribute values at a given granularity can be speci ed,

together with the action to take when data expire: either aggregationto a coarsergranularity, or deletion
of values, or both.

Then, we discussaccessto dynamic attributes. Dierent strategies can be applied, with respect to

available data and to the preferencesspeci ed by the useron either accuracy or e ciency in executinga
qguery. We devisesomeproperties of object accesghat canbe applied to speedup the query process,such
asthe invariance of the queriesresults with respect to expiration operations, and the static detection of
unsolvability of a query.

This chapter is organized as follows. Section 4.1 introducesthe problem of expiration of historical
attributes. In Section4.2webrie y introducethe T_ODMGe model, that extendsthe T_ODMG model to
support the represenation of the valuesof a temporal attribute at di erent granularities. In Section 4.3
we describe the syntax for expiration speci cation in a databasesthema, while in Section 4.4 we discuss
the time dimension and interpretation of temporal frequenciesadopted in T_ODMGe. Section4.5 deals
with the execution of the expiration operations. In Section 4.6 we describe how T_ODMGe objects are
accessed. We discusseshow object T_ODMGe accesscan be ewvaluated, discussingsome properties of
object accessesFinally, Section 4.8 concludesthe chapter, comparing its contribution with the related
literature.

4.1 Handling Expiration of Multigran ular Temporal Ob jects

Temporal databasesare becomingincreasinglyrelevant in seweral application areas,such asmeteorological
forecasts, nancial analysis, tax payment control, and medical information systems. The possibility to
consider temporal or historical attributes, that is to store all valuesthat an attribute takesover time,
allows one to compute aggregatefunctions on these valuesand to identify trends of future values. For
example, in a meteorological database, values of the daily temperature of a city for the last year can
be aggregatedat seasonlevel in order to determine the seasonaveragetemperature. Suc information,
together with the sameinformation for the previous ten years, can be usedto predict the temperature
of the next year. However, a main drawback of temporal databasesis that the amount of values that
needsto be stored and accessedvhen processingqueriesincreasesfaster than in traditional databases.
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Moreover, data at a ne level of detail are useful when they are acquired, but they often becomeless
relevant after sometime. In most cases,after a period of time only aggregatedata are of interest to
applications and users. For example, details on the kernel temperature in a nuclear power station are
relevant at granularity of secondswhen they are acquired, but after a month only the daily averagecan
be of interest. Detailed data can be removed from the database,in order to make available storage space,
or moved to tertiary storage. In the rst caseonly aggregatedata remain available to applications and
users,whereasin the secondcase,detailed data are still accessibleput query processingtime increases.

Multigran ular temporal databasesenhancethe expressie power of temporal databasesby handling
temporal attributes at dierent levels of detail. Thus, in the meteorological database example, it is
possibleto store, for a given city, the temperature for eacd day, the pollution for eat hour, and the wind
intensity and direction for eadh minute. Howewer, it is important to point out that the required level
of detail doesnot only depend on the attribute semartics, rather it is often related to how recernt data
are. As discussedabove, it is quite natural that recert data be provided with a greater level of detail,
whereaslessdetail is neededas data age. Despite its practical importance, data models and systemsfor
multigran ular temporal databaseshave not addressedsuch a requiremert so far.

Even though one may come up with a variety of multigranular temporal data models and systems
able to relate detail levelswith data age,we believe that there are two crucial functionalities that should
always be provided. The rst one dealswith capabilities for computing and materializing aggregatesof
temporal valuesat dierent levels of detail. Materialization, in particular, is instrumental for e cien tly
answering queriesthat require aggregatedtemporal values. The secondone deals with capabilities for
deleting/moving out of the online database past valuesat a given level of detail, in order to minimize
the disk storage spacé. Mechanismsimplementing these two capabilities are orthogonal. That is, for
a given attribute both the ewolution from a granularity to another one and the deletion of valuesat a
certain granularity can be speci ed, while for another attribute its valuesat a certain granularity can be
deleted without having to aggregatethem at a coarsergranularity, or they can be aggregatedat a coarser
granularity without deleting them.

We addressthe above requiremerts by designingT _ODMGe, a multigran ular temporal object-oriented
data model which supports the speci cation of dynamic attributes. A dynamic attribute is a temporal
attribute for which expiration conditions are speci ed. An expiration condition is given specifying an
expiration frequencyfor the attribute value at a certain granularity, and the action to take when data
expire: either evolution at a coarsergranularity, or deletion of values, or both. If the action speci ed is
a deletion, the expiration condition must also specify the amount of data to expire, expressedhrough a
temporal period.

Thus, in our model, at schema level, it is possibleto specify that an attribute granularity can be
ewlved to a coarser granularity after a period of time. The way in which the attribute granularity
ewlvesis speci ed by meansof coercion functions?. Sud an approad allows one to obtain summary
information { through aggregation,selection,or userde ned operations{ from historical data. The model
supports as well the possibility of specifying the deletion of values corresponding to a set of granules,
namely the oldest ones,from the database. To dewvelop sudh an expiration mecanism, we need rst to
revise the notion of multigranular temporal object model, so that di erent portions of the value of a
temporal attribute can be stored at di erent granularities. Attribute valuesat dierent granularities are
related by meansof coercion functions. The coercion functions applied depend on attribute sematrtics.
T_ODMGe model is obtained asan extensionof the T_ODMG model [BFGMO03], which is a multigran ular
temporal extensionof the ODMG object model (cf.Chapter 1).

A languageto specify attribute granularity evolution and value deletion is then proposed. We assume
that the user speci es such information at schemade nition level becauseexpiration conditions depend
on the attribute semarics and on speci ¢ policies of the application domain. For instance, according
to current Italian laws, tax recordshave to be kept for 5 years, whereasdetails on bank transactions of
an accourt have to be kept for 60 days. In the last example, moreover, after 60 days, only the accourt
balance has to be maintained for the next 60 days. We then investigate how expiration frequencies
and amournt of temporal data to delete, both expressedas temporal periods, can be interpreted in a
temporal model basedon valid time like ours, and we proposea lazy approac to dynamic attribute
managemen. The semartics of dynamic attributes is then investigated, discussinghow update operations
on these attributes are performed, and how they can trigger the execution of expiration operations.

1we handle moving of data to tertiary storage as deletion, then we will simply refer to deletion in what follows.
2Cf. De nition 3.7.
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Particular attention is devoted to the managemen of non-monotonic updates and to the incremertal re-
computation of aggregationsin caseof updatesto portions of an attribute that have already participated
in an expiration. The model supports as well the speci cation of deletion® of the oldest valuesfrom the
database.

Moreover, we investigate the accesgo dynamic attributes, that provide the core of a query language
for the T_ODMGe model. In particular, we refer to the atomic accessto a dynamic attribute valuein a
temporal granule. Alternativ e strategies can be applied to execute an access:the answer accuracy and
the query execution e ciency are the parameterswe take into accourt. We nally identify and discuss
somerelevant properties of the object access. Since our object accessmecanism is targeted to a data
model with dynamic attributes, we characterize and devise the conditions for invariance of an object
accesswith respect to the two forms of attribute expiration we consideredin T_ODMGe, i.e., granularity
evolution and value deletion. Moreover, we devisethe conditions for detecting unsolvableobject accesses,
i.e., by analyzing the databasestema speci cation we can infer that they would produce no result for
any databasestate.

42 T_ODMGe The reference model

In this sectionwe presert T_ODMGe, a multigran ular temporal object-oriented data model that supports
attributes whosevaluesare tuples of temporal values (that is historical values) expressedusing di erent
granularities. Dierent portions of the attribute value over time, indeed, can be stored at di erent levels
of detail, and are thus represeried by temporal valuesat di erent granularities. This is the key feature
of our model. Referring to the running example, since values for the tax payment attribute can be
maintained at oneyear, v e yearsand ten yearsgranularities, the tuple value for this attribute contains
three temporal values, one for eat granularity we consider. Note that, sincewe introducein T_ODMGe
the possibility to delete portions of historical values,a tax payment value referring to a particular instant
is not necessarilypresen into the databaseat all of these levels of detail, that is the three temporal
values do not necessarilycover the sameamount of time and in particular the sametime interval. In
the general case,the value of an attribute represeried at di erent levels of detail is a tuple of temporal
valuesthat refersto di erent time intervals that potentially intersect ead other.

The componerts in a tuple value are ordered from the nest granularity to the coarsestone. Then,
the rst componert of the tuple value of the running exampleis the temporal value at granularity year,
the secondcomponert is the one at granularity v e years,and the last componert is the temporal value
expressedat granularity decades.

The temporal value stored asthe rst componert of a value tuple, which is the temporal value that
is updated directly by the userto perform attribute updates, will be referred as the value at the base
granularity in the tuple for the attribute, that is the nest granularity declaredfor it. Moreover, the
other temporal valuesthat appear in the tuple are computed starting from this value. A temporal value
storedin the i™ componert of the tuple is obtained by applying a coercion function to the temporal value
storedin the (i 1) componert. Therefore, by consideringvaluesfrom nest granularity to coarserone
within the tuple, temporal valuesfor the sameattribute are stored at coarserlevels of detail. A tuple of
coercion functions is speci ed in the schemafor ead dynamic attribute for which evolutions are speci ed,
to state how the temporal value at granularity i is obtained from the one at granularity i 1.

The expiration of attribute valueis modeledby consideringthe sametype systemde ned for T_ODMG,
and retains the basicnotions of granularities, temporal typesand values,and coercion functions. Only the
de nitions of class,object, and object consistencyare a ected by the inclusion of evolution and deletion
notions. This approad allows us to enhancethe expressie power of the basemodel, yet retaining the
underlying type system. Sincethe intro duction of dynamic attributes only a ects the structural compo-
nents of the model, in the remainder of the section, we will focuson its structural characteristics, that is
attributes, disregarding methods and relationships. In T_ODMGe, coercion functions allow oneto ewlve
the granularity of temporal attributes. Moreover, T_ODMGe model usesalsore nement functions®, that
are applied to temporal valuesto solve the accessto multigranular temporal objects. The remaining of
the Sectionis dedicated to the description of the new features of T_ODMGe. Speci cally, Section4.2.1

3Moving of data to tertiary storage doesnot intro duce new issues, thus we will not explicitly consider it in what follows.

4We refer to the time interval bounded by the oldest and the more recert time instants considered to timestamp a
temporal value.

5Cf. Denition 3.7.
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revisits the de nitions of T_ODMG classand object, whereas Section 4.2.2 presernis the constraints a
T_ODMGe object must meetin order to be a consistent instance of a class.

Running Example: Tax Declarations.  Throughout the chapter we will refer to an Accountant
who wishesto store in a databaseinformation about tax declarations of his customers. According to
current Italian laws, the Accountant should maintain for at least v e yearsthe tax recordsof ead given
year. This is indeedthe period of time during which tax inspections are possible. Moreover, in order to
analyze the trends of customer activities in longer periods of time, the Accountant wishesto store for
ead customerthe averagetax payments for the last v e years. Finally, after ten years, starting from the
averagetax payments previously computed, he wishesto record only the maximum one.

42.1 T_ODMGe Classes and Objects

A T_ODMGe classdeclaration allows the de nition of the external speci cation of an object type. A class
declaration consistsof a classidenti er, that represerns the object type of the class,and a set of attributes.
Each attribute hasanameandatype. Asin T_ODMG, an attribute of aT_ODMGe classcanbetemporal,
if we are interested in storing valuesit has taken over time, or static, if only the current value of the
attribute is kept. Temporal attributes have a temporal type at a certain granularity as domain, whereas
static attributes have a static type as domain. In T_ODMGe, we can de ne also dynamic attributes
to support the represenation of di erent portions of the history of a temporal attribute according to
di erent granularities. The domain of a dynamic attribute is a Cartesian product of temporal types,
ead with the sameinner type and with a di erent granularity. Sinceeadch componert of this Cartesian
product basically represens the same temporal information, though expressedat a dierent level of
detail, the attribute de nition also cortains a tuple of coercion functions®, specifying how values at a
given granularity are generatedfrom the values of the corresponding granules at the ner granularity.
Moreover, a tuple of re nement functions’ can be speci ed, in a dynamic attribute de nition. If so, they
state how to (re)obtain a detailed value deleted from the database,from a summarizedvalue at a coarser
granularit y®.

The following de nition formalizesthe notion of attribute speci cation in T_ODMGe, which represerts
the main di erence betweenthe de nition of classesn T_ODMGe and T_ODMG.

Denition 4.1 (T_ODMGe Attribute Speci cation) . The attribute speci ¢ ation attr of a classcis a set
containing an elementfor each attribute of the class. Each elementis a triple (ay pe; @name ; 8coerc[; aref 1),
whele:

ay pe IS the attribute domain type, i.e.:

aype 2 LT odmg [ OT odmg , i-€., it is a literal or an object type or

aype = (1;::7; n); such that n 1, j = temporalg, (), 1 ] n, 2LT ][ OT,
G, i Gy

aname 1S the attribute name;

acoerc IS @ tuple of coercion functions®, suchthat:

oere (C1;:::5Cn 1) if @aype= (1;::%5 n)
whem, for eachfor eachi; 1 i n 1, CG:[i]! [i+1]. 3

aref IS a tuple of re nement functions!®, such that:

ref (Ri;::55Rn 1) if @ype = (133515 n)
whemr, for eachforeachi; 1 i n L, Ry :[i«2! [ill- 3

6Cf. De nition 3.7.
7Cf. De nition 3.7.
8The use of re nemen't functions in dynamic attribute de nitions is described in Section 4.6.
9Cf. De nition 3.7.
10Cf. De nition 3.7.
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Figure 4.1: Example of object state

Example 4.1 Consider the tax payment example. Supmsethat a classtaxpayer is speci e d represent-
ing information alout customers and their tax payments. The class attributes are: scal_code (static
attribute), address(temporal attribute), and taxes(dynamic attribute). Then, (taxpayer , attr) is a class
speci ¢ ation where:

attr = f(string , scal_code, ()), (temporalyears(string ), address, (), (temporalyears(float )
temporalsyears(float )  temporalgecades (float ), taxes, (avg,max))g. 2

A T_ODMGe object, asa T_ODMG object, is de ned as a 5-tuple (id;N ;v;cj[i; j]°') whereid is the
object identi er, N is the set of object names,v is the object state (i.e., the attribute values), c is the
most speci ¢ classto which the object belongs,and, nally, [i; j]¢' is a temporal interval represeriing
the object lifespan, expressedat the chronon granularity. Unlikein T_ODMG, the state of an object can
cortain, for someattributes, valuesthat are tuples of temporal valuesat di erent granularities as stated
in the following de nition.

De nition 4.2 (T_ODMGe Object State). Given an object o, its statev is atuple (a; : vi; :::; an : Vn),
wher eachv;, 1 i n, is a static value or a tuple of temporal values. 3

Example 4.2 Consider the classtaxpayer of Example4.1. Leti ; be an object identi er and Smith an
object name. An object of classtaxpayer is (i 1;f Smithg;v;taxpayer ;[1;1 ]°'), wher v is the object
state depictal in Figure 4.1. 2

4.2.2 T_ODMGe Object Consistency

Intuitiv ely, in ODMG an object is a consistert instance of a classif its state matchesthe classde nition.

That is, ead attribute value is a legal value of the corresponding attribute type and a legal value is
provided for eac attribute. In T_ODMG this notion hasbeenrevisited in order to take into accourt the
time dimension. Speci cally, constraints have beenimposedon the relationships betweenthe lifespan
of an object and the domain of the temporal attributes it contains, in that the domain of a temporal
attribute should not exceedthe lifespanboundary. In T_ODMGe the notion of object consistencygivenfor
T_ODMG objects hasbeenfurther extendedfor handling dynamic attributes. Intuitiv ely, the constraints
that theseattributes should meet are the following:

i. the value of a dynamic attribute must be a tuple of temporal values; eac value in the tuple, in
turn, must be a legal value for the corresponding temporal typein the attribute domain in the class
de nition;

ii. for eah specied value, the temporal interval assa@iated with the corresponding granule must
intersect the object lifespan;

iii. temporal valuesin the tuple, for temporal value restrictions corresponding to the same portion
of the time domain, must be related by the corresponding coercion function, if these values are
anymore de ned.

The following de nition formally states all the constraints an object should meet in order to be a
valid instance of a T_ODMGe class. Conditions (1), (2.a), and (2.b) give constraints on convertional
and temporal attributes (in particular, the domain of a temporal attribute should not exceedthe lifespan
boundary) and are inherited from T_ODMG. Condition (2.c) is speci ¢ for dynamic attributes.
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Figure 4.2: Example of application of coercion functions at di erent levels of detail

De nition 4.3 (T_ODMGe Consistert Instance). Let o= (id; N;(as : vi; 1115 ap © Vp); Giliorjol®') be
an object. Let c be a classand attr its attribute speci ¢ ation. Object o is a consistent instance of c if the
following conditions hold:

1. 8i,1 i p,9( ;acoerc)2 attr suchthat a= a;;
2. 8 ( ;ajcoerc) 2 attr, 9k, 1  k p, suchthat a= ayx and the following conditions hold:

(a) if ax is a static attribute (i.e., 2 LT [ OT): w2 [ T;

(b) if ax is a temporal attribute (i.e., 2 TT and = temporalg( 9) all the following conditions
hold: vy 2 [ 1, i.e. the attribute value belongsto the set of legal valuesof the correspnding
type; and 8i 2 | S suchthat vy (i) is de ned, G(i)\ [io;jo]®" 6 ;;* i.e., for eachvaluede ned,
the correspnding temporal granule intersects the object lifespan;

(c) if ax is adynamicattribute (i.e., = (1;:::; n); suchthat 8j; 1 j n, ; = temporalg, ( 9,
02 LT[ OT,Gy ::: Gp,and(Cy;:::;Cpn 1) is the correspnding tuple of coercion func-

o Vk = (Vi VikosiiiiVk, ), whee 8,1 j n, v 2 [ 51
ii. 8;1 j n,8 218 suchthat v (i) is dened, Gj(i)\ lio;jo]® 6 ;;
jii. 8;2 Jj n;8i21Ssuchthat v (i) is de ned, let G 12 fG; 1(h1), 115 Gy 1(hm)g

I
=fG; 1(he) jhe 218, Gj 1(h) Gj(i)g be the temporal elementthat contains all the
granules of granularity G; i included in Gj(i). If all valuesvy; ,(h1), :::5v ,(hm) are

de ned, then vy, (i) = Cj 1(Vk, ;o (). 3
IR |

Example 4.3 Consider the classtaxpayer of Example 4.1 and the object i; of Example 4.2. We focus
on the taxes attribute, that wereport in Figure 4.2, since it is the only dynamic attribute de ned for i;.
Note that, in Figure 4.2 we depict also the oldest values, correspnding to payments of years from 2002
to 2007. The value of the taxes attribute is a triple of temporal valuesat granularities years, Syears,
and decades respectively. Condition (2.c-i) is met, because each temporal value is a legal value for the
correspnding temporal type. Condition (2.c-ii) is met as well, because each de ned value refersto a
temporal interval (identi e d by the correspnding granule) that intersects the object lifespan. Condition
(2.c-iii) alsoholds, becausethe temporal value at granularity Syears hashbeen obtained by applying coercion
function avg to the temporal value at granularity years, wheras the temporal value at granularity decades
has been obtained by applying coercion function max to the temporal value at granularity Syears. The
application of the coercion functions and the correspnding results are shownin Figure 4.2. Therefore,
object i; is consistent with the de nition of the taxpayer class. 2

The above consistencynotion requiresthat, if data for a dynamic attribute are available/de ned, for
every instant of the object lifespan they should be coherer. In other words, for eath pair of contiguous
temporal values at dierent granularities in the attribute value, the value at the coarser granularity
must be obtained by applying the coercion function to the corresponding valuesat the ner granularity.
However, such a constraint does not apply when data at the ner granularity are not available, as in

1 This is a short notation for G(i)\ (Oio k j,fGI(K)jk21Sg) 6 ;.

Pwerecall that, foreachj; 1 j n L, C:[ ;1! [j+«].
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hattr _decl i

attribute hypei attr _name |
attribute  htemporal _typei attr _namefhevolution ig;

hevolution i = [he_list i] [hdelete i;]

he_list i = hevolve i; [hdelete i;]] hellist i he.list i

hevolve i = evolve to g-nameevery numg-name using c_function
hdelete i = delete numg_namefrom g_nameafter numg_-name
htype i = static _type _-name | hemporal _type i

htemporal _typei temporal g-name(static _type _-name

Figure 4.3: BNF of attribute declaration

the casethey have beendeleted. This behavior is pointed out by the two states of the tax _payments
attribute reported in Figure 4.1 and Figure 4.2. We will motivate this behavior in Section 4.5.4, where
we discussissuesconcerningthe managemen of value deletion. Moreover, in Section4.5.3, we will show
that, when information at a certain level of detail is missing, consistencyis assuredby the sematrtics of
the update operations for dynamic attributes.

4.3 Specication of Expiration for Dynamic Attributes

Conditions for attribute expiration often depend on attribute semartics and are a-priori known, therefore
they canbe conveniertly speci ed together with the schema. For this reasonthe T_ODMG classde nition
language has been extended in order to support the declarative speci cation of dynamic attributes. In
T_ODMGe, the temporal type of a dynamic attribute is specied as for a usual temporal attribute.
Additionally , for such an attribute one can specify: the various granularities at which the temporal
valuesshould be represerted, that is, for eat detail level, the coercion function to corvert the attribute
value to the immediately coarser level; the possible deletion operations; and, nally , the frequencies
at which expiration operations must be executed. For ead value deletion speci ed for the attribute,
we require also the amount of data to be deleted. Since granularity ewlution and value deletion are
orthogonal operations, they are speci ed separately by means of evolve and delete clausesthat are
discussedin detail in the remainder of this section.

Figure 4.3 shawvs the BNF grammar for the declaration of dynamic attributes. In the gure, terminal
symbol attr _name denotesan attribute name; g name denotesa granularity name; num denotesa natural
number greater than zero; c_function denotesa coercion function name; static_type_name denotesa static
type name. In the remainder of the section, we rst presern the syntax to specify ewolutions. We then
describe the syntax for the deletion speci cation, and nally conditions ensuringthat the speci cation of
a dynamic attribute is consistert are discussed.

4.3.1 Specication of Granularit y Evolutions

An attribute granularity ewolution is speci ed by meansof the evolve clause. Such a clausestates the
target granularity of an evolution operation, the frequencyat which the ewolution should be executed,and
the coercion function to apply. More than oneevolve clausecan be speci ed for the sameattribute, ead
with a dierent target granularity. The number of evolve clausesdeclaredfor an attribute corresponds
to the number of di erent represenations, one for ead target granularity, at which the user wishesto
represen the attribute. Coercion functions that we can use in an evolve clause are those preseried
in Section 3.4. If more than one evolve clauseis specied for the same attribute, the temporal value
speci ed at a certain granularity is usedto compute the value at the immediately coarsergranularity.

Example 4.4 Consider the class speci ¢ ation of Example 4.1. Attribute taxes representspayments of
taxes of an accountant customer and is de ned at granularity years. As stated in the description of
the running example, after ve years, we would know the average tax payment over the previous years,
and the samefor the following years. Then, after ten years we would also know the maximum average
amount, referred to previousten years. These application requirementscan be directly supported by the
following de nition for the taxes attribute:

attribute  temporal year s(float)  taxes f
evolve to bSyears every 5 years using avg;
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evolve to decades every 10 years using max;

g 2

In the languagethere are no constraints about the order in which the evolve clausesare speci ed.
Their order can be determined relying on the  relationship that exists among granularities.

4.3.2 Specication of Deletions of Values

The deletion of values of a dynamic attribute is speci ed by meansof the delete clause. Each delete

clausespeci es the temporal value and the frequencyaccordingto which the deletion should be performed.
The frequency speci cation is analogousto the one for evolution. The amount of data to be deleted is
speci ed as a temporal period*3. The valuesremoved from the databaseare the oldest that appear in
the temporal value.

Example 4.5 Consider Example 4.4 and the application reguirement that after ve years we wish to
removethe oldestvaluescorrespnding to one year of tax payments from the temporal value at granulari-
ty years. Then, the following declaration should be addel to the attribute de nition of Example 4.4:

delete 1 years from years after 5 years; 2

Deletions can be speci ed for both the temporal value at the base granularity (as in the previous
example) and the other temporal valuesthat represen the attribute granularity evolutions. Howewer, at
most a deletion speci cation can be declared for each temporal value. The order of delete clausesis
not relevant asfor evolve clauses,becauseead delete clausespeci es the temporal value from which
values should be deleted through the corresponding granularity name, that is unique for eadr dynamic
attribute.

4.3.3 Consistency Constrain ts for Dynamic Attribute Specications

The T_ODMGe speci cation languagein Figure 4.3 allows oneto specify evolution and deletion frequen-
ciesthat do not make sense.Consider for instance the following example.

Example 4.6 Consider the following evolve clause:

evolve to months every 1 days using max;

speci ed for an attribute de ned at granularity days. Such a speci c ation is correct according to the
T_ODMGe BNF grammar, but the evolution this clause expressesis not meaningful, because before ob-
taining a monthly value we need data that refer to a period of month, and not to a single day. 2

To avoid sudh a kind of de nitions, that can result in an inconsistert database schema, some addi-
tional conditions are imposedon T_ODMGe expiration speci cations to ensuretheir consistency Those
constraints re ect the semariics of ewolution and deletion operations and cannot be expressedn the BNF
grammar.

However, we are not always able to relate a frequency speci cation with a di erent granularity, or
to compare di erent temporal periods, thus for certain speci cations we cannot decide whether they
are consistert or not. This problem is due to the fact that the only relationship the model admits on
granularities is the ner-than relationship. Relying only on this relationship, given two granularities G
and H, with G H, we cannot establish how many G granules we needto obtain a H granule. Note
that such a situation arisesfor very common granularities, such as months and days, since we cannot
state how many days are neededto obtain a month. However, alsofor granularities that do not poseany
problem, the ner-than relationship doesnot tell us, for example, that 24 hours are neededto obtain 1
days'4, as shaved by the following example.

13The semartics of temporal periods used in T_ODMGe is given in Section 4.4.2.
14This issuecould be partial ly addressedintro ducing other well known relationships among granularities (e.g. the partition
relationship) [BDES98]
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attribute  temporal Gi( ) af
evolve to G, every mj Hi using cfq;
delete p1 J1 from G after g1 Kiy;

evolve to Gn every mp 1 Hp 1 using cfy 1;
delete pn 1 Jn 1 from G, 1 after g 1 Kn 1;
delete pn Jn from G, after gn Kn;

Figure 4.4: Generic attribute declaration with ewlutions and deletions

Example 4.7 Consider the following delete clause:

delete 5 days from days after 100 hours;

Such a syeci ¢ ation is ambiguous, because according to the ner-than relationship, we cannot decide
whether 100 hours are enoughto obtain 5 days. In the same way, we cannot automatically check the
consistency of the following evolve clause:

evolve to days every 150 hours;

althoughwe know that such a evolution speci ¢ ation is semantially correct, since each granule of granu-
larity days can be regularly shared in granulesof granularity hours. 2

Wereferto temporal periodsusedin evolve and delete clauseshat are not comparablein T_ODMGe
model as incomparable temporal periods. We can devisetwo di erent casesof periods that we are not
able to compare due to the assumptionswe made in T_ODMGe model. The rst caseariseswhen the
granularities usedto expressthe periods are not related in any way by ner-than relationship. The second
situation ariseswhen, although the granularities involved are comparable, we compare a bigger number
of granules at the ner granularity with a small number of granules at coarsergranularity, like in the
previous Example, in which we required to compare 150 hours and 5 days. The following de nition
formalizes this notion.

De nition 4.4 (Incomparable Temporal Periods). Two temporal periods ng G and ny H with, ng;
ngy 2 1IN, ng >0, ng >0, G;H 2 G granularities, are incomparable if one of the following conditions
holds:

G HandH G.
H Gandny > ng;
G Handng > ny; 3

In the remainder of the section, we detail the additional constraints imposedto obtain a consistert
T_ODMGe databasesdema. Section 4.3.3.1 describes constraints for evolution speci cations, whereas
Section4.3.3.2describesthose for deletions. In both sectionswe refer to the genericattribute declaration

for a dynamic attribute reported in Figure 4.4, where: mq, ..., My 1, P1;:::;Pn, Gh;:::;Ch are 3n
1 natural numbers greater than 0; Gi;:::;G, are n distinct granularities; Hy;:::;Hp 1, Kg;:::; Ky,
Ji;:::;Jdn are3n 1 granularities; 2 LT [ OT is a literal or object type; and cfy;:::;cfy, 1aren 1

coercion functions.

4.3.3.1 Consistency Constrain ts for Gran ularit y Evolution Specication

In a granularity ewvolution speci cation there are somerelationships among granularities and frequencies
that should be satis ed in order to have a consistert ewolution speci cation. In the remainder of the
section we deal with them and we presert their formalization.

Relationship between the base and the target granularit y. The most important characteristic
of ewolution is to reduce the level of detail for temporal information astime passes;that is to convert
oldest data to a coarsergranularity. Thus, a rst condition is that the evolution must be performed from
a ner granularity to a coarser one.
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(1e) 8i; 1 i n 1, Gj Gi+1
(2e) 8i; 1 i n 1 G« H;
(3e) 8i; 1 i n 2 Hj Hi+1 and mj mi+1

Figure 4.5: Constraints for evolve clauses

Example 4.8 Consider the dynamic attribute specic ation of Example 4.4. The rst evolve clause
speci es an evolution from granularity years to granularity Syears, and the second one species an
evolution from granularity Syears to granularity decades This condition is satis ed because years
Syears decades Consider now the following speci ¢ ation for a dynamic attribute:

attribute  temporal gay s (float)  temperature  f
evolve to weeks every 5 weeks using main;
evolve to months every 12 months using max;

9
This speci ¢ ation does not meet the constraint becauseweeks 6 months. 2

Relationship between the frequency and the target granularit y. A secondconstraint is that the
ewolution frequencymust be as coarseasto allow the collection of enoughdata to perform the ewolution.
For instance, if we want to ewolve data to granularity years, we must wait for an year before performing
the rst ewolution, for two years before performing the secondewolution, and so on, thus the frequency
cannot be ner-than 1 years. We expressthis constraint stating that the evolution frequency should
allow the collection of enoughdata to perform the evolution. Note that this condition allows one to
obtain dynamic attributes that meetthe consistencyconstraints imposedby De nition 4.3.

Example 4.9 Consider the attribute speci ¢ ation for a best seler item in a commercial activity:

attribute  temporal gy s(string)  best _sellers  f
evolve to bweeks every 1 weeks using main;
g

This evolve clause speci es an evolution from granularity days to granularity bweeks (that is the
businessweeks granularity correspnding to the days from Monday to Friday), that is performed every
week. This speci ¢ ation is correct because after one week, we are sure to have collected enoughdata to
perform suchan evolution. 2

Relationship between frequencies of dieren t evolutions. In order to have a meaningful chain
of ewolution operations, the ewlutions must be executedwith coarserand coarser frequencies,so that
step by step coarservalues are obtained. This condition can be expressedby saying that the evolution
frequencyof each evolution operation must be coarser than the one of the preceding evolution, taking one
granule at the basegranularity asthe frequency of ewolution of the basegranularity itself.

Example 4.10 Consider the dynamic attribute speci c ation of Example 4.4. The rst evolve clause
speci es an evolution frequency causesthe insertion of a new value at granularity Syears every 5 years,
wheras the second one speci es an evolution frequencythat inserts a new value at granularity decades
every 10 years. The constraint is met because the second evolve clause frequency speci es a period
greater than the one speci e d by the rst clause. 2

Consistency conditions for evolution specications. Given an attribute de nition according to
the structure in Figure 4.4, the constraints reported in Figure 4.5 formalize the previous conditions, and
summarizethe conditions that a granularity evolution should meetin order to have a meaningful dynamic
attribute de nition.

Constraint (2e) assuresthat we have enoughdata to perform the ewvolution. Note alsothat the rst
and the third conditions expressthe idea that data becomelessimportant as they age. Indeed, rst
we summarize oldest data at a certain level of detail. Then, by taking into accourt that the number of
granules denoted by m; is greater than zero, after an amount of time that correspondsto the di erence
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betweenthe two ewolution frequencies(3e), during which lessdetailed data becomeagain lessinteresting,
we further summarizethesedata at a coarserlevel of represenation (1e). Evolution clausesthat specify
incomparable temporal periods are simply rejected by the T_ODMGe speci cation interpreter.

4.3.3.2 Consistency Constrain ts for Value Deletion Speci cation

Also for deletion speci cations a set of constraints can be devised ensuring that a T_ODMGe database
schemais consistent. In the remainder of the sectionthey are discussedand formalized.

One deletion per each level of detail. First of all, we want to prevent ambiguous or redundant
speci cation of values deletions. Thus, as in the caseof granularity ewolution speci cations discussed
in the previous section, the de nition of a dynamic attribute may only include at most one deletion
speci ¢ ation for each representation level

Relationship between frequency and granularit y. A fundamertal requiremert is that deletion
operations be consistert with the semartics of granularities. Granularities expressintegrity constraints
on temporal values, becausethey establish their nest update frequency Then, we should assurethat
the deletion operation, which is a particular form of update, also meet this constraint. Thus, we avoid
deletion speci cations that require to remove, from a temporal value, values corresponding to portion of
granules, by imposing the constraint: the amount of deletel data'® is speci e d by a granularity coarser
than or equivalent to the granularity at which the temporal value is expressel.

Example 4.11 The following delete clauseviolates the constraint just given:

delete 20 seconds from days after 1 days;

becauseit is forbidden to delete an amount of 20 seconds from a temporal value speci e d at granularity
days, since this will mean to consider portion of days granules. 2

Relationship between deletion and evolution frequency . An obvious aspectto considerfor dele-
tions is that we cannot delete a value not stored in the database,i.e. the frequencyat which data are
deletal should be coarser than the frequencyat which data are collected. In other words, for ead level of
detail for which a deletion operation has beenspeci ed (including the temporal value at the basegranu-
larity), the ewolution operation (the insertion operation, for the temporal value at the basegranularity)
must be performed more frequertly than the corresponding deletion operation.

Example 4.12 Consider the following attribute speci c ation:

attribute  temporal gy s(string)  best _sellers  f
evolve to months every 5 months using main ;
delete 1 months from months after 2 months;
g,

Sucha speci ¢ ation does not meet the constraint becauseit requiresto delete more valuesfrom gran-
ularity months than those stored. 2

Relationship between deletion frequency and amount of deleted data. We require that the
amount of deletal data shouldbe smaller than or equal to the frequencyat which the samedata are deletel.

Example 4.13 Consider the following attribute speci ¢ ation:

attribute  temporal gqy s(String) ~ best _sellers  f
delete 5 days from days after 1 days;
g

After 1 days, the value for attribute best sellers will be empty, and it will remain empty forever. This
is because each value inserted for attribute best sellers  will be immediately delete. 2

15We recall that in a delete clause, the amount of data that should be deleted is speci ed through a generic temporal
period that refers the granules asscciated to values in a temporal value.
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Figure 4.6: Constraints for delete clauses

Consistency conditions for deletion speci cations. Given an attribute de nition with the struc-
ture givenin Figure 4.4, Figure 4.6 summarizesand formalizes the conditions that must be satis ed to
have consistert deletion clauses.The rst condition (1d) formalizesthe requiremert that the amount of
data to be deleted must be speci ed by using a granularity that is equal or coarser-thanthe granularity
speci ed for the temporal value, thus preverting the deletion of valuesthat refer granule portions. The
relationship that must be veri ed betweendeletion and ewlution frequenciesis formalized by condition
(2d), while condition (3d) expresseghe requiremert that the amount of data removed must not be greater
than the frequency speci ed for the deletion operation.

4.4 Expiration Execution: Preliminaries

In this section we discusssome preliminary conceptsthat will be exploited in Section 4.5 to presen
the execution model of the expiration operations: granularity evolution and value deletion. Speci cally,
Section4.4.1intro ducesthe temporal dimension T_ODMGe inherits from T_ODMG model and the issues
concerning the managemen of the expiration operations in such dimension. Then, Section 4.4.2 deals
with the dierent interpretations of the notion of temporal periods that can be taken into accourt in
a multigranular temporal model and the one T_ODMGe adopts. Finally, Section 4.4.3 comparestwo
di erent approacesfor evaluating the conditions to trigger the ewolution and deletion processes.

4.4.1 Valid Time as Temporal Dimension

T_ODMGe inherits from T_ODMG the assumption of valid time as the referencetemporal dimension.
This meansthat T_ODMGe temporal valuesare stored into the databaseconsideringthe time at which
they are valid/true in reality, instead of the time in which they are stored in the databasée®. For instance,
if we say that Mr. Greenlived in Florence during year 2000, the time related to Mr. Green's addressis
2000even if sudh information has beenstored in the database,for example, during year 2002.

The introduction of a medanism for granularity evolution and deletion of valuesby meansof frequen-
ciesin a data model basedon valid time dimensionraisesseweral issues.First of all, we must considerthe
managementof non-monotonic updates The possibility to update valuesalready inserted in the database
complicatesthe managemen of the expiration operations. How our mecdhanism handles non-monotonic
updates will be discussedin Section 4.5. Moreover, when we can check whether an expiration condition
is veried? In a model basedon transaction time, such momert can be speci ed by the variable now
that refersto the current time instant, or asthe momer in which an attribute is accessed.However,
thesemomerts are \in trinsically transactional” and cannot be exploited in a data model basedon valid
time. In Section4.4.3 we will discusstwo possibleapproachesfor determining when to ched expiration
conditions in a valid time model.

Note that expiration operations can be corveniertly expressedin a bi-temporal data model, thus
exploiting both the valid and transaction time as temporal dimensions. However, in this chapter we
addressthe issuesraised by the intro duction of the expiration medanism in a data model basedon valid
time. We investigate expirations in a bi-temporal model in the following chapter.

4.4.2 Semantics of Temporal Periods

Temporal periods, represerting frequenciesspeci ed both in evolve and delete clausesand the amount
of data to delete speci ed in delete clauses,can be interpreted in two di erent ways.

The interpretation adopted in [YW98, YWO0O0] correspondsto the one usedin natural language. The
most intuitiv e interpretation of a phrase like \2 months" is \a temporal interval of two months that
starts at the instant when the phraseis expressed".

16This is called transaction time.

97



The T_ODMGe model adopts a di erent interpretation, that is more consistert with the standard
notion of granularity we referto. Sincea granularity makesa partition of the time domain into indivisible
portions (i.e. granules) we mean only whole granules. Then, the phrase\2 months" is interpreted as
\t wo calendar months from the beginning of the month during which the phraseis expressed".

Then, the phrase\2 months" always identi es a temporal period, but we can obtain di erent results
on expiration execution if we follow one interpretation rather than another, as the following example
shows.

Example 4.14 Suppsethe expression\2 months" is useal to specify an evolution frequency of a dy-
namic attribute, and the rst value for this attribute was stored on 15th January. Following the rst
interpretation, \2 months" later means 15th March. By contrast, following the second interpretation, \2
months" later means 1st March. 2

4.4.3 Verication ofthe Expiration Condition: Lazy vs Quantum Approac hes

The expiration processis activated when an expiration condition is veri ed. The issuewe addressin this
sectionisto nd the most appropriate momernt for cheding suc a condition. Note that, sincewe consider
valid time of data, the only operations, that should be cheded for verifying the event that triggers the
expiration, are related to the operations of insertion or update of a temporal value in a dynamic attribute.

The veri cation of the event can be performed following a \transactional approad", i.e. by xing a
guantum of time every which the evert is cheded, or an \op erational approad”, i.e. by cheding the
veri cation of the evernt on ead insertion/up date performed on a dynamic attribute. The rst approac
is referred to as quantum approach, whereasthe secondone as lazy approach

According to the quantum approad, at establishedquanta of time, the databaseengine cheds, for
ead dynamic attribute in the database,if someexpiration condition is veried. Then, it executesthe
expiration processon all the attributes for which the condition is veri ed. Sincethe expiration operation
may involve many objects, its execution can lead the databaseto

becomeinaccessiblefor a long period of time and, consequetly, to interrupt the databaseapplica-
tions, that are currently accessing/upating the objects stored in the database

rollback the transactions that are accessinghe objects involved in expiration operations.

Moreover, if the quantum is too long, dynamic attributes may be inconsistert in someinstants of
time, becausetheir value could be evolved or deleted, but the quantum of time is not elapsed.

By contrast, according to the lazy approad, the database engine cheds the expiration condition
ead time a new/up dated value is inserted/up dated in the databasefor a dynamic attribute. Whenewer
the condition is veri ed, it executesthe expiration operation only on this attribute. The performance
of the expiration operation improves, becauseonly attributes involved in insertions and updates are
considered. However, the performance of insertion and update operations are a ected by the execution
of the expiration operation.

T _ODMGe executesexpiration operation accordingto the lazy approad, becausethe consistencyof
dynamic attributes at di erent granularities is always guaranteed. Moreover, this approad is particularly
conveniert for dynamic attributes that are not updated regularly, for which the database stores only
partial information.'” Finally, rollback of transactions is limited becausethe ewolution and deletion
operations are performed for a dynamic attribute at a time.

4.5 Expiration Execution

This section describes how expiration operations speci ed for a dynamic attribute are performed. Sec-
tion 4.5.1 describesthe general expiration process. Section 4.5.2 preseris how non-monotonic updates
are handled. Section 4.5.3 formalizesthe sematriics of update operation for dynamic attributes, focusing
on the expiration execution. Finally, Section4.5.4brie y discusseghe impact of value deletion on object
consistency

17T _ODMGe supports this situation. Indeed, a granularit y is a constraint that expressesonly the maximum frequency of
update of atemporal value. Then, lessfrequent updates are admitted.
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45.1 Expiration Pro cess

Values of a dynamic attribute are always inserted and updated at the nest amongthe granularities at
which the attribute value is maintained, that is the attribute basegranularity.

When a value for a dynamic attribute is inserted in the database, in order to establish if some
expiration operation should be performed, the systemconsidersthe attribute starting time. For ead level
and for ead expiration operation, the starting time is the valid time of the elder value in a temporal
value that hasnot beenconsideredby precedingexecutionsof the operation. Speci cally, for an evolution
operation, the starting time is the valid time of the elder value that has not participated yet to the
granularity ewolution. By cortrast, the starting time for a deletion operation is the valid time of the
oldest value that has not beeninvolved by precedingdeletions yet.

Note that values are not necessarilyinserted in the databasein a regular way, that is as a stream,
and, moreover, that valuesfor somevalid time can be never inserted and that they can be deleted from
the database. Then, the starting time can refer to the valid time for a value that is not presert in the
database,as pointed out by the following example.

Example 4.15 Considering the running example, if we insert into the datatase values correspnding
to tax declarations of year 2002 and then of year 2007, after having performed the rst deletion from
temporal value at granularity years, the starting time for deletion operation is set to granule \2003",
although no value has been inserted into the datalasereferring this granule. 2

Then, when a value of a dynamic attribute is inserted and the expiration condition holds, the expira-
tion processis performed. Evolution operations are performed beforethe deletion ones. Both operations
are performed considering the order imposed on temporal values considering their granularities and
respect to ner-than relationship, starting from the temporal value at the base granularity and then
consideringthe immediately coarserone, and soon. For ead temporal value v of type temporalg( ) and
for eadh operation speci ed for v18, the system considersthe temporal interval bounded by the starting
time of v and the valid time of the inserted value. If this temporal interval is greater than or equal to
the frequency speci ed for the operation, the operation is performed.

If the operation is a granularity ewolution, the systemthen considersthe temporal elemen, let it be

Gt at the ewolution target granularity Gy, fully contained into the temporal interval bounded by the
starting time of v and the valid time of the inserted value. If this temporal elemen is not empty, that
is it contains at least one granule at granularity G;'°, the system applies the coercion function speci ed
in the corresponding evolve clauseto the temporal value v; . , that is the temporal restriction of v to

the temporal elemeri  ©t. The obtained value is inserted in the temporal value at the ewolution target
granularity G, that is the temporal value at the granularity immediately coarserthan that of v. The
sameprocessis recursively applied to the temporal value at the immediately coarsergranularity, and so
on, for every ewlution de ned for the attribute.

If the operation is a deletion, by cortrast, the system deletesthe oldest data, if de ned, from the
temporal value v, asspeci ed in the corresponding delete clause. The expiration processjust explained
is described in the following Example.

Example 4.16 Figure 4.7(a) showsthe classspeci ¢ ation for the tax payment running example,wheras
Figure 4.7(b) is a sketchof what happensto the taxes attribute value over a period of ten years, consid-
ering the object state depicted in Figure 4.1. In Figure 4.7(b) we highlight the deletion of oldest values.
Actually, instead of the full temporal values, we representa& only granulesfor de ned values.

When the rst value at granularity years for attribute taxes is inserted in the datalase,i.e. the value
correspnding to 2002 declaration, we set both evolution and deletion starting times of years level to
granule \2002". This valueis not updated until the tax declaration correspnding to year 2006is inserted.
When the value correspnding to year 2006is inserted, the length of the temporal interval boundel by the
starting time and the valid time of this value is equal to the temporal period speci e d by Syears frequency
of the rst evolve clause. Therefore, the rst granularity evolution from granularity years to granularity
Syears is performed. The coercion function avg is applied to the temporal value restriction v; . .,
with  5Yea's = £\2002-2006"g, that is the temporal value f <\2002",2110>; <\2003",1984>; <\2004",
2567>; <\2005", 1872>; <\2006",1915> gyears.

18\We recall that each operation refers to a specic temporal value v.
191t can be considered as a period respect to the semartics expressedin Section 4.4.2.
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class taxpayer f
attribute  temporal year s(sString)  address; Syears
attribute  string fiscal _code;
attribute  temporal year s(float)  taxes f
evolve to Syears every 5 years using avg; max
delete 1 years from years after 5 years;
evolve to decades every 10 years using max; g; g;

(@) (b)

‘ '02 - '06 taxes ‘ ‘ ‘07 - '11 taxes ‘

10years ‘ '02 - '11 taxes ‘

Figure 4.7: (a) Classdeclaration and (b) ewolution and deletion process

The coercion function returns the temporal value f <\2002-2006",2088> gsyears, that is inserted in the
representation level at granularity Syears of the attribute. Moreover, the evolution starting time at granu-
larity years is updated to granule \2007", and that of granularity Syears is setto granule \2002-2006".
Finally, the rst deletion operation speci e d for value at granularity years is executed. The oldestvalue,
correspnding to year 2002, is deleted and the deletion starting time is updated to granule \2003".

For what concerns deletions, the systemworks in the same way for the tax declarations of the re-
mainder years. When the tax declaration corresmpnding to year 2007 is inserted, we delete the value
with valid time \2003" from temporal value at granularity years, updating the deletion starting time
to \2004". By contrast, the next evolution is exeuted when we insert the value correspnding to 2011
declaration, performing the second evolution to granularity Syears. The temporal element 5Yea's =
f\2006-2011"g is considered and the coercion function avg is applied to the temporal value restriction
Vi syew s = <12007",2002>; <\2008",2134>; <\2009", 2556>; <\2010", 2837>; <\2011",1986> Qyears.
Therefore, the temporal valueat granularity 5Syears is updated to the valuef <\2002-2006",2088>; <\2006-
2011",2303> gsyears, and \2012" became the new evolution starting time of the temporal value at granu-
larity years.

As a conseguene of this evolution, also the evolution speci e d by the second evolve clause can be
performed, becausethe length of the temporal interval bounded by the starting time of temporal value at
granularity Syears and the valid time of the value just inserted is equal to the frequency of 10 years
speci e d for this evolution. The evolution from granularity Syears to granularity decadesis performed by
applying the coercion function max to the temporal value restriction vjO w with ~ decades = £\2002-

cades

2011"g, that is the temporal value f <\2002-2006",2088>; <\2006-2011",2303> gsyears, as done for the
previous granularity. The application of the coercion function max returns the temporal value f <\2002-
2011",2303> ggecades » and the evolution starting time of the temporal value at granularity Syears is up-
dated to \2012-2016". Finally, as highlighted in Figure 4.7(b), we execute the 5th deletion from years
granularity. 2

4.5.2 Non-monotonic Up dates of Dynamic Attributes

SinceT_ODMGe is a valid time model, updates canbe performedin a non-monotonic way with respect to
time, that isthe valid time of an updated value canprecedeoneor more valid times of valuesalready stored
for the attribute. Non-monotonic updates are meaningful only for temporal and dynamic attributes. The
former attributes do not poseany problem with respect to non-monotonic updates. The value is inserted
into the temporal value if none of the values present has the samevalid time of the updated value;
whereas,if a value in the temporal value exists with the samevalid time, it is updated. By cortrast, a
non-monotonic update of a dynamic attribute may require the update of coarsertemporal valuesin order
to maintain all the attribute represenation levels consistert accordingto De nition 4.3.

In the preliminary version of the model [CBGMO02], non-monotonic updates were allowed only for
recen values of a dynamic attribute, i.e. valueswhosevalid times are more recert then the ewolution
starting time of the basegranularit y of the attribute. This constraint forcesupdatesto dynamic attributed
to be monotonically executedfor all valuesprecedingthe starting time of the basegranularity. We called
this constraint update monotony restriction. By cortrast, in this chapter the model has been extended,
supporting updates of values whosevalid times are elder than the ewlution starting time of the base
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Table 4.1: Propagation of non-monotonic update e ects to ewolution levels

granularity, though still with somerestrictions that we discusslater on this section.

Propagation of the update e ects to coarserlevels of a dynamic attribute could require to recompute
the ewolutions that have beenalready performed - potentially an expensive operation. Luckily, depending
on which coercion function hasbeenusedto obtain the coarserrepresernation level, in most caseswe are
able to optimize this re-computation, minimizing data neededto perform it, and then also the accesses
to the database. Sometimes,to perform this smart re-computation, we needto maintain someadditional
information.

Since for ead update only one value?® for ead represeration level needsto be updated?®, we can
considertwo cortiguous represertation levelsat a time, specifying the computation to apply to the value
at the ner granularity. The operations that can be performed are summarizedin Table 4.1, and are
applied as follows. First, the suitable re-computation is applied consideringthe temporal value at base
granularity and the immediately coarserlevel. Then, if more than one evolve clauseis declared for
the attribute, the update e ects are propagated by taking the latter value asthe ner value and its
immediately coarservalue asthe coarserone, and by applying the right operation to thesevalues. These
stepsare executedfor all the ewolution levelsthat must be updated. In Table 4.1, referring to a dynamic
attribute for which more than one ewolution has been speci ed, hf,, ;Gs (i)i is the updated value at
the ner granularity G;, and h/(f)m;Gf (i)i is the samevalue before the update (then i is the granule
index at granularity G¢ that represerts the valid time of the updated value); hvS; G¢(t)i is the coarser
value that must be a ected by the update, and hvg,,, ; Gc(t)i is the samevalue after the propagation of
the update. Note that the temporal interval identied by granule G (i) is contained into the temporal
interval identied by G¢(t) asstated by ner-than relationship. count is an additional information that
should be maintained for coarservalues obtained by applying the avg coercion function and represerts
the number of valuesfrom which the averagehas beenobtained. Knowing the value of count, one does
not needto recomputethe full coarsertemporal value, thus the performanceof the avg coercion function
is greatly improved.

Moreover, if the value has been obtained using the f ir st or last coercion functions, both insertion
and update performancescan be improved by knowing the granule index j at granularity Gy from which
value v(f)Id has been obtained. Knowing the value of the G; granule index improvesthe performance of
updates of coarservalue that result by the application of proj coercion function. Finally, ? , denotes
that we are not able to update the coarservalue starting from thesefew values, but we must reapply the
speci ¢ coercion function to the ner temporal value restriction that correspondsto the coarsergranule.

Note that Table 4.1 distinguishesamongthe insertion of a new value and the update of a value that is
already presert in the database,becauseeat caserequiresa di erent re-computation. Finally, note that
user-de ned coercion functions do not appear in Table 4.1, becausewe do not know their operational

2ONote that this is a single value, that is the temporal value restriction obtained referring one granule of the granularit y
of the temporal value.
21This follows from the de nition of ner-than relationship.
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Figure 4.8: tax _payment attribute value

semariics and thus we are not able a-priori to establish whether a smart re-computation exists. If such
smart re-computation is possible,the user should provide its procedural implementation.

Example 4.17 Consider the classtax _payer of Example4.1 and the value for attribute tax payments
in Figure 4.8. No value has been deletal from this attribute, but some values are missing, because for
suchyears the tax declaration wasnot presentel. Suppseto insert the new valuef <\2004", 2567> Qyears
into the temporal value at granularity years. As a consejuene, coarser temporal valuesmust be updated.
Then, the temporal value at granularity 5Syears with valid time \2002-2006" is re-computed applying
the avg insertion formula of Table 4.1, which returns the temporal value f <\2002-2006", 2088> gsyears.
Moreover, the value at granularity decadeswith valid time \2002-2011" is updated. Actually, the value
remains unchangel.

By contrast, if we insert the value f <\2009", 3000> gyears, We haveto update the temporal value at
granularity years and also coarser level coherently, by applying the update formulas of Table4.1 speci e d
for coercion functions avg and max. Both the value at granularity Syears with valid time \2007-2001"
and the value at granularity decadeswith valid time \2002-2011" will be updated to 2608 value. 2

There are situations in which the e ects of a non-monotonic update should not be propagated. First
of all, if we delete the oldest values from a represenation level of an attribute, we require that this
non-monotonic changeto the attribute value is not propagated to the coarsertemporal values. This is
in accordancewith the semartics speci ed for deletion of valuesfor dynamic attributes. Indeed, a value
at a coarserlevel of detail can be kept even if the detailed value has beendeleted.

Moreover, if we allow non-monotonic updates on oldest data that have been deleted, in most cases
we would not be able to propagate these updatesin a meaningful way. Indeed, the re-application of the
coercion function usedto build the coarservalue, or the propagation of the update accordingto formulas
of Table 4.1, if possible,would corrupt it, becausewe would loose other information given from other
deleted (and not re-inserted) values at the ner granularity, although presernt in a summarized form in
the coarservalue, as discussedabove.

Example 4.18 Consider the classtax _payer in Figure 4.7(a) and the taxes attribute whosevaluesare
reported in Figure 4.1. Values, referring valid years from 2002 to 2007, have been deleta as result of
deletion operations.

Suppse now to insert the value f <\2002",2500> gyear s, that has been previously deletel. The prop-
agation of this insertion to coarser levelsresultsin a loss of information concerning years from 2003
to 2007. This is because, evenif thesevalueshave been deletal from the temporal value at granularity
years, they are still maintained, in a summarized form, at granularities Syears and decades Indeed, the
re-appliation of coercion functions avg and max shouldresult in the updated temporal valuesf <\2002-
2006", 2500>; <\2007-2011", 2303>gsyears and f<\2002-2011", 2500> ggecades, and these values are
not semantially correct. 2

Note that the few casesn which we can correctly perform the update propagation accordingto Table 4.1,
are those in which we know at least what is the value, at ner level, to update. If this value has been
deleted, the propagation is not possible any longer. Therefore, in T_ODMGe model non-monotonic
updatesto valuesthat have beenalready deleted are not allowed.

In the actual version of the model non-monotonic updates for dynamic attributes are allowed also
for valuesthat are older than the evolution starting time at the base granularity level, and more recent
than the update border. With update border we denote a temporal bound that allows us to suspend the
execution of deletions for a dynamic attribute until all non-monotonic updates have been performed.
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Figure 4.9: Relationships betweenstarting time and update border of a dynamic attribute

When we are sure that no further non-monotonic updates needto be performed for data referring to a
particular temporal interval, we can setthe update border to the greatestbound of this interval. Actually,
the update border is not a time instant, rather it is a granule at the basegranularity of the attribute.

Example 4.19 Consider the class tax _payer in Figure 4.7(a). Suppse to set the update border for
this attribute to granule \2001". Then, we insert valuesfor this attribute for years from 2003 to 2011,
performing evolutionsasdescrited by Example4.16, but not deletionsof oldestvaluesof granularity years.
Then, supmseto perform the update of value with valid time \2002" of Example 4.18, followed by the
update propagation to coarser levelsthat resultsin the temporal valuesf <\2002-2006", 2168>; <\2007-
2011", 2303> gsyears and f<\2002-2011", 2303> gyecades - Finally, we can set update border to granule
\2007". Then, the susgendeal deletionsfrom temporal value at granularity years of valuesfrom year 2002
until 2007 can be performed, without further propagationsto coarser levels. Di er ently from Example4.18,
coarser levelsmaintain correctly updated information relative to years from 2002 until 2007, althoughin
a summarized form. 2

Sincethe update border dependsfrom the semartics of data and from the way they areinserted in the
database, it is usually set, referring to ead particular attribute, by the user of the databasehaving the
knowledgefor deciding until when no further non-monotonic updatesto ead attribute will be performed.

The update border can also be incremerted when a reduction of the database size is needed. To
achieve the maximum database compression,the attribute update borders for all the objects into the
databasecan be updated, possibly to the sameinstant. Suc an operation must be consideredwith great
care, since it implies that for all the dynamic attributes no further updates to data that precedethe
update border will be allowed by the system. Moreover, the update border must not be greater than the
maximum starting time of the dynamic attribute in the database,in order to maintain the possibility of
updating recern data that are not yet ewolved.

4.5.3 Semantics of Dynamic Attribute Up dates

In this section we formalize the semartics of update operations for dynamic attributes. To explain how
such an update is performed, we refer to Figure 4.9, in which we sketch the possiblerelationships between
the ewolution starting time of the basegranularity level of a dynamic attribute and its update border,
with starting time that follows the update border. Note that the update border could be setto be more
recert than starting time. Actually, we do not considerthis casein the following discussion,becauseit is
not really meaningful. Indeed, setting the update border before the starting time simply doesnot allow
to perform non-monotonic update to values for which no ewolution has been performed yet, and these
kind of updates are not problematic at all, sincedo not require recomputing of existing aggregations.

Thesetime referencespartition data of a dynamic attribute into three groups. The rst group in-
cludesdata, older than or as old asthe update border time, that are potentially deleted and for which
some ewlutions have been already performed. The secondgroup includes data, more recent than the
update border but older than the starting time, for which somegranularity ewolution have beenalready
performed. Finally, the third group includes data whosevalid time is more recert than or asrecert as
the starting time, that are represernied only at the baseattribute granularity, becauseno ewolution has
beenperformed yet for them.

When we update a value of a dynamic attribute, we specify its valid time by meansof a granule of
the basegranularity. If the valid time of the updated value is older than the update border speci ed
for the attribute, it is not allowed. By cortrast, if the valid time of the updated value is more recert
than the update border, the update is correct and then performed. In particular, if the valid time of the
updated value falls in the temporal interval Jupdate border, starting time [?2, the update is an update
of a value already presen in the databaseor an insertion of a new value that needsto be propagated

22The open square brackets highlight that the bounds of the interval are not included in the interval itself.
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up date 1 _opmce (< granule vtime y, value v>)
begin
if (vtime y <= upd border) then error
else
up date t_opme (<v time y, v>) on base temp oral value
if (vtime y < evolution st) then
propagate (vtime ;Vv) on coarser values
else if (vtime y < +1 ) then
if (evolution _check(vtime y, evolution st)) then
evolv e_and _delete (evolution st, deletion st, upd border);
end

void up date t_opwe (< granule, value>);

void propagate (< granule, value>);

boolean evolution _check(< granule, value>, granule);
void evolv e_and _delete (gran ule, granule, granule);

(@) (b)

Figure 4.10: (a)Operational semartics of dynamic attribute updates (b) Proceduresignatures

to attribute coarserlevels. Thus, the update is performed according to the semarics of T_ODMG
updates for temporal value, that is the value is simply updated or inserted into the temporal value at
the base granularity, cheding that it does not exceedthe lifespan bounds of the object at which the
attribute belongs. Then, the e ects of this update are propagatedto coarserlevelsaccordingto formulas
of Table 4.1, or by re-applying coercion functions to the appropriate ner temporal value restrictions. If
the valid time of the updated value falls in the temporal interval [starting time, + 1 [, the update surely
refersto a value for which no ewlutions have beenperformed yet, soit doesnot needto be propagated
to any coarserlevel. After performing the update as in the previous case,we should evaluate if new
expiration operations must be executed. To perform this ched, we must considerthe temporal interval
bounded by the ewlution and deletion starting times of the basegranularity and the update valid time,
to establish whether their duration include some expiration frequency for expiration specied for this
detall level. Then, if it is so, we must perform the expiration operations according to what we said in
previous sections. In particular, valuesthat can be deleted are only those whosevalid times are older
than update border. If someexpiration have been performed, the corresponding starting time must be
updated. In Figure 4.10(a) we report the operational sematrtics of update operation of dynamic attributes
in pseudocode. In Figure 4.10(b) we alsoreport the signaturesof the various proceduresusedto specify
the update semartics. In Figure 4.10(a) upd border represerts the attribute update border; evolution st
and deletion st are the ewolution and deletion starting times, respectively, of the temporal value at the
basegranularity; vtime is the valid time of the updated value; and v is the new value with valid time
vtime .

45.4 Value Deletion and Object Consistency

Value deletion canresult apparertly in instancesthat are not consistert accordingto De nition 4.3. If we
deletevaluesthat hasbeeninvolvedin a granularity evolution, the intuitiv e requiremert that the a coarser
temporal value is obtained simply applying the corresponding coercion function to the immediately ner

temporal value doesnot hold anymore. Actually, aswe stressedbefore,if we requiresthat suc a condition

be satis ed for ead state of a dynamic attribute, we do not obtain the correct semartics of value deletion
that we want to achieve. Therefore De nition 4.3 doesnot impose any condition on data that do not

belongto the object state. Note that the casein which a value hasbeennever inserted into the database,
also not handled by De nition 4.3, is di erent from the casein which the samevalue has beendeleted.
In this casethe consistencycondition is veried anyway. As we discussedin Section4.5.1, we construct
the coarserrepresenation levelsrespecting the intuitiv e consistencycondition that ead level is obtained
from the ner onethrough the application of the correct coercion function. In the sameway, asdiscussed
in the previous Section 4.5.3, we propagate the e ects of updatesto sud data correctly. This is pointed

out by the following Example.

Example 4.20 Consider the classtax _payer of Example 4.1 and the attribute value for attribute taxes
in Figure 4.8. Note than coarser levels are consistent with the application of coercion functions avg
and max to the ner levels. Coarser attribute valueswere correctly constructed resgecting the expiration
processdescriled in Section 4.5.1. Then, object consistencyis achievel although the attribute value does
not meet the conditions of De nition 4.3. 2
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Figure 4.11: Example of object state

4.6 Access to Multigran ular Temporal Objects

In this sectionwe discusshow object attributes, speci cally dynamic attributes, can be accessedagainst
an object accessdi erent strategiescan be applied, resulting in di erent answers. We focus on a simple
form of accessrequiring the value of an object attribute in a speci ed granule. This accessdenotesa
non-temporal value belongingto the attribute inner domain.?®

We rst discussunquali ed object accesses with no conversion function speci ed, which rely on the
semariics establishedin the database schema, and then quali ed object accesses in which a coercion
or re nement function is explicitly speci ed and will be applied for solving the accessesthus possibly
employing a corversion semartics di erent from the one speci ed in the databaseschema. Finally, we
discusssomeproperties of object accessesFirst, we formalize the conditions for an accesdo be invariant
with respectto expirations. The rst group of propertiesis aiming at ensuringthat, despitethe expiration
of dynamic attributes, the sameobject accessgevaluated in two di erent situations, namely, before and
after someexpiration has taken place, producesthe sameanswer (or approximately the sameanswer).
Then, we detect the conditions accordingwhich an object accesscan be statically detectedasunsolvable,
distinguishing such kind of accessfrom those that, given the information in the schema, can produce or
not an answer depending on the (dynamic) cortent of the database.

4.6.1 Access Preliminaries

To make easierthe speci cation of object accesswe rst introduce someadditional notion to the speci-
cations we usedsofar.

As we said before, eadh non-empty granule can be represerted by an index, or by a label. When we
refer to a genericgranularity G, and a granule index i 2 1 S, I denotesthe granule label corresponding
to the i" granule of granularity G. We denotewith i, the index corresponding to the granule denoted by
label I. For instance, given 02/1999 asthe granule label corresponding to February 1999, with respect to
granularity months, the corresponding index is igy=1999. NoOte nally that, the order on indicesinduces,

for each granularity G, an order on the labels of G-granules. Thus, I > lt; will simply denotethat i > j.

A granule label is related to the labels of corresponding granule(s) in a coarser/ ner granularity. In
particular, if G H, then H(I) = I}, such that G(i) H(); if G H, then G(I},) = fI§ j G(K)
H()g.

If re nement functions are speci ed in a dynamic attribute de nition, they state how to (re)obtain a
detailed value deleted from the database,from a summarizedvalue at a coarsergranularity.

To describe the object accessalgorithms, we slightly modi ed the running example of the chapter, as
follows.

Example 4.21 The speci c ation of classtaxpayer of Example4.1 is modi ed, in order to managetax
payments performed every six months. The sum of two semesterpayments correspnds to an annual
declaration, that must be maintained for the next ve years. Then, the average payments of the last ve
years, and the maximal average value computed over ten year, are maintained.

According to the new de nition, the speci c ation of classtaxpayer is (taxpayer , attr), whete:

attr = f(string , scal_code, ()), (temporalyea s(string ), address,()), (temporalsemester s(float )
temporalyears(float )  temporalsyears(float )  temporalgecades (float ), taxes, (sum,avg,max)
(split,restr,restr))g. 2

23This accesscan be easily generalized to accessto an object attribute value in a temporal interval, as considered in
[BF GMO03]. Since such extension does not intro duces new issues, but it complicates the presentation, we focus on single
granule object accesses.
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In Figure 4.11 an exampleof object state for an instance of the new speci ¢ ation of classtaxpayer
is shown. Attribute taxes, representingtax declarations, is still dynamic, but its value is now a tuple of
four temporal valuesat granularities semesters, years, Syears, and decades respectively. The temporal
value at granularity years has been obtained by applying coercion function sum to the temporal value at
granularity semesters, the temporal value at granularity Syears has been obtained by applying coercion
function avg to the temporal value at granularity years, and the temporal value at granularity decades
has been obtained by applying coercion function max to the temporal value at granularity 5Syears.

The temporal valuesat granularities semesters and years do not report valuescorresmnding to years
since 2002 to 2004, but summarized information alout thosetax declarations are stored at granularities
Syears and decades Such situation correspnds to a de nition of the attribute taxes specifying that
tax payments information must be acquired at granularity semesters. Then, to such information three
granularity evolutions are applied, resulting in the temporal values at granularity years (by applying
coercion function sum, every year, to the temporal value at granularity semesters); Syears (by applying
avg, every 5 years, to the value at granularity years), and decades(by applying max, every 10 years, to
the Syears value). Finally, eldestvaluesat granularities semesters and years, every5 years, are delete.
Moreover, for converting suchvaluesto ner granularities, when accessingthe attribute value, a tuple of
re nement functions (split , restr, restr) hasbeen speci e d for attribute taxes . 2

Note that, for eat granularity G belonging to the domain of a dynamic attribute a in a classc, for
ead object o instance of ¢, two G-granules can be identi ed, denoting the rst and the last granule for
which value of attribute a of o is available at granularity G. Let I§ and 1§ denote these two granules,
respectively. Giventhe value of attribute taxes of Example 4.21,reported in Figure 4.11,the rst granule
de ned for granularity years I, s is 2005, whereasthe last one Iy, s is 2011. Speci cally, old values
at ner granularities can be unavailable in the database, becausethey have already been deleted. By
cortrast, new values can be unavailable at a coarsergranularity, becausethey have not beenaggregated

Gi ::: Gy, the relationship that holds amongthe various IF and I- is: 8i; 2 i n;lg | Ig,
sincevaluesat granularity G; are obtained from valuesat granularity G; ;. Sincewe do not require that
data at ner granularities are deleted before data at coarsergranularities?*, the symmetric relationship
amongdi erent I§'s doesnot hold.

4.6.2 Unqualied Object Accesses
An unquali ed object access or, simply, object accessjs syntactically de ned as follows.

De nition 4.5 (T-ODMGe unquali ed object access) Given an object identi er o, an attribute name
a, and a granule lakel I, an unquali ed object accesss an expressionof the form o:a#lg, requiring the
value of attribute a of the object denoted by o in granule I;. 3

If the inner domain of a in the classto which o belongsis , then the accessdenotesa (non-temporal)
value of type . In solving the accesave take into accourt the preferenceexpressedy the userconcerning
whether an accurate answer is needed,or whether, by corntrast, sheis more interestedin the e ciency in
obtaining it. If no preferenceis speci ed, e ciency is privileged.

Example 4.22 Consider an instance i; of type taxpayer of Example 4.21. Suppse the value for at-
tribute taxes is that reported in the object state of Figure 4.11. Then, i:taxes # 2ndSem2007 speci es
the accessto the payment done during 2nd Semesterof year 2007, that resultsin 1114 e. 2

The approach to solve the object accesm:a# 1} is asfollows. First we chedk whether the requestedvalue
is directly available. This meansthat G is one of the granularities at which a is stored and the value
of a for o at I}, is available. If so, such value, that is, 0:ag (l;), where 0:ag denotesthe portion of the
attribute value at granularity G, is returned.

Otherwise, the requestedvalue must be computed starting from the valuesstored, at di erent gran-
ularities, intersecting the requested granule. In this case,the accessplan is dependert on the user
preferences.When privileging e ciency , we minimize the number of accesse$o valuesstored at di erent
granularities. Speci cally, the application of a re nement function to coarservaluesis preferred, when it

24In some contexts, indeed, one could be interested in keeping data at days detail level longer than aggregate data at
months level [EBGMO04 ].

106



if olag(lg) 6? then return o:ag(lg)
else if 9j; 1 n; G = Gj then
if 15 2 [1§G;15] then
if Athen return null )
else return  Rj.1 (0:ac) )(lg)
if I < I§ then
if Athen _ '
if sl'gsi L 2Gj 1(lg) st oag, 1(|'gsi ) 82 then retum Cj i(oag; ;)(Ig)
else return  null )
else return  Rj.1 (0:ac) )lg)
if 15 > Ig then
if Athen ) )
if 81§, |26 1(lg) st oag, 1(Iéi ) 872 then retun  Cj i(oac; ;)(Ig)
else return null )
else if 9|f3j L 26Gj 1(lg) st oag 1(|f3j ) 872 then retun  C; i(oas; ,)Ig)
else return  null )
else if Gn G then return Cp(0ag,)lg)
else if G Gy then return Ri(o:ac,)(lg)
else if 9G; : G G  Gj41 then
if Athen ) )
if 81§ 2 Gj(lg) st oag, (Iéi ) 62 then retun Cj(o:ag,; )(I5)
else return  null )
else return  Rj+ (0iac) )(lg)
else return null

type(a;c) = (1;:::; n); Sitton 1, ; = tempor aIGi(),l i n, G, T Gh
coerc(a;c) = (C1;:::;Cpn) where Cj : ;! i+18i=1:::n 1

Cn: on! G, With 6, = tempor algo( );with G° Gp
ref (a;c) = (R1;:::;Rn) where Rj : ! i 18i=2:::n

Ry: 1! G, With 6, = tempor algoo( );with G® G;

Figure 4.12: Solving the object accesso:a# 1}

is declared, sincethis involvesa single access.Moreover, when the result must be computed by applying
a coercion function to a value at a ner granularity, even a single value is su cien t for performing the
computation. By cortrast, when privileging accuracy sincethe maximal precisionis required in comput-
ing the result, the application of coercion functions take precedenceput it is performed only if all the
ner valuesare available.

Figure 4.12 summarizesthe way of handling an object accesso:a # |;. In the gure, A denotes
that an accurate answer is privileged (e ciency is the default). According to the algorithm reported in

at which a is stored. In the rst case,i.e., aj exists such that G = G;, the accessstrategy takesinto
accourt the relationship holding betweenl; and 1§, 15. Specically, if 15 2 [I§;15], that meansthat
the requestedvalue has never beenacquired (it cannot have beendeleted, sincell, > I§). Then, if an
accurate answer is requested,a null value is returned, since searding for valuesfor computing it at a
ner granularity is useless.By contrast, if Iy < 1§, the value may have beendeleted, then it could be
computed from valuesat ner or coarsergranularities. Finally, if I > 15, the value can be presert only
at ner granularities.

In both caseghe accesss solved by applying a recursive process.Thus, whenwe look for the requested
value at the ner granularity, this doesnot necessarilymeanthat data are available at the immediately
ner granularity, rather, we may move down seweral granularities. Note also that, if in solving an
object accesswe move down or up more than one granularity, if the coercion/re nement functions are
compositional, the value to be returned can be obtained by applying the function only once. If they are
not compositional, by cortrast, a sequenceof conversionsmust be performed. Note nally that, in case
of compositional functions, if someaggregatevalue are already available at an intermediate granularity,
for the sake of e ciency we candirectly usethe already aggregatevaluesat the intermediate granularity,
rather than recompute them.

Example 4.23 Consider classtaxpayer of Example 4.21, and object i1 which state is depicted in Fig-
ure 4.11. The accessi:taxes # 2002 performed in an e cient way, resultsin null if no re nement
function has been speci e d for attribute taxes for granularity Syears, wheras if restr is spied it re-
sults in value 2088 e. By contrast, the accessi:taxes # 1stSem2005 cannot be performed in an accurate
way, but it resultsin 1067 e if performed e ciently with split speci e d for granularity years. Finally,
the accessi:taxes #2002 2021 can be performed only if a coercion function for granularity decadesis
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speci e d. For example,by using max, the accessresultsin 2088 e. 2

4.6.3 Qualied Object Accesses

In a quali ed object access a conversion function is speci ed. It speci es how to obtain the requested
value, when it is not directly available at the specied granularity, from the values at ner/coarser
granularities. A quali ed object accessis syntactically de ned as follows.

Denition 4.6 (T_ODMGe quali ed object access) Given an object identi er o, an attribute name a,

a granule lakel |} , and a coercion or re nement function f, a qualied object accessis an expression of
the form o:a# I, requiring the value of attribute a of the object denoted by o in granule I}, obtained
throughfunction f from the valuesstored for the attribute. 3

If the inner domain of a in the classto which o belongsis , then the accessdenotesa (non-temporal)
value of type

Example 4.24 Consider the class taxpayer of Example 4.21 and the object i1 with the object state
depictad in Figure 4.11. i:taxes #P 2ndSem2005 speci es the amessto payment done during 2nd
semesterof year 2002, to be performed using re nement function split. 2

The function specied in the qualied object accesswill be usedto compute the value, and it takes
precedenceover the functions speci ed in the schema. In particular, if f is a coercion function and an
accurate result is required, a value already presert in the databasefor the speci ed granule is discarded,
if it was constructed with a di erent function. By contrast, such value will be returned if e ciency is
privileged. Figure 4.13 summarizesthe way of handling a qualied object accesso:a # 15. In every
casenot explicitly mentioned, the accesgesultsin null . As above, A denotesthat an accurate answer is
privileged.

The approach to solvea quali ed object accesss asfollows. First of all we ched whether the requested
value is directly available. This meansthat G is one of the granularities at which a is stored and the
value of a for o at |} is available. If so, this value, that is, 0:ag (I5) is returned. Otherwise, the requested
value must be computed. The function specied in the qualied object accesswill be usedto compute
the value. Thus, depending on whether f is a coercion or a re nement function the accesswill be solved
in a granularity ner or coarserthan G, respectively.

Let us rst considerthe casein which f is a coercion function. The accesswill be solved by accessing
0:ag, , WhereG; is the coarsest,amongthe granularities ner than G, for which the valuesin the granules
Gi(l5) are available. Specically, if an accurate accessis privileged, all the values must be available,
whereas,if an e cien t accessis privileged, a single available value would be enough. The value to be
returned is then obtained by applying f to that value. That is, the returned value is f (0:ag, )(Gi (I%)).

Let usnow considerthe casein which f is are nement function. The accesill be solved by accessing
0:ag, , WhereG; is the nest, amongthe granularities coarserthan G, for which the valuesin the granule
(Gi(l5)) is available. The value to be returned is then obtained by applying f to that value. That is, the
returned value is f (0:ag, )(Gi (I5)).

Example 4.25 Considerthe classtaxpayer of Example4.1 and object i; which state is depicted in Fig-
ure 4.1. The quali ed accessi:taxes # ®" 2002resultsin value2088e, while the access i:taxes #" sV
1stSem2008resultsin 1885% . By contrast, the accessi:taxes #2V9 2012resultsin 1500 e if required as
e cient, in null if specied as accurate. 2

4.6.4 Prop erties of Object Accesses

We now discusssomeproperties of object accessesFirst, we formalize two properties aiming at ensuring
that, despite the expiration of dynamic attributes, the same object access,evaluated in two dierent
situations, namely, before and after some expiration has taken place, producesthe same answer (or
approximately the same answer). Then, we addressthe problem of which an object accesscan be
statically detectedasunsolvable. In the discussionin the previous section, indeed, we have simply stated
that null is returned, for all the casesin which not enoughinformation is available to solve the access.
Howewer, we can distinguish accesseshat, given the information in the schema, are (statically) known
not to be solvable, and those that can produce or not an answer depending on the (dynamic) content of
the database.

108



if 9k and o:ag, (Ig) 67 then
if Athen )
if f=Ck 1then retun oag, (Ig)
else if f is a coercion function then
- ; . . qih i . h
let Gj = max fGik jl1 k n Gy G 8IGk 2 Gy(lg) o.aGk(IGk) 6? g
return f(o:aGi)(IG) ‘
else let Gj = min fGyjl1 k n Gy G; 9|gk 2 Gy () o:aGk(lgk) 67 g
return f(oaG )(I )
else return oaGk(I )
else if f is a coercion function then
if Athen )
let Gj = max kaijl k n Gy G 8|gkzek(|g)o:agk(|gk)s? g
return f(o:an)(IG) , ‘ )
else let G; = max fGi;< i1 k n Gk G 9IGk 2 Gi(lg) o:aGk(IGk) 6? g
return f(o:an)(IG) ‘
else let Gj = mn fGxjl k n G Gk: oag,(Ig) 6?7 g
return f(o:an)(I'G)

type(a;c) = (1;:::5 n); St n 1, ; = tempor aIGj(),l i n, G Tt Gh
coerc(ac)—(Cl;:::;C)whereC.: il i+18i=1:::n 1
G, Wwith 6, = tempor algo( );with G° G,
ref(ac)—(Rl;:::;R)whereR.: il i 18i=2:::n
Ry: 1! G, With o, = tempor algoo( );with G Gy

Figure 4.13: Solving the quali ed object acces:a#' I

4.6.4.1 Expiration Invariance of Ob ject Accesses

To devisethe conditions aiming at ensuring accessnvariance against expiration, we distinguish between
the two forms of expiration supported by T_ODMGe model: granularity ewolution and value deletion.

Supposethat G is one of the granularities of a dynamic attribute a, specically, G= G;;1 i n,
and supposethat the value at granularity G for attribute a in a granule I has not been ewolved yet,
becausethe expiration condition for performing the granularity ewolution to granularity G is not yet
true. If an accesso:a # |} is performed, the obtained result is the samethat will be obtained if the
accesswill be re-executedafter the aggregationof attribute a in granule I, if no updates are made on
0:as, ,(Gi 1(I5)). The accesso:a#ly is referred as granularity evolution invariant .

De nition 4.7 (Granularity Evolution Invariant Access) The object acesso:a#lL, whee G = G;; 1

[ n; is one of the granularities of attribute a, is granularity evolution invariant if the access re-
turns the same value, irr esgective of whether or not o:ag(l;) is de ned,?® if no updates are made on
o:ag ,(Gi 1(lg))- 3

Speci cally, the following result holds. The result follows from the way the accesso:a # I is solved
whenlj > |15 and e ciency is privileged, and from the way granularity evolutions are executed[EBGM04]
(also refer to the de nition of object consistencygiven in [EBGMO04]).

Prop osition 4.1 Every object accesso:a# 1L is evolution invariant. 3

For what concernsvalue deletion, supposethat the value at granularity G for an attribute a in a
granule I, has not been deleted, becausethe expiration condition is not yet true. If an accesso:a# I}
is performed, the obtained result is approximately the same, modulo an approximation , that will be
obtained if the accesswill be executedagain after the deletion of attribute a in granule |5, provided that
0:8G,,; (Gi+1 (I)) is de ned. The accesso:a#ly is referred as deletion invariant .

De nition 4.8 (Value Deletion Invariant Access) An object accesso:a#ls, wher G = Gi;1 i n;
is one of the granularities of a, is deletion invariant if the accessreturns the same value, modulo an
approximation , irr espective of whetheror not o:ag (I%,) is de ned,?® provided that o:ag,,, (Gi« (I5)) is
de ned. 3

The following result holds. The result follows from the way in which the accesso:a # I is solved
in the casel < 1§, and from the way in which granularity ewolutions are executed [EBGM04] (also

%0r, equivalently, of whether or not 1}
260r, equivalently, of whether or not I'G

OTIO'_
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refer to the de nition of object consistencygivenin [EBGMO04]), and from the de nition of quasi-inverse
functions (cf. De nition 3.10).

Prop osition 4.2 Every object accesso:a# |, suchthat the re nement and coercion functions R; and
Ci speci ed for granularities G; and G+ of attribute a are quasi-inverseaccording to De nition 3.10, is
deletion invariant. 3

46.4.2 Unsolv able Accesses

The approad discussedabove to solve object accessesimply returns null if an object accesscannot be
solved. Actually, we can distinguish betweenobject accesseshat are (statically) known to be unsolvable
that is, it doesnot exist a database state evaluated against which they will produce a not null value,
and solvable accesseshat can producenull valueson speci ¢ databasestate. Detecting object accesses
that are statically unsolvable savesquery executiontimes. Sincethe systemknows in advancethat such
accessesvill never return a not null answer, it doesnot needto executethem.

De nition 4.9 (Unsolvable Access) The object accesso:a# 1l is unsolvable if irr esgective on the state
of object o it returns null . 3

Speci cally, according to the way in which an object accesso:a # |} is solved, the following result
holds.

Prop osition 4.3 Every object acesso:a# i, suchthat ois an instance of classc, type(a;c) = ( 1;:::; n
with n 1, j = temporalg, ( ), 1 ] n, G Gn, coerc(a;c) = (Cq;:::;Cy), ref(a;c) =
(R1;:::;Ry), is unsolvableif one of the following conditions holds:

G G and no R; hashbeen specied; 27
G, G andno C, hasbeen speci e d;
Gi G Gj«, eciency is privilegal, and no R; hasbeen speci ed. 3

4.7 T _ODMGe Implemen tation

A prototype of T_ODMGe [Pon01, Amo02] has beenrealizedin ObjectStore Java PSE Pro [ODI], relying
on the existing prototype of T_ODMG model.

Figure 4.14showsthe overall architecture of the implementation. Main componerts of our prototype
are: atranslator, which takesasinput atext le containing the de nition of a T_ODMG databaseschema
and returns the Java translation of the databasescema; a TemporalP package which is a Java library
implemerting multiple granularity temporal data; a graphical user interface, that supports the basic
guery and update operations on temporal objects and works on every set of Java classesobtained by the
translation of a T_ODMG scema, thanks to the useof Java re ection. The Java classesobtained from
the translator can also be directly usedin user-de ned classesof a user application.

Temporal valuesare instancesof the classTemporal of the TemporalP padage. Each value of temporal
type temporalhG; i is handled as an object instance of classTemporal. Class Temporal has attributes:

type, a string that storesthe inner type ;
granularity , a string that storesthe granularity G;
value , an object instance of classTemporal_List , that storesthe actual temporal value.

In Figure 4.15an example of object of type Temporal is depicted.

In the current prototype, sincewe are not addressinge ciency requiremens yet, the managemen of
temporal valuesis very simple. A temporal value is represerted as a double linked list (seeFigure 4.15).
The list elemens contain value , that is, an Object corresponding to the value, and value _interval
and Closelnterval , that givesthe physical represenation of the temporal granule in which such value
is de ned. Note that, though according to the generic de nition of granularity a granule corresponds

27This caseis equivalent to the SQL speci cation of retaining indeterminacy of [DS98].
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Figure 4.15: Temporal value

to a generic subset of the time domain, the various operations on temporal values can be implemented
more e cien tly if a granule correspondsto an interval on the time domain, that is, to a set of contiguous
time instants. Sincein most common granularity models, granules are intervals on the time domain, we
adopt this more restricted notion in our implemertation. 28 In addition, if a value is constart for some
consecutive granules, then a single value is stored in the list, whose corresponding temporal interval is
the union of the consecutive granules.

The implementation of temporal valuesas a sorted collection of interval-value pairs bring somesimi-
larity with the HistoryOnAssocia ti on pattern [And99]. However, sincethe history patterns considered
by Anderson relate to transaction time, a single time instant is related to ead value, corresponding to
the instant in which the value is updated. Moreover, no multiple granularity managemet is considered
in [And99].

All temporal valuesare handled asinstancesof classTemporal. In this classboth the attributes storing
the granularity and the inner type of temporal attributes are of type String . Thus, Javare ectiv efeatures
are usedto invoke methods of the classwhosenameis stored in the temporal attribute. The information
on the temporal attribute inner type and granularity, though a schemainformation, is replicated for any
object of the class. We have intro duced such redundancy to improve performance?® The inner type is
usedby the mutator methodsto ensurethat the valuesassaiated with ead granule are of the appropriate
type and the granularity G is usedby the mutator methods to ensurethat ead interval correspondsto
a G granule or to a set of contiguous G granules.

Dynamic attribute valuesare implemented asinstancesof classSTemporal, that is a subclassof class
Temporal. Class STemporal is reported in Figure 4.17. An example of object of class STemporal is
depicted in Figure 4.16. Each object of classSTemporal describesa dynamic attribute value, according
to the attributes:

value , an array of Temporal values, represeriing the temporal valuesat di erent temporal granu-
larities that de ne the dynamic attribute value;

28Note that this restriction still allows us to handle granularities that do not cover all the time instants in the time
domain, such asthe granularit y bweeks, that represents business weeks.

29\We could have assaiated these information only once with the attribute de nition in the Java class corresponding to
the translation of the class containing the attribute. However, under such an approach, this class de nition would have
been accessedthrough re ection ead time the value of the attribute had neededto be updated for an object.
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Figure 4.16: Dynamic attribute value

class STemporal extends Temporalf private Temporal[] value;
private TDelete[] deletions;
private TEvolve[] evolutions;

g

Figure 4.17: Class STemporal

deletions , anarray of objects of classTDelete , an auxiliary structure usedto store the information
about the deletions speci ed for the dynamic attribute. In particular, for ead deletion speci ed we
maintain:

{ the deletion starting time;

{ the deletion frequency given as number of granules of a speci ed granularity;

{ the amount of data to delete, given as number of granules of a speci ed granularity;
evolutions ,anarray of objects of classTEvolve, an auxiliary structure usedto storethe information
about the deletionsspeci ed for the dynamic attribute. For ead ewolution speci ed for the dynamic
attribute to which the value belongs,we maintain:

{ the ewolution starting time;
the ewolution frequency given as number of granules of a speci ed granularity;
the amount of data to ewolve, given as number of granules of a speci ed granularity;
the target granularity of the ewolution

Lt Bt B e B e}

the coercion and the re nement functions that are usedto ewlve and to accessthe dynamic
attribute value.

Class CRFunction implemerts the pre-de ned coercion and re nement functions that have beenpre-
serted in Section 3.4. Each function is a static method which takesas input an array of values (in case
of coercion functions) or a value (in caseof re nement functions) and returns the corverted value. (cf.
the implementation of spatio-temporal granularity conversionswe describe in Section 3.8).

4.8 Concluding remarks

In this chapter we described T_ODMGe model, a multigranular temporal object-oriented data model
supporting the possibility of ewlving data at coarser granularities, and of deleting or moving oldest
data to tertiary storage devices,basedon declaration, in the databasesdema, of expiration conditions
for dynamic attributes. T_ODMGe model addressesthe problem of granularity ewolution of temporal
attributes and of deleting oldest portions of temporal values. Conditions for expiration are basedon data
age and speci ed in the schema, as they depend on data semartics. Thesetwo issueshave never been
addressedtogether (cf. Section 1.3). Moreover, T_ODMGe model di ers from other approadesin the
literature becauseit is an object-oriented data model, rather than a relational model. The approach we
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proposeis intended for temporal multigran ular data, but it can be adopted alsofor spatio-temporal data
which are multigranular in the time dimension, in the samespirit of [DZS03].

In this chapter we have also addressedthe problem of dynamic attribute values. In particular, we
have discussedhow quali ed and unquali ed object accessegan be solved. Finally, we have discussed
somerelevant properties of object accessesvith respect to the model we consider: expiration invariance
and statical unsolvability.

The approach described in this chapter has beenimplemerted in a prototype implementation dewvel-
oped using ObjectStore PSEPro for Java [Pon01, Amo02].

One of the main limitations of T_ODMGe model is that it dealswith temporal attributes in isolation.
Note that this isin accordto the non-homaeneity characteristic of the T_ODMGe model. In the following
chapter, we addresssud issues,and we extend the model with a general trigger language supporting
attribute granularity evolution basedon complex conditions, involving other attributes and other objects
with conditions referring to the ertire database. The model described in Chapter 5 allows also the run-
time modi cation of the expiration speci ed. Another interesting extension of the model that could be
investigatedis the integration of our approac, with the derivation of expiration conditions basedon the
typical data usage. Such derived conditions could be usedfor those data for which no knowledge about
data expiration is known at schemade nition time.
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Chapter 5

ST2 ODMGe: A Spatio-T emporal
Mo del for the Dynamic Expiration
of Multigran ular Object Attributes

In complex applications, such asthose involving spatio-temporal modelling, the granularities of data can
be unknown a-priori, i.e., when designing the application database. Moreover, the semartics and the
signi cance of data can vary dynamically, then their granularities can not be modi ed accordingto static
conditions. For instance, in monitoring systems,a di erent granularity can be required to store the value
of an attribute, according to conditions involving the values of other attributes, and the execution of
operations.

To addresssud a problem, in this chapter we de ne the ST2>_.ODMGe model, a multigran ular spatio-
temporal model supporting the dynamic modi cation of attribute granularities, and the deletion of at-
tribute values, namely the dynamical expirations * of spatio-temporal attributes. The work presered in
this chapter relies on the designof ST_.ODMG and T _ODMGe modelswe described in Chapters 3 and 4,
respectively.

ST2_ODMGe expirations are performed according to Event - Condition - Action rules given at run-
time 2. The evert, the condition and the execution that de ne an expiration can be spatio-temporally
bounded, i.e., eat of them can refer to a period of time and/or to a geographicalarea. The model is
bi-temporal, i.e., it supports two temporal dimensions: valid time and transaction time. Attribute values
are time and spacestamped accordingto the time and the spacethe facts stored weretrue in reality, i.e.,
valid time and valid space. Moreover, databasetransactions, refer to transaction time.

The chapter is organizedas follows. Section 5.1 intro ducesthe problem we address,and the solution
we propose. Section 5.2 describes the ST2_ODMGe type system, objects and classeshighlighting the
di erences with T_ODMGe and ST_ODMG models. In Section 5.3 we de ne the syntax to usefor the
speci cation of dynamical expirations, whose semartics is described in detail in Sections5.4 and 5.5.
Section 5.6 discusseghe accesso ST?_ODMGe objects. Finally, Section 5.7 concludesthe chapter.

5.1 Spatio-T emporal Expirations

The level of detail required to represen information dependson its relevance, with respect to the data
domain it belongsto, and with respect to the application task(s) that usesit. Sud a relevance of
information depends, in turn, mainly on its semartics. As we obsened in Chapter 3, heterogeneous
data models supporting multiple granularities are very e ectiv e to model the domain of an application,
becauseertit y attributes can be de ned with di erent levels of detail, accordingto the semartics of data
they store. 3

1According to the terminology we intro duce in Chapter 4, we refer to the modi cation of attribute granularities and the
deletion of attribute values as \expiration" operations. In this chapter we retain such terminology .

2Cf. active paradigms described in Section 1.4.

3ST_ODMG model we described in Chapter 3 supports both characteristics, allowing to design spatio-temp oral applica-
tions in which the granularities of the information stored depend on data semartics.
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The existenceof information describingthe typical usageof data with similar semartics, and the deep
knowledgeof the application domain to represen, can help the databasedesignerto optimise the choice of
attribute granularities. Indeed, often granularities of data represern a compromiseamongthe application
e ciency and modelling requiremerts. For instance, in spatio-temporal databases,the amount of data
stored usually grows faster that in cornvertional databases. Then, mainly in order to presene query
performances,the storage of too detailed information is discouraged,even if it should be preferred for
an e ective modelling. As we obsened in the previous chapter, such a requiremert can be weakened
wheneer the signi cance of historical data varies as they age. In this case,indeed, temporal models
such as The T_-ODMGe model we described in Chapter 4 can be employed to reduce the dimension
of historical databases,even preserving query answers. In the T_ODMGe model, according to static
expiration conditions speci ed on temporal attributes, recert data can be stored using ne granularities,
while older data can be summarized and maintained at coarsergranularities.

However, a great limitation of multigran ular modelsis that they usually allow only the static de nition
of attribute granularities, i.e., when designingthe database.By cortrast, a lot of situations require that
the level of detail usedto represen data be exible. For instance, in western countries the salesof gift
articles usually increaseduring Christmas or Saint Valertine's periods, to decreaseimmediately after,
while they are constart during the rest of the year. The knowledge about such a periodical behaviour
could allow to enhancethe storageof data on gift sales. For instance, a (spatio)temporal attribute storing
data about saletransactions could store such data with a di erent detail during the period of maximum
salesthan the remaining of the year, tacking into accourt also the geographicalareain which the sales
are recorded.

Information like such the mertioned periodical behaviour could be obsened both by analysing the
data stored in existent databasesrecording data of salesof sud items, and by performing an accurate
analysis of the application domain. However, the signi cance of data changesalso accordingto dynamic
conditions that can not be foreseen. For instance, when monitoring the clinical situation of patients
in an hospital, the temperature should be taken more or lessfrequertly (with a minimum frequency of
oncea day, usually), depending on conditions involving seweral medical parameters, such asthe current
diagnosis, the age of the patients, the values of a given set of blood markers, and so on. The values
of such parameters could change unpredictably over time, and the frequency of the collection of the
temperature must be modi ed accordingto such changes.In a systemdesignto model such a situation,
the temporal granularity of the attribute represeriing the temperature of the patients represers the
frequency of temperature collection, then it should be modi ed accordingto the valuesof the attributes
modelling the other clinical parameters.

The multigranular models ST_ODMG (cf. Chapter 3) and T_ODMGe (cf. Chapter 4) described so
far in the thesis support two di erent approachesto modify the granularities of attributes, respectively
temporal and spatio-temporal. T_ODMGe model, in particular, supports the automatic ewolution (i.e.,
the conversionto coarsergranularities) of older historical attribute values, that is performed according
to static expiration conditions. Moreover, both T_ODMGe and ST_ODMG query languagesallow the
dynamical changeof the granularities speci ed in attribute de nitions, through the speci cation of gran-
ularity corversions(cf. Section 3.4). However, both models do not allow to model the situations we
discussedabove, becausethey do not support the run-time modi cation of the granularit y(ies) speci ed
in the databaseschemato acquire data. Attribute valuesare always inserted in the databaseaccording
to given granularities, then are expired to coarsergranularities in the T_ODMGe model, or converted to
ner or coarsergranularities in queries.

In this chapter we addresssud open problems, by proposing the ST2.ODMGe model, a spatio-
temporal data model that allows to design spatio-temporal database schemasfor which the dynamical
expiration of attributes values (i.e., the modi cation of the granularities usedin attribute de nitions,
and the deletion of attribute values)can be speci ed. Dynamical expirations are speci ed and performed
run-time, in order to handle modi cations of the signi cance of data, that arise, for instance, according
to:

data aging (i.e., recen data require to be maintained at a ner granularities, while older data can
be aggregatedand then maintained at coarsergranularities);

periodical phenomena(e.g., rain and snow-falls usually increaseduring predeterminedseasonssales
of presents increaseduring Christmas holidays);

modi cation of the value(s) of an attribute/a set of attributes (e.g., in monitoring systems);
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bounds on the occurrencesof an attribute/a set of attributes values(e.g., in monitoring systems);

the execution of an operation (e.g., in monitoring systems);

The speci cation of dynamical expirations recalls the Event - Condition - Action (ECA) paradigm
used by active database models to specify active rules (trigger) (cf. Section 1.4). The action speci ed
for an expiration is executedas a consequencenf the execution of an event (e.g., an attribute update),
if a boolean condition is veried. The execution of a dynamical expiration action results either in a
modi cation of the granularit y(ies) speci ed for an attribute, or in a deletion of attribute values,or both.

The actions supported by the ST2_ODMGe model are referredto asvalue deletion, granularity evolu-
tion and granularity acquisition operations. A Value deletion is speci ed to remove attribute valuesfrom
the database, whereasboth granularity evolution and granularity acquisition allow to modify attribute
granularities. Granularity evolutions®, are granularity modi cations that involve valuesyet stored in the
database. By cortrast, a granularity aocquisition re-de nes the granularit y(ies) that will be usedto insert
new attribute values. As a consequencef the execution of granularity modi cations, the run-time type
of ST2_.ODMGe attributes is a Cartesian product of spatio-temporal types®. We denote ead portion of
an attribute value at a given granularit y(ies) as a granularity level of that attribute.

The remaining of the Chapter is dedicatedto the formalization of ST2_.ODMGe model. Its designrefers
to that of ST.ODMG and T_ODMGe models described respectively in Chapters 3 and 4. ST2_ODMGe
inherits from ST_ODMG the data de nition languageand the basisof the type system. Di eren tly from
ST_ODMG, the ST2_.ODMGe model is a bi-temporal model, i.e., it supports two di erent temporal di-
mensions. The two temporal dimensionswe consider are valid time and transaction time dimensions.
Attribute timestamps refer to valid time, whereasdatabasetransactions refer to transaction time. More-
over, even if ST2_.ODMGe retains the ST.ODMG speci cation of user classesthe state of ST_.ODMG
objects is di erent becauseof the execution of expirations. The accessto spatio-temporal attributes
that expire must be re-visited in order to take into accourt the possibility that dierent portions of the
required attribute value be stored in the databaseat di erent granularities.

Furthermore, ST>_ODMGe improvesthe expressie power of the T_ODMGe model. Like T_ODMGe,
ST2_ODMGe allowsto modify the temporal granularity speci ed for an attribute, and to deleteits values,
accordingto the ageof data. However, in ST2_ODMGe the expiration is performedat run-time, according
to dynamic speci cations. By contrast, the speci cation of the expiration in T_ODMGe is static, because
it is givenin the databasescdemaand can not be modi ed. ST?_ODMGe allows to specify more complex
expirations than that supported by T_ODMGe. For example, spatio-temporal conditions, and conditions
involving values,granularities and occurrenceof other attributes are allowedin ST>_ODMGe expirations.
Moreover, temporal conditions are evaluated accordingto di erent semartics. Furthermore, ST2_ODMGe
allows to add both ner and coarsergranularity levels to an attribute value through the execution of
granularity evolution operation, and through the execution of granularity aoquisition operation, alsothe
granularity usedfor acquiring data can be modi ed at run-time, weakening an important assumption of
the T_ODMGe model.

The focusof the ST>_ODMGe model description we givein this chapter is on dynamical expirations. In
particular, we discusshow dynamic expirations are speci ed and performed, describingin particular how
attribute valuesare modi ed accordingto expirations. In this chapter we do not discusshow expirations
interact with classinheritance and attribute rede nitions described in Chapter 3.

5.2 Preliminaries: the Reference Mo del

This section describesthe basic characteristics of the ST2_ODMGe model, highlighting the di erences

with the modelsit extends,i.e., ST.ODMG and T_ODMGe. In particular, Section 5.2.1 describesthe

spatio-temporal dimensions supported by ST>_.ODMGe. Section 5.2.2 formalises ST2.ODMGe classes
and objects, focusing on attributes valuesand objects state.

4We de ned the granularit y evolution operation in T_ODMGe model, to denote the insertion of coarser attribute values,
obtained through the application of coercion functions on ner temporal values.

5Cf. with the type of T_ODMGe dynamic attributes, that is de ned asa Cartesian product of temporal types.

6Cf. Section 1.2.
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5.2.1 Time, Space, and Gran ularities

The ST?2_.ODMGe model is a 6-dimensional multigran ular spatio-temporal model, Speci cally, two tem-
poral dimensionsand two 2-dimensional spacedimensionsare supported.

The two temporal dimensionswe consider are valid time and transaction time dimensions,that are
often referredto by the literature ontemporal database(cf. Section1.2). Valid time dimensionis denoted
by VT, and refersto the time afact wastrue in the reality. Transactiontime dimensionis denotedby T T,
and it is the time dimension database transactions refer to. Moreover, ST>.ODMGe, like ST.ODMG,
supports valid space. that we denotewith VS. Equivalently to valid time, valid spacerefersto the spacea
fact wastrue in the reality. 7 Speci cally, attribute time and spacestampsrefer to valid time and to valid
spacedimensions. Databaseeverts, including the everts triggering the expirations of attributes, refer to
transaction time dimension. Dierently from valid dimensions,transaction time includes referencesto
the current time, that is denotedin the literature by NOWariable.

Each ST2.ODMGe databaserefersto a set of temporal granularities Gr, de ned according to Def-
inition 2.1, and to a set of spatial granularities Gs, that verify De nition 2.2. Temporal and spatial
granularities in Gr and Gs are usedto represern ST2.ODMGe objects attributes at dierent levels of
detail, with respect to both valid and transaction dimensions. Granularities in Gr and in Gs are related
by ner-than relationship (cf. De nition 2.4), and by its inversecoarser-than. As usual, we assumethat,
accordingto ner-than relationship, granularities in Gr and Gs form two directed acyclic graphs, referred
to respectively astemporal and spatial granularity graphs.

ST?_ODMGe temporal elemeris we de ned in Chapter 3 (cf. De nition 3.1) can assumedierent
semariics whether they are evaluated according to either valid or transaction time. Temporal elemeris
that referto valid dimensionaredenotedby &. By corntrast, elemens that referto transaction dimension
aredenotedby $. A transaction elemer, in particular, caninclude the granules, at a given granularity,
represerting the current time, i.e., NOWGiven a temporal granularity G; 2 Gr, if the temporal elemen

?‘ includes NOW.e., NOV¥ ?1), NOWivesthe current time, at granularity G; (i.e., NOWepreseris the
temporal granule at granularity G; at the current time, with respect to transaction time). The following
de nition formalisesST?>_ODMGe spatial and temporal elemers.

De niton 5.1 (ST2.ODMGe Spatial and temporal elemeris) Let G; 2 Gy be a temporal granularity.
Then, \G,‘ = fG¢(i) ji 2 | Sg denotesa temporal elementcomposal by temporal granulesof G; that refer
to valid time dimension VT. ?1 = fGi(i) j i 2 | Sg denotesa temporal element composel by temporal

granules of G; that refer to transaction time dimension TT.

Let Gs 2 G be a spatial granularity. Then, SS = fGs(i) j i 2 | Sg denotesa spatial element
composal by spatial granulesof Gg that refer to valid space VS. 3

5.2.2 ST?.ODMGe Classes and Objects

ST2_ODMGe classesare de ned accordingto the data de nition languagede ned in Figure 3.4, and are
compliant to De nition 3.3.
The following example reports speci cations of a ST2_ODMGe class.

Example 5.1 Consider the taxpayer examplewe usel in the previous chapter as a running examplefor
describing temporal granularity evolutions and historical value deletions. In ST>_ODMGe we can model
also spatial information related to the countries in which the contributor pays taxes, suppsing he/she
works in dier ent countries over the world. Then, we modify the speci c ation of class taxpayer as
follows:

class taxpayer f
attribute spatial countr jes (String ) taxpayer _id;
attribute  tempor alyear s(string ) address;
attribute  tempor alyear s(spatial countr ies (float )) taxes;
g

Then, in ST2_ODMGe the attributes of classtaxpayer are: taxpayer _id , that storesthe scal iden-
tiers the contributor hasin dier ent countries; address, that reports the history of its scal domiciles;

7In this chapter we do not provide the support for transaction spaceT S, that would be referred to by database transac-
tions. This will imply investigate issuesrelated to distributed systems, that would be beyond the scope of the chapter and
the thesis itself.
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taxpayer_id ‘ Italy ‘dfelspge4383we |Swizerland‘ CF34qisd56 H Germany ‘whdun64aw ‘

address [ 1998 | Rome | 1999 | Florence| 2000 | Rome | 2001 | Rome | 2002 [ Milan |

[1semod naly | 2400 [1semod naly | 2400 [isemogGermany 650 [isemoOswizerland | 4000 | -

taxes

[1999 | ttaly | 4800 [1999 [Germany| 1300 [2000 | ttaly | 800 | 2000 | Swizerland | 8000 | --

[ (19951999 [ maly | ssss | 20002004 | haly | 276845 20052009 | Maly | s000 | -

[1997 | Ec [7000 [1999 [ EC | 5000 2000 | Ec | 4376 |

Figure 5.1: Example of object state

and taxes, that stores the amount of taxes the contributor pays every year in each country he worked
(suppose according to the same currency).
2

Given a classc, an ST2.ODMGe object o of class ¢ is de ned as a 6-tuple (id; N;v;c; S'TT

S'SS; ?'TT) where id is the object identi er, unique in the database; N is the set of object names;
v is the object state, i.e., given by the valuesof its attributes; c is the classto which the object belongs;

Gir Gis js the spatio-temporal object lifespan, represerted at the temporal chronon and the spatial
guantum granularities, with respect to valid dimensions; (T3'TT is the transactional temporal lifespan of
the object.

ST?_ODMGe objects, with respectto ST_.ODMG objects of De nition 3.4, have an additional compo-
nert, i.e., the transactional temporal object lifespan, that boundsthe life of the object into the database,
accordingto transaction time dimension.

Furthermore, the state of ST>.ODMGe objects, that is the value of their attributes, changesdynami-
cally becauseo expirations execution. This behaviour recallsthat of T_ODMGe dynamical attributes de-
scribedin Chapter 4. However, di erently from T_ODMGe attributes, the run-time value of ST2_ODMGe

attributes is not more consistert with their de nitions, asdescribed in the following example.

Example 5.2 Let o be an identier of an object of class taxpayer , de ned in Example 5.1. An
exampleof object state for oy is depicted in Figure 5.1. Granularity evolutions have been performed for
attribute taxes . As a consguene, its valueis a Cartesian products of spatio-temporal values, at di er ent
granularities. Speci ¢ ally, its run-time type is:

temporalsemester s(Spatial countr ies (float ))  temporalyear s(Spatial countr ies (float )

temporalsyear s(spatial countr ies (float ))  temporalyear s(spatial ecaeances (float )).

Note that doesnot match the de nition given for attribute taxes in classtaxpayer , de ned in Exam-
ple 5.1. 2

Sinceat run time, the state of o doesnot match the de nition givenin the schemafor classc, o is not
still consistert to ¢ according to De nition 3.5. Howewer, a revised notion of consistencycan be given
alsofor ST2_.ODMGe objects, taking into accourt how dynamical expirations modify the objects state.

Let a be a multigranular attribute de ned in classc. In the generalcase,the run-time type of ais a
Cartesian product of multigran ular types.

Attribute a retains its generalsemartics. If attribute a wasde ned astemporal, its type at run-time
is a Cartesian product of temporal types;if it wasde ned as spatial, its type at run-time is a Cartesian
product of multigranular spatial types; if it was de ned as multigranular spatio-temporal, its type at
run-time is a Cartesian product of multigranular spatio-temporal types. The typesin the Cartesian
product have di erent granularities, and the sameinner type. The multigranular type that corresponds
to the de nition of attribute ain cis included in the Cartesian product, then, the inner type of the types
involved in the Cartesian product is that usedin the de nition of a.

Given an object o of classc, the value of attribute a at a given (either temporal or spatial) granularity
G (respectively, at temporal granularity G; and at spatial granularity Gs) is referredto asthe granularity
level G of a (respectively, the granularity level (G¢,Gs)).

Each granularity level in a ST_.ODMG attribute value canrepresen di erent temporal portions of the
attribute value, becausethe values can be collected at di erent times. Howewer, the granularity levels
are linked by pair of granularity cornversions. We refer to such a graph as the granularity levelsgraph of
the attribute.
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De nition 5.2 (Granularity levelgraph) Given a setof temporal or spatial granularity levels(G;), where
8i = 1:::n;(Gi) 2 G are temporal or spatial granularities, a granularity level graph (V;E) is an acyclic
graphsuchthat V = f Gy, ::: Gy g, and a setof granularity conversionsare de ned amongthe granularity
levels, that link the nodesin V, ie.,, E = fGq! G, if Gg G, or G, Gqg, with o;r, 1 g n,
1 r n.

Given a set of spatio-temporal granularity levels(Gy,, ; Gs,), where 8w = 1:::m; G, 2 Gr are tem-
poral granularities, 8y = 1:::1;Gs, 2 Gs are spatial granularities, a spatio-temporal granularity level
graph (V;E) is an acyclic graph suchthat V = fV; j (Gy,;Gs,)g, and a set of granularity conversions
are de ned among the granularity levels,that link the nodesin V, i.e., E = f(th;ng) P (G, ; Gep) if
Gy, Gt,orGy G, and ng Gso, Or ng Gsog, with g;r, 1 g m, 1 r m, with g,
1 1,1 % 1 3

If the granularity levels de ned for a ST2>_.ODMGe attribute are related in a granularity level graph
accordingto De nition 5.2, when solving an accessve can navigate amongthe valuesde ned in dierent
granularity levels thanks to the granularity conversionsthat link them.

Whenewer for a multigranular attribute value a granularity level graph is de ned, the granularities
(of the granularity levels) are linked either in a temporal and/or a spatial granularity graph, accordingto
the anti-re exiv e ner-than relationship 2.4.

Speci cally, let a be temporal, and let temporalg, ( ) be the type of a. Then, its type at run-time
is the Cartesian product temporalg, ( ) temporalg,( ) ::: temporalg, ( ), wheren >= 1,

ner-than (and coarser-than) relationship. Let Gy, and Gy, be two granularity levels de ned for a, with
1<=i;j <= n. Then, one of the following conditions holds:

Gti th , Or
Gti Gti , Or
Gyi(ti t;) 2 FGt,5Gty; 111 Ge, 9, Where Gy, ;) IS the temporal granularity greatest lower bound

of Gy, and Gy, (cf Section2.4).

By contrast, supposing a be spatial, let spatial, ( ) be the type of a. Then, its type at run-time
is the Cartesian product spatialg, ( )  spatialg,,( ) i spatialg,, ( ), wherem >= 1, and

than (and coarser-than) relationship. Let Gs, and Gs, be two granularity levels de ned for a with
1<= h;k <= m. Then, one of the following conditions holds:

Gs, Gs,,o0r
Gs, Gs,,o0r
Gyibsnsk) 2 FGs;:Gs, ;1005 Gs,, 9, Where Gy (s, s, ) IS the spatial granularity greatestlower bound

of Gs, and Gs, .

Finally, supposinga be spatio-temporal, let temporalg, (spatial s, ( )) bethe typeofa. Then, its type
at run-time is the Cartesian product temporalg,, (spatialg,, ( )) temporalg,, (spatialg,, ( ))

granularity levels de ned for a are linked in a graph. Let (Gy,;Gs,) and (Gy; ; Gs,) be two granularity
levelsde ned for a, with 1<=i;j <= n, 1<= k;h <= m. Then, one of the following conditions holds:

Gy,

th ’ th Gti , Or
|f Gti = th y Gsh Gsk, or Gsk Gsh, or

of Gy, and Gy, .

De nition 5.3 formalisesthe notion of run-time consistencyfor ST>_.ODMGe objects. De nition 5.3
extends De nition 3.5, in order to support dynamic expirations of spatio-temporal attributes. The
consistency of an ST2.ODMGe object is speci ed with respect to the consistency of the granularity
level graphs (cf. De nition 5.2) de ned on the valuesof the object attributes.

119



Note that, becauseof dynamic expirations, the ST>_.ODMGe notion of object consistencyis weaker
than that de ned for ST_.ODMG objects. Moreover, the constraints on the inclusion of the object state
into the spatio-temporal lifespan of o have been speci ed with respect to the transaction and valid
dimensionssupported by the model.

De nition 5.3 (ST2_ODMGe Consistert Instance). Let o be a ST.ODMG object de ned as (id; N; (a; :

Vi iiiap i Vp)iC; o gL ST Letcheaclassand attr its attribute speci ¢ ation. Object o is a

consistent instance of c if the following conditions hold:
1. 8i;1 i p;9(a; )2 attr suchthat a= a;;
2. 8(a; )2attr;9k;1  k p, suchthat a= ax and the following conditions hold:

(@ if 2 LTodmg, vk 2 [ 1 (i.e., the attribute value belongsto the set of legal values of the
correspnding type); s
(b) if 2 OTodmg [ Tgeom, Vk 2 e - F[ ]lﬁ'T j h 2 1Sg (i.e., the attribute value is an
object identi er, then its identi er must existsin the datalase sometimesduring the temporal
(tr ansactional) lifespan of o®);
(c) if 2S,ie., = spatialg,( 9, all the following conditions hold:
i Vi = (Vig Vi iiiiVk, ), withn>=1
ii. 8,1 j n,suchthatvy is dened,
A. v, 2 [ 1, where j = spatialg, ( 9 ; S
B. 8i 2 1 S suchthat vy, (i) is de ned, G (i)\ ( ¢,sfGis(h)jh21Sg) 6 ; (i.e., the
Vs
spatial domain of each granularity level vy does not exceed the spatial lifespan of the
object, then for each value de ned, the correspnding spatial granule intersects it);
ii. a (spatial) granularity (level) graph (Vk; Ex) is de ned, suchthat:
A. Vi = fGs,, 111 Gg ] i, 2 [spatialg,, ( 9] isdened,with1l y Ig, with Gs 2 V,
and | <= n (i.e., the nodesof the graph are the granularities of the spatial granularity
levelsde ned);

B. Ex = fGs, ! G, if Gs;, Gs, or Gs,  Gg, g, Withgr,1 g I,1 r |1 e,
the edgesof the graph link the granularities in Vi according to anti-re exive ner-than
(and coarser-than);

(d) if = temporalg,( 9, suchthat °2 Togmg [ Tgeom., all the following conditions hold:
i Vi = (Vs Vi, iiiiVk, ), With n>=1;
ii. 8,1 j n,suchthatvy is dened:
A. Vi, 2 [ 1, wher j = temporalg, ( 9;

B. 8i 2 | S suchthat vy, (i) is de ned, Gy, (i)\ (S e, TGit(h)jh21Tg) 6 ;; (i.e., the
temporal domain of each granularity level vy does not exceed the temporal lifespan of
the object, then for each value de ned, the correspnding temporal granule intersects
it);

iii. a (temporal) granularity (level) graph (Vk; Ex) is de ned, suchthat:

A W = Gy, 110 Gy, ] W, 2 [temporalg,, ( 9] is dened, with 1 w  mg, with
Gt 2 Wk, andm <= n (i.e., the nodesof the graph are the granularities of the temporal
granularity levelsde ned);

B. Ex =G, ! Gy, if G, Gt or Gy, Gt g withgr,1 g m,1 r m,ie,
the edgesof the graph link the granularities in Ex according to anti-re exive ner-than
(and coarser-than);
(e) if = temporalg, (spatials,( 9), all the following conditions hold:
i Vi = (Vg Vi 005 Vi, ), With n >=1;
ii. 8,1 j n,suchthatvy is dened:
A v 2 [ ;] whee j = temporaIG1j (spatiaIGSi( 9);

8Note that it is not required that the referenced object exists during all the instants included into the temporal lifespan
of o
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B.8i2IS sucg that vy, (i) is de ned,
Gy M\ ( erfGIT()jh21Tg) 6 ;; S
. 8ii 21 S suchthat vy, (i)(ii) is de ned, Gg (ii)\ (& sfGis(h)jh21Sg)6 ;;
Vs
iii. a spatio-temporal granularity level graph (Vi; Ex) is de ned, such that:

A. WV = (G, Gs,) | W,, 2 [temporalg,, (spatiaIGsy( 9] is dened, with 1w
m,1 y |lg, with (G¢;Gs) 2 Vk, and m;| <= n (i.e., the nodes of the graphs are
the pairs of granularities that identify the granularity levelsde ned in the attribute;
Ex = f(th;GSg) (G, Geo) if Gy, G, , or Gy, Gt,, and Ggo Ggo, oOr
Gss  Gsog, withgr,1 g m,1 r m,withgr,1 o I, 1 oo 3

According to the ST2_.ODMGe object consistencyof De nition 5.3, the typesof the di erent granu-
larity levelsthat de ne the value of a multigranular attribute must be related by ner-than and coarser
than relationship, with respect to their granularities, as we discussedabove. However, no requiremert
is speci ed in De nition 5.3 on the valuesitself. Indeed, we do no require that the values of dierent
granularity levels satisfy constraints on the consistencyof the levels with respect to the application of
the granularity corversionsused in expiration speci cations. As we will discussin Section 5.5, this is
becausedynamical expirations, in particular value deletionsand granularit y acquisition, caninvolve every
value de ned °. Moreover, dierently from the notion of consistencywe give in T_ODMGe model 19, in
ST2_ODMGe we can not specify constraints amongthe vale restrictions of two granularity levelsinvolved
by an evolution whenewer no deletions are speci ed, becauseof granularity acquisition. As a consequence
of the speci cation of a granularit y acquisition, ead granularity level can be directly updated by the user.
Moreover, as we will discussin Section 5.3.4, a granularity ewolution and a granularity acquisition can
be targeted, in di erent transaction time, the samegranularity level. In particular, the new expiration
ST2_ODMGe model supports allows to update directly also the granularity levels yet de ned through
granularity ewvolutions. Moreover, granularity ewvolutions can be de ned with target a granularity level
previously de ned by a granularity acquisition. As a general rule, when the same granularity level is
involved by both acquisitions and ewolutions, we prefer the values directly acquired by the user to the
value obtained through the execution of ewolutions, than result in values computed starting from values
at di erent granularities . Then, we allow the direct update of value yet stored, but we do not allow
that an ewlution overrides the valuesthat have beendirectly inserted by the user. As a consequence,
among the sourceand the target granularity level valuesno constraint involving granularity cornversions
can be speci ed.

5.3 Specication of Dynamic Expirations

This section preserts the syntax of ST2_ODMGe dynamic expirations. Dynamic expirations are speci ed
at run-time, and their execution results in a run-time modi cation of the databasestate.

The speci cation of dynamic expirations is givenaccordingto an Event - Condition - Action paradigm,
that is very e ectiv e to represen the elemerts that are involved by expirations. The action of a dynamic
expiration can be a sequenceof granularity modi cations and of deletions of attribute values. An expi-
ration action is performed wheneer a given databaseevent occurs, if an optional boolean condition is
veried. The events that trigger a dynamical expiration are, for instance, the update of the attribute
values, the execution of user de ned operations (represeried by classmethods), and temporal evens.

Spatio-temporal bounds can be speci ed for all the elemerns of a dynamic expiration, i.e., the evert,
the condition and the action. As a consequenceof the speci cation of spatio-temporal bounds, the
evaluation of the event, the evaluation of the expiration condition, and the e ects of the expiration action
can be limited in spaceand time. Spatio-temporal bounds can be specied with respect to both the
transaction and the validity dimensionssupported by the ST2_ODMGe model.

Di erent temporal semartics are supported for the execution of dynamical expirations. For what
concernin particular dynamical expirations usedto monitor periodical phenomena,both periodical sliding
and non-sliding windows approachesare supported. Moreover, the temporal behaviour of an expiration
can refer to either transaction or to valid time dimension.

9In T_ODMGe model only the oldest values in a granularit y level are deleted. In ST2_ODMGe any value de ned can be
deleted, disregarding it is old or recert.

10Cf, Section 4.2.2.

11 As we discussedin Section 3.5, granularit y conversion can intro duce some - bounded - distortion on the values.
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< dynamic_expiration > 1= ON<exp-event> [IF <exp_conditon >] DO< exp-action >

Figure 5.2: BNF Syntax of dynamic expirations.

Figure 5.2 reports the syntax of dynamical expirations. The elemeris that describe an expiration,
i.e., the evert, the condition and the action, are represeried by the non-terminal elemens <event>,
<condition >, and <action >, respectively. The syntax to useto specify ead elemer is described in
the remaining of the sections. Note that the expiration condition is an optional elemen of a dynamical
expiration. Whenewer the condition is not speci ed in an expiration, its value is assumedto be TRUE.

5.3.1 Specication of Expiration Events

Dynamic expirations are performed as a consequencef the execution of databaseevernts. ST2_ODMGe
expiration events are classi ed in temporal and non-temporal events. Temporal everts refer explicitly to
transaction time dimension. Temporal evernts can be either periodical or not, and they are speci ed with
respect to the transaction time line. A temporal evert occurs wheneer the databasetransaction time
reaches a given instant on the time line. As a consequencethe corresponding expiration is triggered.
A temporal event can be performed accordingto di erent temporal sematrtics, denoted by the keywords
after , every, and at. after , every, and at are usedto specify periodical events. Speci cally, the
keyword after species a temporal event according to a sliding window approach, whereasevery and
at apply a non-sliding window approach. every and after clausesde ne periodical events accordingto
unanchored time periods (e.g., every 5years, after 10days). By cortrast, at is usedto specify periodical
everts according to anchored time periods (e.g., at springs, where springs is a temporal granularit y).
Moreover, at is usedto specify non periodical temporal evernts (e.g., at 5:00 on the 5th of May 200Q
where 5:00 on the 5th of May 2000is a granule of granularity hours).

Non-temporal everts refer to the execution of database operations. The update and the accessto
attribute values,and the execution of operations, are non-temporal events of dynamic expirations. Since
attribute values, at run-time, have a type that is a Cartesian product of multigranular types, non-
temporal attribute everts (e.g., update, delete, access)must specify which are the granularity levels(i.e.,
the portions of the of the attribute values, referred to through their granularity(ies)) involved by the
everts. The granularity level speci ed in an attribute evert must be consistert with the speci cations
given for that attribute: it can be either the original granularity level for the attribute (i.e., that de ned
in the databasescdhema), or it must be oneamongthoseresulting from dynamic expirations yet performed
for the attribute.

A non-temporal event can trigger an expiration accordingto two di erent instants. Speci cally, the
expiration can be triggered either immediately before, or after a given amount of (transaction) time, the
execution of the evernts. Moreover, a non-temporal event can be speci ed with spatio-temporal bounds,
with respect to transaction and valid dimensions. Temporal bounds are speci ed by using the keyword
during , while spatial bounds are speci ed with the keyword in .

The BNF syntax for the speci cation of expiration events is reported in Figure 5.2. In Figure 5.2,
terminal symbol attribute _name represens the name of an object attribute; classname is a hame of a
user de ned class;t_gran_name and s_gran_name represen respectively a temporal or a spatial granu-
larity name; classname.methal_name() is a user de ned method with name methad_name, de ned in
classclassname update, access, delete , are the keywords for ST2_ODMGe attribute everts; Vand T
keywords allow to specify respectively, valid and transaction bounds; not is the boolean negation; nally ,
n is a natural number greater than 0. Non-terminal symbols <temp_element> and <spat _element>
refer to temporal and spatial elemens, de ned accordingto De nition 5.1. The syntax of non-terminal
symbols <temp._element> and < spat _element> is reported in Figure 3.8. Examples of temporal and
non-temporal everts, speci ed accordingto the syntax of Figure 5.3 are reported in the following example.

Example 5.3 Daily administration operations on a datatase(e.g., datatasebackup, index re-construction,
etc.) can be scheluled according to temporal events. For instance, the following speci ¢ ation can be given
for a local datatase:

ONevery 1 days
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< exp-event> := [<triggering _time>] <non-temp_event> [V <bounds>] [T <t_bounds>] | <temp-event> [T <t _bound>]
<triggering _time> := [<before > | <after > [T <unanchored_time>]]

<non-temp_event> := <attr _event> <attr > | < op-exec>

<attr _event> := update | access | delete

<attr > = <attr _source> . attribute _name [< gran_level _spec>]

<attr _source> := class_name | < object d >

< object id > := <query>

< gran_level spec> := (t_gran_name) | (s_gran_name) | (t_gran_name,s_gran_name)

< op-exec> := class_name.method_name() [<attr >]

<bound> = <t_bound> | <s_bound> | <t_bound> < s_bound>

<t_bound> := [not] during < anchored_time >

<s.bound> := [not] in <anchored_space>

< anchored._time> := <tempelem> | t_gran_name

< anchored _space> := <spat.elem> | s_gran_name

<temp.event> := every <unanchored_time> | after <unanchoredtime> | at < anchored_time >
<unanchored_time > := n t_gran_name

Figure 5.3: BNF Syntax of expiration everts.

The speci ¢ ation can be further extendel in order to be bounded to a limited period of (tr ansaction) time,
asin the following example,where the eventsconsidered by the expiration are limited to year 2004

ONevery 1 days T during f2004gYyea"s

Given the class taxpayer and attribute taxes we descrited in Example 5.1, de ned with temporal
granularity years and spatial granularity countries, the following speci ¢ ation de nes a non-temporal
event. Speci c ally, the eventis the update of the granularity level (years; countries). Moreover, since
we are interestal in the updatesthat refer to year 2004 and ltaly, than the speci ¢ ation reports a spatio-
temporal bounds, de ned according to valid spatial and temporal dimensions.

ONupdate taxpayer.taxes(years,co untries )
V during f2004g¥yea s in fltaly geountr ies

Finally, the following speci ¢ ation de nes a non-temporal eventon a meteorological datakase. Speci -
cally, the execution of methad storm() of classmeteo, triggers an expiration. The expiration is triggered
(then its condition will be evaluatel, and according to the value of the condition, its action will be executed
or not) beforethe execution of the methad.

ONbefore meteo.storm() 2

5.3.2 Specication of Expiration Conditions

An expiration condition is a boolean composition of simpler conditions on databaseattributes, such asa
comparisonamong (spatio-temporal) attribute values,and the evaluation of the occurrenceof (temporal)
attribute values. Moreover, valid time cheks i.e., temporal cheds speci ed with respect to valid time
can be usedto de ne temporal expirations. The evaluation of valid time cheds can be combined with
the comparison conditions on attribute values.

Whenewer speci ed, an expiration condition is evaluated after the event hastriggered the expiration.
If the evaluation of an expiration condition returns TRUE, the action speci ed in the corresponding expi-
ration is executed. Otherwise, the expiration execution stops and the databasestate remainsunchanged.

Attribute valuesare speci ed in conditions, asin events speci cation, with respect to the granularity
level involved in value comparisons. Spatio-temporal comparison operators we de ned for ST_ODMG
query language 12 can be used to specify value comparisonsin expiration conditions. first() and
last() operators can be applied to (spatio)temporal valuesin expiration conditions. They result, re-
spectively, in the rst and the last portion, with respect to the order given by attribute timestamps, of
a (spatio)temporal attribute value. first() and last() operators are usedto de ne comparisons of
(spatio)temporal attribute valuesreferring to unanchored temporal periods.

Valid time chedks are the validity counter-part of transition temporal events described in the previous
section. The sametemporal sematrtics we de ned for temporal events are supported for the speci cation

12¢f. Section 3.6 and Figure 3.8.

123




< exp-condition > := < boolean-cond > [<vt-check > [V <c-bound>1]] | <vt-check > [V < c-bound>]

< boolean-cond > := [not] <cond> [V <c-bound>] [T <t_c-bound>] [< bool _op> < boolean _comp ]

<cond> = [last ( | first (] <attr value> [)] <comp <value> | count (<attr value>) <compop> n

<attr _value > := <attr > [<access>]

<attr > = <attr _source> . attribute _name < gran_level _spec>

<comp = <compop> | <bin_opr> | <bin_ops>

<c-bound> := <t._c-bound> | <s_bound> | <t_c-bound> < s_bound>

<t_c-bound> := <t_bound> | during ([first | last] < unanchored_time >

<vt-check > := [<attr >] every <unanchored_time> | [<attr >] after <unanchoredtime> | [<attr >] at < anchored time >

Figure 5.4: BNF Syntax of expiration conditions.

of valid time cheds.'®* Valid time cheds are speci ed in expirations triggered by non-temporal everts
that modify the attributes state, resulting in valid time modi cations (i.e., update everts). Indeed, the
aim of valid time cheds is to evaluate such modi cations. Note that the triggering time of an update
everts combine with valid time cheds should be set to after (the default). If valid chedks would be
otherwise speci ed, their evaluation would always return FALSE.

The ewaluation of eadh componert of an expiration condition can be spatio-temporally bounded. The
same semartics we applied to bound the execution of events can be usedto bound the ewaluation of
conditions. Moreover, in conditions, additional temporal bounds can be speci ed, by using the keywords
first andlast , speci ed with unanchoredperiods. last keyword, in particular, allowsto de ne temporal
boundsthat move over time (e.g.,V during last 1 years, species a valid time bound that, evaluated
over time, can result in di erent years, as the the (spatio)temporal attribute value on which the bound
is evaluated is updated over time).

The BNF syntax for the speci cation of expiration conditions is reported in Figure 5.4. Terminal sym-
bol attribute _namerepreserts an attribute name;Vand T keywords refer to, respectively, valid and trans-
action bounds; not is the boolean negation; n represerts a natural number greater than 0. Non-terminal
symbols < compop>, <bin _opr> and <bin _ops> represen conventional, temporal and spatial binary
comparison operators; < value > represets either a convertional, temporal or spatial value; <access>
represernts the speci cation of an attribute accessasdescribedin Chapter 3. The syntax of terminal sym-
bols < compop>, < bin _opt >, <bin _ops>, <value > and < access> is reported in Figure 3.8. The syn-
tax of non-terminal symbols < bound>, <t-bound >, <attr _source >, <gran_level _spec>, <s_bound>,
<unanchored_time >, <anchored_time > is reported in Figure 5.3.

Examples of expiration conditions, speci ed accordingto the syntax of Figure 5.4 are reported in the
following example.

Example 5.4 Let JuneO4, July04, and August04, the labkels of the granules, at granularity months,
representing the summer months of year 2004. Then, given a meteorological datalase, the following
condition can be speci ed to check the monthly rainfall (measured in cc), during the summer of year
2004, in ltaly.

IF <... >.rainfall(days,countri es)#5UM fJune04, July04, AugustO4gmonths — #f|taly goountr ies <= 25
Given a system designel to monitor the medical situation of patients over time, the following con-

dition checks the last value stored for attribute temperature at granularity hours, measuring the body
temperature of a patient in Celsius degrees.

IF last( <... >.temperature(hour s)) > 37,5
The following condition checks the last day of values stored for attribute temperature at granularity
hours. Note the di er ence with the previous speci ¢ ation.

IF <... >.temperature(hours) > 37,5 V during last 1 days
The following condition is a boolean composition of the previous check, with a check on the last week of

valuesstored for attribute bloodpressure at granularity days. Note that the two bounds are orthogonal,
and that each temporal bound is de ned with respect to a speci ¢ context, i.e., the valuesof a specic

Byalid time checks are evaluated with respect to the starting time specied for each attribute granularit y level, for each
expiration actions. See Section 5.5.
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attribute.

IF <... >.temperature(hours) > 37,5 V during last 1 days
and <... >.bloodpressure(days) > 110 V during last 1 weeks

Given a datatlase that stores information of an international company that sels gift articles, the
following condition checks the amount of salesof a given item in Italy, whosetransaction are recorder
during Christmas of year 2004. Note that the condition is bounded by the spatio-temporal bound T during
f2004gY%% s V in fltaly g®u"" s that representsthe portion of valid space and transaction time of
interest.

IF count( <.. >.sales(hourscit ies) ) > 1000 T during f2004gc istmas v/ in fltgly geountr ies

Given classtaxpayer of Example5.1 and attribute taxes at granularity level (years;countries), the
following speci ¢ ation de nes a (periodical) valid time check that would be evaluatel on taxes values. If
the condition is speci e d in an expiration triggered by an eventde ned on suchgranularity level (e.g., an
update) the granularity level can be omitted.

IF [taxpayer.taxes(years,co  untr ies)] after 5 years 2

5.3.3 Specication of Expiration Actions

The actions of ST2_ODMGe expirations are speci ed to remove attribute valuesfrom the database,and
to modify the attribute granularities. An action of a ST2.ODMGe expiration is de ned as a sequence
of granularity evolutions and acquisitions, and of value deletions. Speci cally, granularity evolutions and
acquisitions are speci ed by evolve and acquire clauses,while value deletions are obtained through the
speci cation of delete clauses.Like for everts and conditions, the e ects of eat evolve , acquire and
delete clausespecied in an expiration action can be spatio-temporally bounded.

Every delete , evolve , and acquire clauserefersto a given attribute. Each clausecan either specify
an attribute explicitly (i.e., through its name), or it can refer to the attribute specied either in the
expiration condition or in the event. Every delete clausespeci es how to remove valuesfrom an existing
granularity level of a multigranular attribute. If the granularity level refersto a (spatio)temporal value,
the delete speci cation can refer to the order on valuesgiven by temporal timestamps, and the amount
of valuesto deleteis speci ed as an unanchored temporal period. The valuesremoved can be either the
older (first ) or the more recert (last ) stored in the granularity level. As a default behaviour, older
data are removed.

evolve clausesadd new granularity levels to an attribute value. The values of a granularity level
resulting from an ewolution are not directly inserted by the users of the database, but are obtained
from valuesyet stored in a dierent granularity level of the sameattribute, through the application of
a granularity conversiong“. Given an attribute a, an evolve clause specied for a reports explicitly
the granularity levelsinvolved by the granularity evolution, namely the source and the target granularity
levels. The granularities of the sourceand of the target levels must be related accordingto ner-than
(equivalertly, coarser-than) relationship'®. If a is spatio-temporal, the sourceand the target granularity
levels must di er either for the temporal or the spatial granularity.

If a granularity evolution is speci ed for the rst time to the target granularity level, the evolve clause
reports also a conversion speci ¢ ation. The cornversion speci cation de ne the granularity conversions
that relate the two granularity levels. The two granularity cornversions must be (quasi)-inverse (cf.
De nition 3.9 and 3.10). One of the granularity corversion is applied to perform the ewolution®, and
the valuesresulting are usedto update the target granularity level. The other granularity cornversionin
the evolve speci cation is applied to re-obtain the valuesat the original granularities, from the target
granularity level (e.g., when accessingo the attribute value, if the original valueshave beendeletedfrom
the database).

A granularity evolution yet speci ed can be re-de ned. The new version of the granularity ewvolution
can modify both the event and the condition, aswell asthe evolve bounds. The granularity corversions

14Cf. Section 3.4.

15Cf. De nition 2.4.

18|f the dynamical expiration is performed periodically, according to valid time chedk specied in the expiration condition,
the granularit y evolution is executed periodically too, with a mechanism similar to that discussedin the previous chapter
for T_ODMGe evolutions. The execution of granularit y evolutions is described in the following sections.

125



< exp.action > := <single _exp_action > [V <bound>] [T <t_bound>] [; <exp.action >]

<single _exp-action > := <evolve > | <acquire > | <delete >

<evolve > = evolve [<attr _source> .attribute _name] < gran_evel _spec> to < gran_level _spec> [< ev_conv_spec> ]
<acquire > = acquire [<attr _source> . attribute _name] at <gran.level _spec> [< acg-conv_spec >]
<ev_conv.spec> := using <tconv _spec>) | using < sconv_spec>

< acg-conv_spec> := <ev.conv.spec> | using (< tconv _spec>, < sconv_spec>)

<tconv _spec> := (<stat f2c>, <stat c2f>)

<stat f2c> = <cf>g, go | user_def_cfs, go

<stat c2f> 1= <rf>g0 g | user_def_rfgo

<sconv_spec> := (<stat f2c>, <stat c2f>) | (<geomf2c >, < geomc2f>)

< geomf2c > := < gen.comp Gg! G2 | user _def_genGS! 3

<geomc2f> = <ref comp o, ¢ | user _def_reng! Gg

< delete > = delete [first | last] < unanchored_time > from [< attr _source> . attribute _name] (< granJevel _spec>) |

delete [<attr _source>.attr _name] < gran.level _spec>

Figure 5.5: BNF Syntax of expiration actions.

originally speci ed can not be modi ed.

The execution of an acquire clausemodi es at run-time the granularity level usedto acquire new
attribute values. After the execution of the acquire , the target granularity level will be usedto collect
the new values. Such granularity level can exist or not among the granularity levels yet de ned for the
attribute. Let a be such attribute. If the granularity level doesnot exist in a, a new granularity level is
de ned for a. In this case,the acquire clauseincludes also a cornversion speci cation. In the attribute
is spatio-temporal, two pairs of (quasi)-inversegranularity conversionscan be speci ed. The conversions
speci ed link the new granularity level to the granularity level graph 7 of a.18

Like for everts and conditions, the e ects of ead evolve , acquire and delete clausespeci ed in an
expiration action can be spatio-temporally bounded, with respect to transaction and valid dimensions.
The BNF syntax for the speci cation of expiration actions is reported in Figure 5.5. Terminal symbol
attribute _name represerts an attribute name; user_def cf, user.def_rf, user.def gen user_def ref represen,
respectively, user de ned coercion and re nement functions, geometrical generalization and re nement
compositions; G and G° represen two granularities, such that G~ G% Gs and GY represen two spa-
tial granularities, suc that Gs  G2; V and T keywords refer to, respectively, valid and transaction
bounds. Terminal symbols <cf >, <rf >, <geomcomp>, and <ref _comp represen, respectively, coer-
cion functions, re nement functions, geometricalgeneralization compositions, and geometricalre nement
compositions!®. The syntax of non-terminal symbols < bound>, <attr _source>, <gran _level _spec>,
<s_bound>, <t _bound>, <unanchored_time >, <anchored_time > is reported in Figure 5.3.

The following example discussesxpiration actions speci ed accordingto the syntax of Figure 5.5.

Example 5.5 Given classtaxpayer of Example5.1, the following action speci es the deletion of values
from the granularity level (years;countries) of attribute taxes. The spatio-temporal valuesdeletal are
the valuesstored for years 1999, 2000, and 2003 in Italy.

DOdelete from [taxpayer.taxes](years, countri es) V during 1999, 2000, 2003gYea" S in fltaly geountr ies
By contrast, the following speci ¢ ation requires the deletion of an 1 year of valuesfrom the granularity
level (years; countries).

DOdelete [last] 1 years from [taxpayer.taxes](years ,countr ies)
The following evolve clause speci es the granularity evolution of the valuesof attribute taxes of gran-
ularity level (years;countries), to granularity level (5years;countries), for the payments performed in

Italy. The granularity conversion applied by the evolution is the statistical (coercion) function avg. The
statistical (re nement) function restr is applied to re-obtain the original values.

DOevolve [taxpayer.taxes](years,c ountrie s) to (5years,countries)

using (avQyear s! 5years: lestr syears! years) Vin fltaly geountries

The following evolve clause sgeci es the granularity evolution of the valuesof attribute taxes of gran-
ularity level (years; countries), to granularity level (semesters;countries). The evolution is performed

17Cf. Denition 5.2.
18The complete speci cation of such link is discussedin the following Section.
19The syntax of conversion compositions is reported in Figure 3.7.
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throughthe application of statistical conversion split. The inverse conversion function specied is sum.

DOevolve [taxpayer.taxes](years,c ountrie s) to (semesters,countries)
using (split years! semester s, SUMemester s! years)

Given a datatase that stores information of an international company, suppse that a spatio-temporal
attribute sales is de ned with temporal granularity days and spatial granularity countries. The follow-
ing aaquire clause modi es the acquisition granularity level for attribute sales . After the execution of
the correspnding granularity acquisition, the new value of attribute sales will be collected at granular-
ities minutes and cities. The new granularity level (minutes; cities) is linked to (days; countries) by a
conversion speci ¢ ation. Statistical quasi-inverseconversionssumand split  are usel to related both the
temporal and the spatial granularities.

DOacquire [<.. >.sales] at (minutes,cities) using ((SUMminutes ! day s.SPlit  day st minutes )

(SUMGities 1 countr ies »SPIit  countr ies! cities )) 2

5.3.4 Consistency of Expiration Speci cations

In this section we describe additional constraints to the speci cation of dynamic expirations. Sud
constraints are applied to prevent the speci cation of dynamic expirations which execution could lead
to inconsistert databasestates. Moreover, we discussconstraints that allow to improve the execution of
expirations. Sud constraints refer to the speci cation of expirations which execution would not change
the databasestate, or that would have no-e ect in most of the cases.

SinceST?_ODMGe model hasbeende ned relying on the experienceof the designof T_ODMGe model
described in Chapter 4, part of the discussionof Section 4.3.3 about of the consistencyof T_ODMGe
dynamic attributes applies alsoto ST?>_.ODMGe. In particular, in this section we refer to the notion of
incomparable temporal periods (cf. De nition 4.4), that appliesto unanchored temporal periods we use
in dynamic expirations syntax.

5.3.4.1 Adding a new granularit y level

New granularity levelsare addedto a multigran ular attribute valuethrough the speci cation of granularity
ewolution and granularity acquisition operations. The new granularity level is added to the existing
granularity levels of the attribute. The corresponding node is added to the attribute granularity level
graph?° of the attribute, preservingthe object consistency'. Sud nodeis linkedto existing onesby ner-
than relationship, and its inversecoarser-than, and through granularity conversionsthat are provided in
the speci cation of both operations (by the keyword using ).

Both operations are speci ed by three elemers:

the operation target, i.e., the granularity level addedto the attribute value;

the operation source; i.e., the granularity level that is linkedto the target, in the attribute granularity
level graph;

a set of granularity corversions,that are usedto link the source and the target granularity levels.

The operation target hasdi erent semartics accordingto either a granularit y evolution or a granularity
acquisition has beenspeci ed. In the two cases,it is addedto the attribute value in di erent ways.

Gran ularit y evolution.  The valuesof a granularity level de ned by a granularit y evolution are derived
values, i.e., they are obtained through a computation from the valuesof another granularity level of the
attribute.

The granularity level input of the computation is the granularity ewolution source. The granularity
ewolution sourceis speci ed in the evolve clause. It refersto the attribute specied (according to the
priorit y givenin the list below):

1. in the evolve clause;or

20Cf. De nition 5.2.
21Cf. De nition 5.3.
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2. in the dynamic expiration condition (if no ambiguity arises,i.e., if only oneof the attribute involved
in the condition, suitesthe speci cation givenin the evolve clause);or

3. in the dynamic expiration evert.

The granularity evolution target, is the granularity level resulting from a computation of a given
granularity conversionon the source. According to the syntax of evolve clause(cf. Figure 5.5), only one
granularity cornversion pair can be specied. Then, if the attribute is spatio-temporal, the granularity
ewolution target candi er from the sourcefor either the temporal or the spatial granularity.

Furthermore, (1) the granularity speci e d in the evolve clausemust be either ner or coarser-than the
correspnding granularity in the evolution source. If the attribute is temporal or spatial, let G ¢ be the
ewvolution sourcegranularity level, and let Gy be the granularity of the evolution target. Then, G and
Giy must be related according to anti-re exiv e ner-than or coarser-thanrelationship, i.e., Gsrc  Gyg.
or Gy Gy If the attribute is spatio-temporal, let (G, .; Gs,, .) be the ewvolution sourcegranularity
level, and let (G, ; Gs,, ) be the ewolution target granularity level. Then, the granularities of the source
and the target granularity level must be related according to anti-re exiv e ner than or coarser-than
relationship, suc that one of the following conditions holds:

Gty Gy, 0r
Gt,. Gy, o0r
Gs, . Gs,,0r
Gs,. Gsy-

Example 5.6 Given spatial granularity f oot and m, suchthat neither f oot m notm f oot, according
to the previous constraint, the following evolve speci ¢ ation is not allowed:

DOevolve (foot) to (m) 2

Moreover, (2) no intermediate granularity level must exist in the granularity level graph among the
evolution source and targef?. If the attribute is temporal or spatial, let G be the sourcegranularity
level, and let Gy be the target granularity level. Then, no granularity level G must exist in the attribute
valuesuch that Gs;,c G Gy orGygy G Ggrc. If the attribute is spatio-temporal, let (G, . ; Gs,, .)
bethe ewolution sourcegranularity level, and let (Gy,, ; Gs,, ) be the evolution target. Then, no granularity
level (Gt; Gs) must be de ned in the attribute value, such that Gy,, Gt Gy, or Gy,. Gt Gy,
or,if G, . = Gty , Gsy,. Gs Gs, OrGs,, Gs G-

Example 5.7 Given a value v de ned for a temporal attribute a, such that the granularity levelsdays
and years are de ned in v, the following evolve speci ¢ ations are not allowed, becausedays months
years:

DOevolve a (days) to (months) using ...

DOevolve a (years) to (months) using ... 2

The ewolution computation is given by the execution of a granularity corversion g-convg,, .1 G,
where Ggr¢ and Gy are the granularity of the sourceand the target granularity levels involved by the
ewolution. Moreover, the speci cation requires also that a granularity corversion from the target to the
sourcegranularity level g-conv 16‘9 | G4 . Despecied. Sud a pair of granularity conversionslinks the
sourceand the target granularity levelsin the granularity level graph.

Gran ularit y acquisition. A granularity level de ned by a granularity acquisition, will be used to
collect new valuesfor an attribute sinceits execution, as though the attribute was re-de ned.

A granularity acquisition is speci ed, asfor granularity ewlutions, by three elemerts: the granularity
acquisition source, i.e., the granularity level that before the execution of the acquisition was used for
collecting the attribute values; the granularity acquisition target, i.e., the granularity level that after

223uch a constraint could be weakened whether the granularit y conversions used to link the three granularit y levels are
compositional (cf. De nition 3.8).
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the execution of the acquisition will be used for collecting the attribute values; a pair of conversion
speci ¢ ations, that link source and the target granularity levels.

The granularity level sourceof a granularity acquisition refersto the attribute speci ed (according to
the priority givenin the list below):

1. in the acquire clause;or
2. in the dynamic expiration condition; or
3. in the dynamic expiration evert.

(3) The granularities of granularity aocquisition source and target granularity levels must be related
according to ner-than relationship. If the attribute is temporal or spatial, let Gg . be the acquisition
sourcegranularity level, and let Gy be the granularity of the acquisition target. Then, Gg ¢ and Gy
must be related according to anti-re exiv e ner-than or coarser-thanrelationship, i.e., Gsr¢ Gy, Or
Gy  Gsrc If the attribute is spatio-temporal, let (Gy,, .;Gs, .) be the acquisition source granularity
level, and let (G, ; Gs,, ) be the acquisition target granularity level. Then, the granularities of the source
and the target granularity level must be related according to anti-re exiv e ner than or coarser-than
relationship, such that G, Gy, or Gy, Gy, ,and/or Gs,, Gs, 0Or Gs, . Gs, .

The corversion speci cations, in the general case,are compositions of granularity cornversions, that
include the granularity conversionsspeci ed in the acquire clause. Speci cally, the conversion speci -
cations given in the acquire clauselink directly the sourceand the target granularity levels only if no
intermediate granularity level exists in the attribute value among the sourceand the target, according
to the partial order given by ner-than (and coarser-than) relationship in the current instance of the
granularity level graph (cf. De nition 5.3. By contrast, if someintermediate granularity level exists, the
granularity corversion speci cations given in the acquire clauseare composedwith the (intermediate)
granularity conversionsyet speci ed.

If the attribute is temporal or spatial, let G ¢ be the sourcegranularity level, and let Gyy bethe target
granularity level. Then, the sourceand the target granularity levelsare directly related if no granularity
level G exists in the attribute value such that Gs,c G Gyg or Gy G Gg. If the attribute
is spatio-temporal, let (Gy,, .;Gs, .) be the acquisition sourcegranularity level, and let (G, ;Gs, ) be
the acquisition target granularity level. Then, the sourceand the target granularity levels are directly
related if no granularity level (Gt; Gs) is de ned in the attribute value, such that Gy, Gt Gy, or
Gt,. Gt G,,andGs,, Gs Gs, OrGs,, Gs G-

If the sourceand the target granularity level are not directly related by ner-than (or coarser-than)
relationship, the granularity speci cation given in the acquire clauserefer to the granularity level im-
mediately before the target granularity level, accordingto the ordered path given by the ner-than (or
coarserthan) relationship, from the sourceto the target acquisition levels. We refer to this granularity
level as the intermediate source.

The conversion speci cation givenin the acquire clausemust be speci ed accordingto the following
conditions:

if the attribute is spatial or temporal, let G5 be the (intermediate) sourcegranularity level,and
let Gyy bethe target granularity level. Then, a pair of granularity conversionsis required, sud that
g-convG(i)Sr ! Gy and g-conv thg U Goiysr c;

if the attribute is spatio-temporal, let (G, .;Gs,. .) be the (intermediate) source granularity
level,and let (G, ; Gs,, ) be the target granularity level. Then,

{ if the (intermediate) and the target granularity levelsdi er only for the spatial or the tempo-
ral granularity, (let Gs c and Gyg be such granularities), a pair of corversionsis required,
g-convG(i)sr c! Glg and g-COI’]V lGlg ! G(i)sr c;

{ if the (intermediate) and the target granularity levelsdi er for both the spatial and the tem-
poral granularity, two pair of conversions are required, such that gt-conv Gl ! Gig and

_ 1 . _ _ 1
gt-conv ‘g, T and gs-conv Gsgyero! Gsg and gs-conv Gog ! Gsyyc
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Figure 5.6: Granularity graph for spatio-temporal attribute a

Invertibilit y of conversions. (4) When adding a new granularity level, granularity acquisitions and
evolutions must specify at least a pair of granularity conversions Two pairs of conversionsare required
by the speci cation of an acquire clausethat modi es both the temporal and the spatial granularity of
a spatio-temporal attribute.

Each pair of corversion speci ed, i.e., (g-convg: go, g-conv ‘go ) (5) must be a pair of (quasi)-
inverse granularity conversions according to De nitions 3.10 and 3.9. Such a speci cation is required
in order to bound the indeterminacy introduced by the conversions, that are applied by granularity
ewlutions and when accessingthe attribute values. In this case, indeed, the original values can be
re-obtained, when needed,with an error that is known a-priori.

Example 5.8 Given a temporal attribute a, the following evolve speci c ation is not allowed, because
first and split statistical conversionsare not (quasi)inverse.

DOevolve a (days) to (months) using first gaysi months » SPlit months ! days

Given a spatial attribute a’ the following acquire speci ¢ ation is not allowed, becauser-merge and
add_p2r geometrical conversionsare not (quasi)inverse.

DOacquire a° (countries) add-p2rcountr ies! municipalities 2

using r-merge municipalities I countr ies »
Incremen tal specication of the granularit y level graph. The target granularity level of both
ewvolution and acquisition operations must be added to the current instance of the attribute granularity
level graph preserving the consistencyof the speci cation yet provided. To verify such a requiremen,
the graph is built incrementally. Then, (6) the target of an evolution or and aoquisition is addel to
the boundaries of the current instance of the granularity levels graph of the attribute, i.e., the target
granularity level is not valid if its corresponding node in the granularity level graph would be inserted
among two existing nodesfor which an edgeis yet de ned.

Example 5.9 Given a value v de ned for a spatio-temporal attribute a, which granularity levels are
(days; countries), (weeks; countries), (years; countries), (days; municipal ities ), (years; municipal ities ),
(minutes; municipal ities ), suchthat they are linked in the granularity levelgraphdepicted in Figure 5.6(a).
Then, the following evolvespeci ¢ ation is not allowed:

DOevolve a (days,municipalities)

using first gay s months -

to (months,municipalities)

restr months ! days

By contrast, the speci ¢ ation would be allowal if the granularity levelsare linked in the granularity
level graph depicted in Figure 5.6(b). 2

5.3.4.2 Gran ularit y evolution and acquisition to an existing granularit y level

The target of a granularity ewolution and of an acquisition can be an existing granularity level of an
attribute. This is allowed by the model only on condition that the integrity of the existing values
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is presened. To fulll sud a requiremert, additional constraints are applied to the specication of
ewlutions and acquisitions. 23,

The rst constraint is related to the speci cation of granularity conversions,that link the granularity
levels de ned for an attribute. Once speci ed, they cannot be rede ned. Then, (7) evolutions and
aoquisitions which target levels exist for an attribute, can not re-de ne the granularity conversions yet
speci e d that involve such levels

Example 5.10 Given attribute a of Example 5.9, the following acquire speci ¢ ation is not allowed:

DOacquire a (minutes,municipalities)

using split gays' minutes » SUMhinutes ! day s 2

Moreover, in order to avoid that ewlutions and acquisition interfere with ead other, (8) given a
granularity level de ned for an attribute a, in every instant (with respect to transaction time) either a
(single) granularity evolution or a (single) granularity acquisition is speci e d for the granularity level In
particular, an evolution can not be speci e d to the target granularity levelthat is currently used to acquire
data.

Example 5.11 Let a be a spatio-temporal attribute de ned in a classc. Speci c ally, let the type of a in
C be temporalyear s(spatial countr ies (float )). Let (years;countries) be the granularity levelcurrently used
to aoquire data. The following sequene of expirations is allowed for a.

ONupdate of a(years,countries)
IF every 1 decades
DOevolve (years,countries) to (decades,countries)

using avOyear s! decades €SIl decades ! year s

ONat NOWar s
DOacquire a (decades,countries)

Indeed, wheneverthe acquire is speci e d for a, the evolution from granularity level (years;countries)
to granularity level (decadesrountries) stops, since the expiration eventdoes not occur anymore. Until
another acquire is specied for a, another evolution to granularity level (decadescountries) is not
allowed. 2

Moreover, given a granularity level that hasbeenasa target for a granularity evolution, (9) whenever
another evolution to that granularity levelis de ned, the source granularity level must be that usel for
the preceding evolution®*.

Example 5.12 Let a be the attribute of the previous example,de ned in a class c with spatio-temporal
type temporalyear s(spatial countr ies (float )). Supmse to granularity evolution have been specied for
a, one from granularity level (years;countries) to granularity level (5years;countries), and one from
(5years;countries) to (decadesrountries). Then, the following evolve speci ¢ ation is not allowed:

DOevolve (years,countries) to (decades,countries) using ... 2

Note that if both constraints (7) and (9) hold, this ensuresthat the granularity level graph of eat
ST?2_ODMGe multigranular attribute is acyclic.

5.3.4.3 Periodical specication of expirations

Part of the constraints we discussedn Section5.3 refer to the correct speci cation of the frequencyof the
execution of granularity ewolution and value deletion speci ed for T_ODMGe dynamic attributes, that
are intrinsically periodical. As we discussedin Section 5.3.2, ST2.ODMGe dynamic expirations can be
speci ed asperiodical too. In ST2.ODMGe, (10) the frequencyof periodical expirations is speci e d either
in expiration conditions, or through the speci ¢ ation of periodical events through the keywords every,
after , and at ?°.

Z33eealso Section 5.5.5.
24The re-de nition of granularit y evolutions is allowed. Cf. Section 5.5.4.
25The following Section discuss the dieren t semartics of such speci cations.
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Example 5.13 According to the previous constraints, the following expiration for (spatio)temporal at-
tribute a is illegal, because it species hoth a temporal event (evaluated according to transaction time
dimension) and a valid time check.

ONevery 3 days
IF a at 6 hours .. 2

Furthermore, like in T_ODMGe, (11) the frequencyof the periodical expirations must be comparable,
with the (temporal) amount of data specied in evolve and delete clauses(cf. Section 4.3.3). The
comparisonof temporal frequencyand amourt of data to evolve and deleteis intended, likein T_ODMGe,
according to De nition 4.4, that formalisesthe notion of incomparable temporal periods with respect to
ner-than relationship.

5.3.4.4 Value deletion constrain ts

Another constraints ST>_.ODMGe inherits from T_ODMGe is related to the speci cation of consistert
value deletions. Speci cally, the model allows only the speci cation of value deletionsthat refer to entire
granules. To ensuresuch a requiremerts, the speci cation of deletionsgiventhrough unanchoredtemporal
periods must be given using the same(temporal) granularity of the value removed, or a coarserone.

(12) The (temporal) amount of data of a deletion, specied in a delete clause though an unan-
chored temporal period, must be speci e d in a delete clauseusing the samegranularity, or a granularity
coarser-than, the temporal granularity of the granularity level from which the values are removel (cf.
Section 4.3.3).

5.3.45 Warning on valid time check specication with evolution and deletion

Di erently from T_ODMGe 2%, we relax the constraints that avoid the speci cation of periodical expira-
tions that are never or seldomperformed, or which execution results always in an unchangedstate of the
database. The inconsistencyof suc speci cation should be highlighted, by raising a a warning, but it is
not avoided.

In particular, such a situation arisesif:

the frequency of an ewolution doesnot allow to collect enoughdata to perform the ewolution;

the amount of data to delete, specied in a delete clause,is greater than the frequency of the
deletion.

Moreover, inconsistert even not dangerousspeci cations can arise by granularity evolutions and value
deletions speci ed according to valid time chedks?’. Valid time chedks are comparedto the values of
the granularity levels involved by the operations, in order to ewvaluate valid time modi cations. Sud a
situation arisesonly asa consequencef the execution of non-temporal events that modify the attributes
state (speci cally update events?® 29, Then, valid time chedks should be speci ed in expirations triggered
by suc everts. If valid chedks would be otherwise speci ed, their evaluation would always return FALSE,
since they would be evaluated on an unchanged database state. Note that the triggering time of the
triggering events combined with valid time cheds should be setto after (the default).

5.4 Semantics of Dynamic Expirations: Preliminaries

In this sectionwe discusssomesemartic aspect of ST2_.ODMGe dynamic expirations, that is preliminary
to the comprehensionof the following section, that discusstheir execution. In particular, we discussthe
di erent temporal sematriics that can be usedfor the speci cation of temporal expirations, resulting in
di erent executionsof expiration actions, and of temporal bounds. Moreover, we detail the interaction
of the validity and transaction dimensionsassumedby the model in the speci cation of spatio-temporal
bounds.

26Cf. Section 4.3.3.

27valid time chedks are specied in expiration conditions. Cf. Figure 5.4.

28 Note that as a side e ect, granularit y evolutions result in update of the granularit y levels de ned for an attribute.
29geealso the discussion on the lazy execution of T_ODMGe attribute evolution of Section 4.4.3.
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Figure 5.7: Semartics of temporal occurrenceof ST>_.ODMGe expirations.

5.4.1 Time Semantics in Dynamic Expirations

The temporal behaviour of dynamical expiration canreferto both transaction and valid time, respectively
through the speci cation of temporal events and temporal valid time cheds, that result in temporal
expirations. Temporal events allow to trigger expirations through the speci cation of temporal conditions,
both periodical and non-periodical, that are evaluated on transaction time. By contrast, conditions on
valid time are evaluated on the objects state (asdiscussedn the previous section, usually asa consequence
of the execution of everts that changethe databasestate, i.e., attribute updates), that represen the valid
time dimension.

Temporal expirations, i.e., temporal events and expirations speci ed accordingto valid time cheds,
canbe processediccordingto di erent temporal semartics. In particular, both periodical sliding and non-
sliding windows semarics can be speci ed by using the keywords after , every %° and at. Speci cally,
periodical sliding windows are speci ed by the keyword after , that allowsto de ne periodical expirations
with respect to a period of time of a given length, given in terms of the number of granules of a given
granularity (e.g., 5 years), that slides.

By contrast periodical non-sliding windows are denoted by the keywords every and at. The keyword
every speci es that an expiration must be executedwhenewer a xed amount of time (e.g., 4 days) has
elapsed. If the keyword at is usedinstead, the expiration is executedat the beginning of the speci ed
period of time (e.g., at christmas meansat the beginning of the Christmas period). The keyword at
is also usedto specify the occurrence of non-periodical phenomenaf(e.g., at f 2=2=2004 5=6=2004g°%'s,
meansthat the expiration must be executedat the beginning of the speci ed days).

In Figure 5.7 we report a graphical represenation of the e ects of the di erent temporal semartics
supported by ST2_ODMGe for the execution of an expiration. In the same period of time (i.e., ten
years), an expiration can be executeddi erent number of times, or in di erent instants, accordingto the
semartics speci ed, by referring the sameslice of time (two yearsin the example).

The semartics described for the speci cation of temporal expirations do not apply to the temporal
bounds of dynamic expirations elemeris. According to the syntax givenin the previous section,temporal
elemernis can be specied with respect to both valid and transaction time dimensions, by using the
keyword during . Given an expiration elemen (i.e., and evert, a condition, or an action) for which a
temporal bound is speci ed, its e ects or its evaluation are performed by considering the whole set of
instants included in the speci ed temporal bound.

5.4.2 Semantics of Spatio-T emporal Bounds of Dynamic Expiration Elements

According to the syntax discussedin Section 5.3, eadh elemen of a dynamic expiration can be spatio-
temporally bounded. Expiration elemens bounds are speci ed as spatial and temporal elemens. Spatial

30We used the keywords after and every in T_ODMGe model to distinguish the dieren t semartics we applied for the
execution of deletion and evolution. In ST2_.ODMGe model we use the same terms in order to denote the same semartics,
and we apply such semartics to the execution of expirations.
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elemerts refer to valid spacedimension. By cortrast, temporal elemeris can refer to both transaction and
valid dimensions. Their speci cation is usedto bound the evaluation of expiration events and conditions,
and the e ects of actions.

The speci cation of an expiration elemen can include more than one bound. The bounds speci ed
for an elemen are orthogonal, i.e., they are evaluated individually . However, only the elemern instances
that satisfy all the bounds participate to the expiration.

5.4.2.1 Events bounds

Temporal events can be bounded only with respect to transaction dimensions. By cortrast, non temporal
everts, can be bounded with respect to both valid and transaction dimensions.

Let e be a non-temporal event, speci ed with respect to spatio-temporal attribute a (namely, it is
an attribute event), bounded according to the spatio-temporal bound V during  ©t in  CGs. Then,
the instance of e that participate to the expiration, are that involving the attribute values de ned for
temporal granules included in  ©t, and de ned for spatial granules included in  ©s. Note that the
spatio-temporal attribute value must be comparable to temporal and spatial elemers that de ne the
valid bounds (i.e., the granularities used must be the same, or the spatio-temporal bounds must be
converted to the granularities usedby the attribute value).

Example 5.14 Consider the following speci ¢ ation of a bounde attribute event.
ONupdate taxpayer.taxes(years,cou ntri es) V during f2004gY& S in fltaly geountr ies
Then, the correspnding expiration is triggered by each update of the granularity level(years; countries)
of attribute taxes of classtaxpayer , that refer to taxes payed during year 2004 in Italy. 2

By contrast, let e be a temporal or a non-temporal event, bounded accordingto the spatio-temporal
bound T during  ©t. Then, the instance of e that participate to the expiration, are that executedfor
instants included in the temporal bound ©:.

Example 5.15 Consider the following speci ¢ ation of a bounded attribute event.

ONupdate taxpayer.taxes(years,cou ntri es) T during f2004gYy®ea" s

Then, the correspnding expiration is triggered by the updatesof the granularity level(years; countries)
of attribute taxes of classtaxpayer , performed during year 2004. 2

Moreover, transactional and valid bounds can be combined, as speci ed in the following example.
Example 5.16 Consider the following speci ¢ ation of a bounde attribute event.

ONupdate taxpayer.taxes(years,cou ntri es) T during f2004gYea s V in fltaly geountr ies

The corresmnding expiration is triggered by the updates of the granularity level (years; countries) of
attribute taxes of classtaxpayer , performed during year 2004, referring to taxespayed in Italy. 2

5.4.2.2 Condition bounds

Dynamic expiration conditions can be boolean compositions of single conditions speci ed on attribute
values, or valid time-cheds speci cations, or both. Each condition speci ed with respect to an attribute
value can be spatio-temporally bounded with respect to both valid and transaction dimensions. The
evaluation of each bound is contextual to the condition elemern. By contrast, valid-time cheds (that
refer to speci c attribute values) can be bounded only accordingto valid dimensions.

Let ¢ be a single condition speci ed with respect to spatio-temporal attribute a bounded according
to the spatio-temporal bound V during €t in  ®s. Then, similarly to the evaluation of everts, the
evaluation of c is limited to the value of a de ned for temporal granulesincluded in  ©t, and for spatial
granulesincluded in  ©s31.32 |n a similar way, let vt be a valid time ched speci ed with respect to a

31Lik e for the evaluation of events, the spatio-temp oral attribute value of a must be comparable to temporal and spatial
elements that de ne the valid bounds (i.e., the granularities used must be the same, or the spatio-temp oral bounds must
be converted to the granularities used by the attribute value).

32Note that also attribute accesscan be specied to bound the attribute values involved in the evaluation of a condition.
However, through access,the attribute values can be converted to di eren t granularities by applying granularit y conversions.
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spatio-temporal attribute a (speci ed in the expiration event, or in the booleancomposition of conditions),
bounded according to the spatio-temporal bound V during €t in  ©s. Then, the value of a that are

involved by vt are those de ned for temporal granulesincluded in ~ ©t, and for spatial granulesincluded
i G
in ©s

Example 5.17 Consider the following speci ¢ ation of a bounded condition.

IF count( <.. >.sales(hours,cit ies) ) > 1000 V during hour s(f2004gYe® S) in cities (fltaly gcountr ies)

The condition count( <... >.sales (hours, citie s)) > 1000 is evaluatel with resgect to the values
of attribute sales de ned for temporal granules included in the temporal element hours(f 2004gY€a's),
and for spatial granulesin the spatial elementcities (f Italy geount es), 2

Moreover, consider the following speci ¢ ation of a boundel valid time check, speci e d with respect to
the granularity level (years; countries) of attribute sales (supposethe attribute valuewasspeci e d in the
expiration event).

IF [<.. >.sales(years,countrie  s))] after 5 years Vin fltaly geountr ies

Then, the valid time check after 5 years is evaluatel with respgct to values de ned for spatial
granulesin the spatial elementf Italy geount ies >

By cortrast, let c be a single condition speci ed with respect to spatio-temporal attribute a bounded
according to the transactional temporal bound V during  ©t. Then, the evaluation of c is limited to
the value of a updated in instants included in .

Example 5.18 Consider the following speci ¢ ation of a bounded condition.

IF count( <.. >.sales(hours,cit ies) ) > 1000 T during f_2004gchr istmas

The condition count( <... >.sales (hours, citie s)) > 1000 is evaluatel with respect to the values
of attribute sales that are updated during Christmas of year 2004. 2

An interesting caseof bound speci cation, that is speci ¢ for expiration conditions, is represered by
temporal bounds speci ed by unanchored temporal periods. In this case,their evaluation relies on the
implicit temporal order given on attribute valuesor databasetransactions.

Example 5.19 Consider the following speci ¢ ation of a bounded expiration condition.

IF <... >.temperature(hours) > 37,5 V during last 1 days

The boolean condition temperature(hour s) > 37,5 is evaluatal on the last day of valuescollected
for attribute temperature at granularity hours, i.e., only the valuesde ned for granules at granularity
hours, in the day including the last value collected.

Then consider the following condition.

IF <... >.temperature(hours) > 37,5 T during last 1 days

The boolean condition temperature(hour s) > 37,5 is evaluatel on the valuescollected for attribute
temperature at granularity hours during the last (current) day

Such conditions, evaluatel on the same datatase state, can result in two values, since the temporal
bounds considered are di er ent. 2

5.4.2.3 Action bounds

A dynamic expiration action is speci ed asa sequencenf execution of granularity ewvolutions, acquisitions
and values deletions. The e ects of eadh componert of the sequencecan be spatio-temporally bounded
with respect to both valid and transaction dimensions. As for the evaluation of conditions, eac bound
is contextual to a given componert of the action sequence.Action bounds can be particularly useful to
prevent erroneousdeletions of attribute values.

Let act be a single expiration action, that must be executedwith respect to spatio-temporal attribute
a. Let act be bounded according to the spatio-temporal bound V during  ©t in  ©s. Then, the
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execution of act refers only to the value of a de ned for temporal granules included in  ©t, and for
spatial granulesincluded in  ©s 33,

Example 5.20 Consider the following speci ¢ ation of a bounded deletion, speci e d for attribute taxes
of classtaxpayer .

DOdelete from [taxpayer.taxes] (years,countries) V during f2004gYea s in fltaly geountr ies

Somevaluesare removel from the granularity level (years; countries) of attribute taxes (supposeit
was speci e d in the expiration condition or in the event), according to the speci ¢ ation givenin the expi-
ration condition. However,the deletion is boundel to the valuesde ned for temporal granulesincluded in
the temporal elementf 2004y¢® S, and for spatial granulesincluded in the spatial elementf Italy geount’ ies
The bound is valid evenif the deletion was speci e d as periodical.

Moreover, consider the following speci ¢ ation of a boundel evolution, speci e d for attribute taxes of
classtaxpayer .

DOevolve [taxpayer.taxes](years,c ountrie s) to (5years,countries)
V during years( f 1980-2009g20Y€ar $) in fltaly gcountr ies

According to such speci ¢ ation, the valuesof taxes that participate to the evolution are those de ned
during the period of twenty years from 1980 until 2009, representingtaxes paid in Italy. 2

Let act be a single expiration action, bounded according to the transactional temporal bound T
during  ©t. Then, the execution of act is performed only during the temporal period speci ed by the
temporal elemert  ©t.

Example 5.21 Consider the following speci ¢ ation of a bounded aoquisition.

DOacquire taxpayer.taxes at (months,cities) T during months(f 2004gY €a" s)

The valuesof attribute attribute taxes of classtaxpayer are collected with respect to temporal gran-
ularity level (months; cities), during year 2004. 2

5.5 Execution of Dynamic Expirations

In this sectionwe describe how the execution of dynamic expirations is managedin ST>_ODMGe model.
The discussionis organisedas a comparisonwith the model of execution of T_ODMGe model formalised
in Section 4.5, and this section should be consideredcomplemenary to description we give there about
the execution of T_ODMGe expirations. Thus, we describe the execution of ST2.ODMGe expirations
according to seweral aspects and to di erent situations of interest that can arise, highlighting the main
di erences betweenthe two models. The casesthat are not explicitly discussedcan be easily inferred by
such a description, tacking alsointo accourt the formalisation givenin Section5.3.

5.5.1 Execution Arc hitecture

Dynamic expirations are performed accordingto the generalexecution model of active databases.Given
an instance of a ST2_ODMGe database,and given a set of dynamic expirations speci ed for it, a cortin-
uous monitoring of the databasestate is performed. The execution of databasetransactions (including
temporal transactions) modify the databasestate and trigger a subsetof the dynamic expirations spec-
i ed, i.e., those whoseevents refer to such transactions (according to the events bounds speci ed). The
conditions of the triggered expirations are then evaluated. For those triggered expirations which condi-
tions ewvaluate to TRUE, the corresponding actions are executed. The execution of dynamic expiration
actions result in the execution of databasetransactions corresponding to the execution of granularity
ewolutions and acquisitions, and value deletions. As a consequencethe databasestate is modi ed. The
ST2_ODMGe execution model is depicted in Figure 5.8.

The syntax of ST2>_.ODMGe dynamic expirations doesnot support the speci cation of priorit y levels.
As a consequencewhen more than one expiration can be ready to be executedby the system (i.e., it

33 ik efor the evaluation of events and conditions, the spatio-temp oral attribute value of a must be comparable to temp oral
and spatial elements that de ne the valid bounds.
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Figure 5.8: ST2.ODMGe execution model.

has beentriggered by some events and/or its conditions has been evaluated returning TRUE) in the
sametime, the system can executethem in any order.3* However, in order to avoid inconsistencies,we
assumea priorit y among the tree actions supported for ready expirations that will be executedon the
sameattribute. Speci cally, given a set of triggered dynamic expirations whose conditions evaluate to
TRUE, for ead attribute on which someactions is going to be executed, expirations are performed in
the following order:

1. granularity evolutions;
2. value deletions;
3. granularity acquisitions.

Each type of expiration supported by ST>_.ODMGe has a speci ¢ behaviour: granularity evolutions
apply granularity conversionsto speci ed portion of a granularity level, and add the resulting valuesto
di erent granularity levels; value deletions remove speci ed valuesfrom a granularity level; granularity
acquisitions modify the acquisition granularity level of attributes. Both the execution of granularity
ewolutions and value deletions result in a di erent databasestate. By contrast, granularity acquisitions
do not change the database state, but their execution has the same e ect of a modi cation of the
database schema, like that resulting, for example, by the execution of the ALTER statement in SQL
[GP99, MSGO01].

Granularit y acquisitions are a new feature ST2_ODMGe model intro duceswith respectto T_ODMGe.
Their support weakens a fundamental constraint of T_ODMGe model, i.e., the assumption that the
granularity usedto acquire data is immutable®. Their application is straightforward. Once executed,
the values of the attribute will be collected at a given granularity, ner or coarserthat was usedbefore.
The constraints we add to the speci cation of granularity acquisition avoid to specify an acquisition level
that is too di er ent from the previous one, and they guarantee that the two levels are always related
accordingto the granularity conversionsspeci ed. However, the resulting model is still very exible.

The behaviour of granularity evolutions and value deletionsin ST2_ODMGe is substartially the same
of the corresponding operations supported by T_ODMGe model, evenif the di erences amongthe two un-
derlying models greatly a ect their application. For example,the support of spatial and spatio-temporal
attributes (and, as a consequencepf the corresponding granularity conversions)and the support of dif-
ferent temporal dimensions, extend their application to a wide set of situations. Moreover, the support
of a well known paradigm such as the Event-Condition-Action paradigm clari es their speci cations,
allowing in the mean time to specify their execution with respect to complex combinations of events
and conditions. Furthermore, the dynamic execution model applied to the designof ST?2_.ODMGe model
allows for ewolutions and deletionsthat do not depend on static speci cations.

However, the execution of sudh operations in ST2_ODMGe di ers in somebasic aspects with respect
to their executionin T_ODMGe. First, granularity ewolutions can be targeted to ner granularity levels,

34Note that the same assumption exists for active commercial systems, such as ORACLE [Oracle].
35The immutabilit y of the granularities used to collect data is a usual characteristic in multigran ular models. However,
the design of T_ODMGe evolutions relies on such a characteristic.
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Figure 5.9: Example of ST2_.ODMGe spatial attribute value

and can be applied to any portion of a sourcegranularity level. Moreover, deletions can be applied to
any value, either old or recert.

ST2_ODMGe expirations can be rawly classi ed into periodical and non-periodical. The capability
to specify non-periodical expirations (i.e., expirations that are executedextemporaneously non regularly
over time, seldomor even only once), is a new feature of ST2>_.ODMGe that is discussedin Section5.5.2.
The behaviour of periodical expirations is substartially that supported by T_ODMGe expirations, that
are intrinsically periodical, and is discussedin the Section5.5.3.

5.5.2 Non-p eriodical Expirations

The most comprehensie example of non-periodical expirations is given by expirations on multigran ular
spatial attributes triggered by non-periodical events®¢. Sud expirations have speci ¢ characteristics,
becausetheir execution algorithms do not involve time dimensions*’.

Supposethat a multigranular spatial attribute a be de ned with type spatialg,, ( ), where Gg, is
a spatial granularity (Gs; 2 Gs) and is a basictype (i.e., 2 Todmg [ Tgeom). Until no granularity
acquisition is speci ed and executedfor a, its values are collected according to granularity Gg,. When
a new value is inserted at granularity Gg, , it is simply \app ended" to the granularity level Gg,. Then
valuesin Gg, are ordered according to transaction time. In Figure 5.9 a represenation of a value for
attribute a is reported.

Then, suppose that two granularity ewvolutions are speci ed and executed for a: one to a spatial
granularity Gs,,, coarserthan Gs,, and oneto granularity Gg,,, ner than Gg, . The resulting situation
is depicted in Figure 5.10. Speci cally, Figure 5.10 underlinesthat the granularity ewolutions have been
triggered and executedaccordingto a di erent event than the updates performed on Gg, .

Then, supposethat somevalue deletion is speci ed for attribute a. Each value deletion can involve
any granularity level speci ed for a, and canrefer to any of the value de ned for them. As a consequence
of their execution, somevaluesare removedfrom a. With respectto the situation depictedin Figure 5.10,
Figure 5.11represerts a possiblevalue for a, after the deletion of valuesde ned at granularity Gs, , and
(CT

Finally, supposethat a granularity acquisition is speci ed for a to a granularit y level which granularity
Gs, o0 diers from the granularities the granularity levels de ned for a. In particular, supposeGs,  Gg;o.
According to the constraints we speci ed in Section 5.3, two di erent situations can arise, depending on
the relationship between Gg 0o and Gg,,, . Specically, sinceGs,  Gg o, the granularity level Gs o is a
valid granularity level for a if one of the following conditions holds:

1. Gs., Gs; o, OF
2. neither Gg;,;, Ggoor Ggo Gg,,, -

By contrast, supposethat Gg,o  Gs, . Then, accordingto the constraints we speci ed in Section5.3,
the granularity level G0 is a valid granularity level if one of the following conditions holds:

36 periodical events trigger periodical expirations according to transaction time, and will be discussed in the following
section.

37 (Spatio)temp oral bounds specied for expiration elements do not aect the algorithms applied to the execution of this
type of expirations, then their presencein expiration doesnot invalidate the following considerations.
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Figure 5.10: Example of ST2_ODMGe spatial attribute value with evolutions
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Figure 5.11: Deletions of value of attribute a

1. Ggo Gg ,,O0r
2. neither Gs; , Ggoor Gso Gg .

Figure 5.12(a) reports a represertation of the value of attribute a, after the executionof the granularity
acquisition to granularity level Gg o, and after some (direct) update have been performed, supposing
Gs, Ggo. With respectto the value depicted in Figure 5.12(a), the graph of the granularity levels of a
is represerted. Speci cally, Figure 5.12(a) represerns the granularity level graph of a if if Gg,,, Gso.
By corntrast, Figure 5.12(b) represerns the granularity level graph of a if if neither Gg,,, Gg,0 O
Gso Gsg,,, (i.e., Gs isthe GLB of Gs,,, and Gg;o).

5.5.3 Execution of Periodical Expiration

Periodical expirations are performed according the speci cation of (temporal) periodical everts and pe-
riodical conditions. Speci cally, periodical everts allow to specify expirations that are periodical with
respect to transaction time, whereasperiodical valid time cheds speci ed in expiration conditions de-
ne periodical expirations with respect to valid time. In both casesthe speci ed expiration is executed
with a given frequency speci ed accordingto the di erent semartics of temporal periods supported by
ST?2_ODMGe (cf. Section5.4.1).

The same expiration can results in dierent attribute values, according to whether it is executed
with respect to transaction time or valid time. Moreover, periodical expirations that refer to transaction
time are executedindependertly the databasestate has beenmodi ed or not. By contrast, a changeis
required on the attribute state involved in a valid time ched, in order to executea valid time periodical
expiration. In particular, the modi cation applied to the attribute value must result in a valid time
increasesu cien t to satisfy the frequency speci ed for the expiration.
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Figure 5.12: Granularity acquisition. (a) Example of value of attribute a (b-c) Consistert granularity
level graphs for a (a)

ST2_ODMGe periodical expirations are executedwith the sameapproach usedfor the expirations of
T_ODMGe dynamic attributes 3. In T_ODMGe weintro ducedthe conceptof starting time. The starting
time refersto a granularity level de ned for an attribute, andto an expiration de ned for the granularity
level, and it represerts the timestamp of the rst value de ned for the granularity level that hasnot been
involved yet in the expiration.

In ST2.ODMGe, a starting time can refer to either transaction time or to valid time dimension.
Speci cally, given a dynamic expiration action act, and given a granularity level GL de ned for a (spa-
tio)temp oral attribute a, we denote with STt 1 (GL 5; act) the transaction starting time for action act of
granularity level GL of attribute a, and with STy (GL4;act) the valid starting time for action act of
granularity level GL of attribute a. By cortrast, if a is a multigran ular spatial attribute, givena dynamic
expiration action act, and given a granularity level GL de ned for a, only the transaction starting time
ST+1(GL4; act) is de ned for action act.

For periodical expirations speci ed accordingto every and after temporal semariics, the starting
time is compared with the corresponding temporal dimension to ched if the period specied for the
execution of the expiration (namely, the expiration frequency) is elapsedof not. If the expiration hasbeen
speci ed asperiodical with respect to valid time, let f req,t,, besud frequency Then, STyt (GL 4; act)
is comparedwith the temporal granule Gy, of the last value (according to the order on the temporal
granules of the valuesde ned) of the granularity level GL of attribute a. Speci cally, if we denote with
ji Gt STvT(GLa;act) jj the length of the temporal interval boundedby STyt (GL4; act) and Gy, 3,

38Cf. Section 4.5.
39Since the two timestamps are at the same granularit y, the length of the temporal interval, given as number of granules
of granularit y Gt, can be computed as a di erence among the index of the two temporal granules.
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act is executed,accordingto the speci cation of the dynamic expirations, if jj Gy, STyt (GLa;act) jj
© fregr,, -

Note that, for valid time periodical expirations specied according to every and after temporal
semartics, we still apply the lazy approach used for the execution of T_ODMGe expirations (cf. Sec-
tion 4.5). After the execution of the expiration, STyt (GL4;act) is updated to the granule, at the
temporal granularity G, that follows Gy, . Givenig,  the index of granule Gy, , then the starting
time STyt (GLa;act) is updated to the granule G (i, +1). Note that avaluefor granule G(ig, , +1)
can be beende ned or not in the attribute value.

By cortrast, if the periodical expiration must be executed with respect to transaction time, let
fregry,, bethe period specied for the execution of the periodical expiration. Then, STyt (GL 4; act)
is comparedwith the transaction time of the last value inserted into the granularity level GL. Suppose
sudh a timestamp, at the temporal chronon granularity, be G,t,, . Moreover, supposethat also the
transaction starting time of the granularity level be speci ed at the chronon temporal granularity. Then,
if j Git., STrT(GLa;act)jj *freqrr,, . the (transaction time) periodical expiration is executed.
After the execution of the expiration, STt (GL 4;act) is updated to the rst instant not involved yet in
the expiration, i.e., the granule, at the temporal chronon granularity G, 1, that follows G, . Given
iG,Tlast the index of granule G, 1, , then the starting time STyt (GLg;act) is updated to the granule
Girlicr,, * 1)

If the periodical expiration hasbeenspeci ed accordingto at temporal semarics, the temporal chedk
that triggers the execution of the expiration does not involve the starting time. The last timestamp
available for the granularity level involved in the expiration (with respect to the transaction and valid
time) is compared with the granularity that species the expiration frequency (e.g., at christmas). If
the timestamps is included in a granule of that granularity, the expiration is performed. According to
the sematrtics at at, the expiration is performed oncefor eat granule of the granularity speci ed.

Finally, a ST2.ODMGe periodical expiration can be performed for a given period of time, if the
expiration elemens are bounded accordingto temporal elemerns opportunely speci ed. In this case,the
starting time of the expiration is set accordingto the lower bound of the temporal elemens for the rst
execution of the expiration. Then, after ead execution of the expiration, it is updated with respectto the
granulesincluded in the temporal elemen (i.e., skipping gapsamong granulesthat de ne the temporal
elemen and granule holes). Whenewer the period of time speci ed by the temporal elemen is elapsed,if
one needsto re-executethe expiration (even with a di erent behaviour, aswe describe in the following
section), the expiration must be rede ned with di erent temporal bounds.

Example 5.22 Let o be an object of classtaxpayer of Example 5.1, Let an evolution be specied for
attribute taxes , from granularity level(years; countries) to granularity level(5years;countries), speci e d
as follows:

ONupdate taxpayer.taxes(years,cou ntri es) V during years( f 1995-2014gdecades )
IF every 5 years
DOevolve (years,countries) to (5years,countries) using

aVOyear s! 5years: IS syearst years V in fltaly geountr ies

Suchevolution is triggered whenevera value de ned for years from 1995to 2014 of granularity level
(years; countries) of attribute taxes is updated, and it is executed if 5 years of time are elapsé. In par-
ticular, the valuesde ned in (years; countries) that evolveto (5years; countries) are thosethat represent
taxespaye in Italy. Let v be the value de ned for granularity level (years;countries) of attribute taxes
for o, suchthat:

v = fh1995, fhltaly, 1500i, hGermany, 3000i, hSwitzerland, 2000ig countr ies i, h1996, fhGermany, 4000i, hSwitzerland,
6000ig countr ies i, 1997, fhitaly, 4500i, hGermany, 500i, hSwitzerland, 2000ig countr ies i, N1998, fhitaly, 500i, hGermany,
7500ig countr ies 1, 1999, fhGermany, 8000i, hSwitzerland, 4000ig countr ies i, 2000, fhltaly, 4700i, hGermany, 2300i,
hSwitzerland, 4000ig countr ies i, 2001, fhitaly, 5400i, hGermany, 6800i, hSwitzerland, 6000ig countr ies i, h2002, fhitaly,
7400i, hGermany, 2800i, hSwitzerland, 4000ig countr ies i, 2003, fhGermany, 8000i, hSwitzerland, 4000ig countr ies i, 2004,

40The two temporal periods involved by the comparison must refer to the same granularit y. If not, fregyt,, must be
converted to granularity Gy. If frequr,, can not be converted to granularity G (let G? be its granularit y), then, both
the frequency and the jj Gy, STyt (GL a;act) jj must be converted to a common granularit y, e.g., GLB (Gt; G?).

41The two elemerts of the comparison must be expressed at the same granularit y, i.e., fregrT,, must be specied at
the chronon temporal granularity G, 1.
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fhitaly, 3400i, hGermany, 5600i, hSwitzerland, 2300ig countr ies i, h2005, fhitaly, 8900i, hGermany, 6500i, hSwitzerland,
2000ig countr ies i, N2006, fhitaly, 2400i, hGermany, 4600i, hSwitzerland, 2800ig countr ies i9year s

Then, according to the speci e d evolution to granularity level (Syears;countries), supmsing no dele-
tion and no granularity acquisition has been speci e d for the attribute, the value v° of such a granularity
levelis as follows:

v = fh1995-1999, fhitaly, 2166,67igcountr ies i, R2000-2004, fhitaly, 5225ig countr ies idyear s

Then, suppsethe following evolution speci e d from granularity level (years;countries) to granularity
level (years; ecAlleancd, wherte ecAlleanceis a granularity that represent(non-overlapping) economical
alliances amongdi er ent countries:

ONupdate taxpayer.taxes(years,cou ntri es)
IF after 1 years
DOevolve (years,countries) to (years,ecAlleance) using

i i i All
SUMountr ies! ecAlleance » SPlit ecAlleance ! countr ies V in countries( fE@eeAeance )

The evolution returns the amount of taxes paid each year by a contributor in countries that belongto
the European Community. Let v°°the value resulting from the exesution of such evolution. Then, given
value v, v®is as follows:

v = fh1995, fhEC, 4500igccalcance 1. N996, ThEC, 4000igecateance i, M997, fAEC, 5000ig ecateance 1, 1998, fhEC,
8000ig ecaieance |, M999, thEC, 8000igecaieance i, h2000, fAEC, 7000igccareance 1, h2001, fAEC, 12200ig ecalieance i
h2002, fhEC, 10200ig ecaieance 1, 2003, fAEC, 8000ig ecaieance |, 2004, fAEC, 9000ig ecatieance |+

r2005, thEC, 15400ig ecatieance i, 2006, fAEC, 7000ig ccalieance 1y ear s

5.5.4 Modifying the Behaviour of ST2.ODMGe Expirations

The dynamical approach we apply to ST2_ODMGe expirations leadsto the possibility of modifying their
behaviour. Speci cally, an expiration can be re-de ned with a dierent evert, or a dierent condition.
As a consequencealso the periodicity of periodical expirations can be modi ed. For instance, given a
periodical expiration, it is possibleto update the frequency speci ed for its execution, modifying both
the temporal period speci ed and the temporal semariics applied.

Furthermore, a periodical expiration canbe modi ed to be non-periodical. Suc a speci cation hasthe
side e ects to stop the periodical execution of the expiration (the last speci cation is applied). However,
the inversesituation, i.e., a non-periodical expiration is re-de ned to be periodical, likely arises more
often. In this case,in particular, inconsistenciesare avoided by a correct setting of the starting time of
the operation, that automatically excludesfrom the expirations the valuesthat have beenyet involved
in preceding non-periodical executions.

5.5.5 Management of Attribute Up dates

Attribute updates are managedby the model in order to presene the usability of data in the database.
The policy we apply is dewoted to the presenation of the maximum information available in database.
Furthermore, since the application of corversionsincreasesthe error on the value stored*?, we prefer,
when possible, the valuesdirectly inserted in the databaseby the userto the valuesresulting from the
application of granularity corversions.

In oder to accomplishsudc generalrequiremerts, we allow to specify value deletions for any portion
of a granularity level GL, but we do not propagate the deletion to the the levelsinvolved, with GL, in
granularity evolutions.*® Moreover, we do not update a value, through the (re)execution of a granularity
ewolution, whenewer the current value has beeninserted directly in the database.

The update of valuesinvolved in granularity evolutions is propagatel to the other levels involved in
the ewolutions, triggering a chain reaction. The propagation is obtained through to the (re-)application
of the corresponding granularity cornversionsde ned. Speci cally, if a granularity level that is sourceof
a granularity ewvolution is updated (directly, or as a consequenceof the execution of an ewlution), the

42Cf. Section 3.5.
43Note that it is coherent with the execution of T_ODMGe value deletions. Cf. Section 4.5.
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value(s) of the target level de ned for granulesthat intersect the granule of the value updated must be
recomputed. If the granularity of the target level is coarserthan the granularity of the sourcelevel, the
value to recompute is only one**. By cortrast, if the granularity of the target level is ner than the
granularity of the source, the valuesto recompute are more than one. Moreover, if a granularity level
target of a granularity ewolution becomesthe granularity level usedfor acquire data, the valuesresulting
from ewolutions yet executedcan be updated. In this case,the propagation of the update is performed
from the (ex)target granularity level to the source,applying the inversegranularity conversion.

In both cases,the update is not propagated to the valuesthat have beendirectly inserted/up dated
by the user (i.e., it was collected according to the de nition of the attribute in the database schema,
or according to a granularity acquisition.). Whenewer an update propagation reaches a value directly
inserted, the propagation algorithm stops.

Finally, in ST2.ODMGe we do not bound the updates and their propagation with respect to the
execution of deletions *°. Speci cally, a value deleted can be re-inserted in the database,directly or asa
consequenc®f the propagation of an ewolution. Sincethe update followsthe deletion, such a speci cation
is coherent to the policy of the presenation of the maximum information we assumein the model.

5.6 On the Access to ST2.ODMGe Objects

The accesso ST?_.ODMGe objects can be performed by applying the accurate and the e cient strategy
we de ned in for the accessto T_ODMGe objects*®. An ecient strategy minimizes the accessego
attribute valuesneededto solve the access.Then, if the value required by the accesss not de ned for
the attribute at the speci ed granularity, accordingto sud a strategy, the value is computed starting
from the valuesde ned for the attribute in other granularity levels, by applying the suitable conversions
that allow to minimize the number of valuesinvolved by the computation.

If the object accessis unqualied, i.e., no conversions are speci ed, or the accessis qualied by
a granularity corversion to a ner granularity, according to the e cient strategy the application of
conversion functions from coarserto ner granularities is privileged, becausethey require to accessto
one value for each computation performed. To solve quali ed object accessspeci ed with a conversion
to a coarsergranularity, the e cien t strategy doesnot require that all the values,de ned for granules at
a ner granularity than that speci ed for the accessthat intersect the granule speci ed, exist, in order
to apply to them the speci ed cornversion.

An accurate access,by contrast, is performed aiming at the maximum precision, according to the
speci cation given by the user. In particular, for qualied object accessspeci ed with conversionsto
coarsergranularity, the existenceof all the values, de ned for granulesat a ner granularity than that
speci ed for the accesghat intersect the granule speci ed, is required.

Furthermore, in ST2_ODMGe, an accurate object accesscould be speci ed also accordingto an error
tolerance, that represens the maximum error the user allows in the answer resulting from the access.

Every information stored in the databaseis a ected by someerror. Data, indeed, are intrinsically
imprecise becauseof the methods used for collecting them. Sud error can decreasewheneer a better
method is applied (e.g., some more precise instrument is used for retrieving data), but can not be
completely eliminated. According to the context in which an application is used, error on data collection
is usually ignored. However, the error on multigran ular data increasesbecauseof cornversionsapplied to
represer them at dierent granularities (cf. Section 3.5). In ST2.ODMGe we can estimate the error
that a ects a value resulting from an object accessaccordingto the maximum error introduced by the
granularity conversionsapplied by evolutions and to solve the access.

Sudch measure of the error introduced on data is in turn basedon the error bound given by the
application of pair of quasi-inversegranularity corversionswe useto link the di erent granularity levels
that are de ned for an attribute value. Indeed, the notion of quasi-inversegranularity cornversionswe
introduced in Section 3.5 (cf. De nition 3.10), provides a measureof the error that a ects ner data,
wheneer they are obtained from a corversion from data at a coarsergranularity. Then, whenewer an
accesgesults from a conversionto a ner granularity, we know the maximum error that a ects it. Such
bound must take into accourt also the error that a ects the intermediate granularity levels that have

44 Seethe discussion on T_ODMGe non-monotonic updates. Cf. Section 4.5.

45This relax a constraint we apply to the execution of update in T_ODMGe. Cf. the specication of the update border
for T_.ODMGe dynamic attributes. Cf. Section 4.5.

46 Cf. Section 4.6.
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beeninvolved in somecomputation to solve the access.Supposing the granularity levels involved by an
accessare GL 1, GL, and Gs, let the error bounds among the quasi-inversefunctions of suc levels be

GLi» GL,» GLs- Onceknown the accessplane, we are aware that the accessresult can be a ected
by the maximum error ., + oL, + oGLs-

We can have a more precise estimate of the error introduced on data by granularity conversionsif,
when corverting data to coarser granularities, we store some additional information in the database,
accordingto the applied granularity corversion.

For instance, given a single value at granularity C, resulting from the application of one among the
coercion functions first , last , proj(i) , max min, and main, it can be stored with the value , denoting
the positive maximum di erence amongthe valuesat ner granularity F on which the speci ed coercion
function have beenapplied. If so, givesthe measureof the (maximum) error on data, whenewer the
guasi-inversere nement function restr is applied to (re-)compute the valuesat any granularity ner than
C and coarserthan F. Moreover, we could store with the coarservalue also the function p(n) , denoting
the distribution of the n valuesat ner granularity F#7. If so, when re-corverting the value to the ner
granularity F we can apply the re nement function restr[p(n)] . This versionof the re nement function
allows to distinguish among values deleted and valuesthat were never inserted in the database. Then,
when solving an accessspeci ed with respect to a granule of granularity F by applying restr[p(n)] , we
can know if the required value has beensummarizedor not in the coarservalue usedto solve the access.

Example 5.23 Let o be the object of classtaxpayer of Example5.1, and let v° be the value de ned for
granularity level (5years;countries) of attribute taxes in Example 5.22. The valuesde ned in v° have
been computed according to the evolution from granularity level (years; countries) of attribute taxes , and
result from the execution of granularity conversion avQyears: syears- Each value de ned in granularity
level (5years; countries) is the average of the taxespaid by the contributor representel by object o during
5 years in Italy. Then, supmsethat a value deletion is speci e d for granularity level (years;countries),
and as a result the value representing the amount of taxes paid by the contributor in 2001 in Italy is
delete.

Whenever an access is speci ed for such value®®, it can be retrieved by applying the granularity
CoONVersion restr syears! years that, with avQyears: syears. links granularity levels (years; countries) and
(5years;countries) in the granularity level graph de ned for attribute taxes . Then, the accessresultsin
5225, the value de ned in v° for temporal granule at granularity Syears 2000-2004,for spatial granule at
granularity countries Italy.

However, if when performing the evolution from (years; countries) to (5years;countries) we store
some additional information, such as the maximum di er ence among each value resulting from the evo-
lution and the correspnding valuesde ned in the source granularity level, i.e., thosethat participate the
computation of the value (in the example, the valuesde ned for years from 1995 until 1999), we know
that the maximum di er ene among the value resulting from the previous accessand the original value
de ned for the attribute is 3675.

Moreover, if we store also information atout the distribution of the valuesin the granularity level

(years;countries), we could know that the result of an access performed with respect to year 2003,
for taxes paid by the contributor in Italy4°, that resultsin 3675, actually has been computed without the
correspnding value was inserted in the datalase. 2

5.7 Concluding Remarks

In this chapter we investigate the issuesrelated to the dynamical expirations of multigranular spatio-
temporal attributes. In particular, we designthe ST>_.ODMGe model, a multigran ular spatio-temporal
model supporting both valid and transaction time dimensions,that allowsthe run-time modi cation ofthe
attribute granularities, through the speci cation of granularity ewolutions and granularity acquisitions,
and the deletion of attribute values. The expirations are speci ed using an Event - Condition - Action
paradigm, and they are executed according an active model. Then, the expirations are specied and
performed run-time, whenewer the corresponding events occur and their conditions are satis ed. The
everts that trigger an expiration can involve also complex conditions on attribute valuesand occurrence,

47Cf. Section 3.5. ,
48 According to De nition  3.28, such an accessis specied as aitaxes # 2001Y8a" S # | ta| ycountr es
49 According to De nition  3.28, such an accessis specied as a:taxes # 2003Y€2" S # | tg| yoountr ies
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as well the execution of user-de ned operations. Both extemporaneousand periodical expirations are
supported, and both type of expirations can be spatio-temporally bounded, with respect to the spatial
and temporal dimensionsthe model relies on. Furthermore, di erent temporal semartics can be usedto
specify periodical expirations, with respect to both transaction and valid time dimensions.

The support of dynamical expirations we describe in this chapter is very exible, becausetheir speci-
cation canbe performed at run-time and it allowsto rely their executionto complex conditions that can
model a wide set of situations. As a consequencethe constraints on the consistencyof attribute values
have beenweakened. The run-time value of a multigran ular attribute is a Cartesian product of multi-
granular values,linked in a connectedacyclic graph through the speci cation of granularity cornversions.
Relying on such a structure, which consistencyis guaranteed by a set of constraints on the speci cation
of expirations, the accesso objects can be solved accordingto di erent strategiesand error tolerances.

The ST2_ODMGe model can be consideredas a basisfor future investigations on the issuesinvolved
by dynamical expirations on multigranular spatio-temporal objects. In particular, the dewelopmert of a
prototype of the model, relying on the implemertation considerationswe made in the previous chapter,
would allow to investigate the better trade o amongthe exibilit y, widely provided by the model, and
the consistencythat a statical speci cation of expirations, sud as we have discussedin the previous
chapter with the designof the T_ODMGe model.
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Conclusions

In this thesiswe have discussedhe issuesentailed by the support of multigranularity in a spatio-temporal
object context. We have proposeda uniform formalisation of spatial and temporal granularities. Specif-
ically, we have assumedthe notion of temporal granularity that is most referred to in the literature, as
de ned in [BDES98, BJWO00], and we have proposea formal de nition of spatial granularity that addresses
the issuesentailed by the managemen of multigranularity in the spatial context. The formalisation we
proposedcan be applied to 2-dimensional data, and allows to support dierent types of granularities,
such asthose represerting administration boundaries, spatial units of length and area.

We have integrated such formalisation in a spatio-temporal object data model, ST_ODMG, that allows
to represen and query spatio-temporal data at multiple temporal and spatial granularities. The approach
we adopt to represen spatio-temporal data in ST_ODMG model is integrated, and spatial and temporal
data are handled uniformly. Spatial and temporal granularities usedto de ne an ST_ODMG database
are related accordingto ner-than relationship. Spatio-temporal data can be corverted to ner and to
coarsergranularities through the application of granularity conversions. In particular, the conversion of
geometrical vector data to coarsergranularities is performed by applying composition of generalisation
operators that presene the topological consistencyof data, a fundamertal property to guarantee data
usability. The designof operators and functions to perform the corversion of data to ner granularities
entailed to addressthe issuesrelated to indeterminacy [DS98]. In the context of the ST_.ODMG model,
we devisethe conditions to support the safecovariant re nement of spatio-temporal attributes along the
inheritance hierarchy. Speci cally, the re nement of ST_.ODMG multigran ular attributes is safewheneer
in a subclassan attribute is rede ned with di erent granularities. Granularity conversionsare applied in
order to ensuresubstitutabilit y, both when accessingand updating the attribute value. Although some
of the issuesthe ST_.ODMG model addresseshave already beenindividually investigated, our approac
represens the rst unied formalisation that combines multirepresentation for spatial and temporal
information in an object data model. Moreover, the granularity conversionswe have de ned allow the
concrete conversion of spatio-temporal valuesat di erent spatial and temporal granularities, and can be
performed by applying di erent semariics, thus di eren tiating the model from the recert proposalsin
the samearea[HE02, KRSOO02].

Then, we have investigated the integration of spatio-temporal multigranularity and the expiration
of temporal and spatio-temporal objects. In particular, in a multigranular context, expirations can be
applied both to handle the deletion of attribute valuesand the modi cation of the granularity usedto
de ne object attributes.

First, we have addressedtemporal expirations, by designingthe T_ODMGe model, a multigran ular
temporal data model that supports temporal attributes which valuesare maintained at di erent temporal
granularities, accordingto the ageof data: recert data are maintained with a great level of detail, while
older data are aggregatedat coarsertemporal granularities, through the application of coercion functions
[BFGMO03]. Moreover, older data can be removed from the database, even preserving the answer to
gueries. The accessto multigranular temporal objects have beeninvestigated. Two di erent strategies
are supported to solve an accessyelying on the preferencespeci ed by the user and on the data stored
for an attribute in the database. Speci cally, an accesscan be solved either privileging the accuracy of
the value returned or the e ciency in retrieving it.

Finally, we have investigated the dynamical speci cation of expirations in a spatio-temporal object
model supporting both valid and transaction time dimensions. The solution we proposeis formalised by
the ST2.ODMGe model. In particular, the ST>.ODMGe model allows for the run-time modi cation of
the attribute granularities, relying on the Event - Condition - Action execution model of active databases.
Moreover, the model supports also the dynamical speci cation of attribute value deletions. Dynamical
expirations are performed according to the evaluation of conditions and events that involve attribute
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valuesand occurrences,aswell the execution of operations and periodical speci cation given accordingto
both valid and transaction time and accordingto di erent temporal semariics. The ST2.ODMGe model
providesa exible and e ectiv e support to dynamical expirations of spatio-temporal data.

ST_ODMG, T_ODMGe and ST2.ODMGe models we have formalisedin the thesisrely on the ODMG
model [CBB™* 99|, The complianceto the ODMG standard allows a straightforward application to both
object-oriented and object-relational databasemanagememn systems. Then, the work we have presened
in this thesisis understandable and easily adoptable by commercial systems.

The work preserted in the thesiscan be further extendedin seeral directions. In particular, animpor-
tant feature when dealing with spatial and spatio-temporal data is given the developmert of techniques
for the explicit storage and the e cien t managemen of topological relationships. We would investigate
the feasibility of the designof such a support basedon dynamic self-maintenanceviews, relying on the re-
sults we have obtained with the evolution medanism we have proposedfor T_ODMGe and ST2_ODMGe
models.

The integration in the spatio-temporal models of a tool for the automatic retrieval of statistical
information on data usageis challenging. It would provide a full support to remove indeterminacy on
data, through the application of re nement functions and operators that target the computation to the
pre-existing values of an attribute.

The designof XML-based version of both the spatio-temporal models would ful Il the speci cations
given by international organisationssuch asthe Open GIS Consortium. Moreover, dynamical expirations
of multigran ular spatio-temporal objects could be further investigatedin a distributed context.
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