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1. Introduction

1 Introduction

1.1 Motivation

One of the key problems in information systems gadticularly in current geographic

information systems (GIS) is the effective manageneé information, since on the one hand
the amount of information has increased tremengaarsii on the other hand, the information
becomes more complex. However, the information khdoe¢ accessible in an efficient,

flexible and automated way. In order to fulfill #® requirements, the traditional data
management systems unfortunately surrender.

Ontology Based Data Access (OBDA) is considerecdh amiitable, flexible and powerful
approach, being able to handle sophisticated datsagement tasks, by providing access to
data, potentially stored in heterogeneous datacesuwith the help of a semantic layer in the
form of an ontology. In terms of GIS, used for arste in the areas of city planning,
transportation networks, urban management, etctplagies are appropriate for the
formalization of relevant concepts and relationsoagispatial regions in a conceptual data
model, thus providing also the possibility to ansgygeries. In a nutshell, ontologies give the
beneficial flexibility for users to describe thewn models on GIS data and formulate easily
gueries over the data.

However, query answering at the conceptual tiea geographical or spatial model requires
deduction techniques and features, which are diffito realize due to the size of the
persistent data stored in geographic databaseadocated solution to the problem of query
answering over geo-thematic ontologies is to useifip lightweight description logics and
guery languages in order to keep low complexity redsoning and provide sufficient
expressivity for modeling and querying importardttees of GIS data.

1.2 Objectives

The aim of this Master Thesis is to evaluate apgrea for ontology based query answering
over spatial databases. Another objective is taemddcurrent issues in ontology based data
access and propose solutions for solving or minimgithese problems, by analyzing possible
techniques and scientific approaches.

Furthermore, the modeling and reasoning capalsiliceé DL-Lite(RCC8) with respect to
expressivity and efficiency of reason, as well las querying features of GCQare to be
examined in detail. As a next step, the AdaptedeemRewriting Algorithm should be
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analyzed and consequently implemented within awswét system, being able to perform
flexible and powerful ontology based querying ansmgeover spatial databases.

1.3 Achievements

The main theoretical contribution of this Mastere$is is that a flexible, efficient, fast and
reliable method for performing ontology based queargwering over spatial databases can be
realized by incorporating the following approaches techniques:

* The modified logic DL-Lite(RCC8), realized by a vkezoupling of Lightweight DLs
with the expressive Region Connection Calculus R@@8 be used to effectively and
easily model the conceptual level of the ontology.

« The query language GCQ@an be used in order to define complex queriesesit
provides support for qualitative spatial query amsng.

* A top-down approach for query answering over DLe(lRCC8) ontologies with
mappings of the forn®=<T, M, D>, whereT is a TBox (a set of axiomd)] is a set
of mappings and is a spatial database, can be used by applyingpéimized
Adapted Perfect Rewriting Algorithm for conjunctivgueries, followed by an
Unfolding process, where with the help of the magpiM the output query of the
reformulation step, being a union of conjunctiveges, is consequently transformed
into an SQL query, thus avoiding the materializataf the virtual ABox (a set of
assertions) of the forA(M, D). In a nutshell, the initial query can be compiletbian
SQL query that is consequently posed to the spdditalbase, making use of the query
optimization techniques provided by current databmanagement systems.

Another practical achievement of this Master Thesssifying the latter described theoretical
contribution, is the development of an ontologydathQuery Answering System in Java that
provides:

» aframework for representing standard DL-Lite TBox;

» a framework for representing DL-Lite(RCC8) TBox,ntaning in addition concepts
of the form3aU,,U,.r, wherer € Rekccsand U— loc | Ro loc;

» aframework for representing conjunctive queriesitaining query atoms of concepts,
roles or GCQ atoms of the formaU1,U,.r(X);

» a framework for representing object-to-data mapgigntaining mapping assertions
of the form Mert ~>Miignt, SUCh that the left part is and SQL query andridie part is
a conjunction of atoms over the TBox;
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» a Parser for reading user inputs

* a Reasoner for implementing the Original PerfeewRing Algorithm and the
Adapted Perfect Rewriting Algorithm;

« a Reasoner for implementing the Query Reformulapoocess and evaluating the
output of the Query Reformulation process over stgteSQL database.

Furthermore, a performance optimization of the AddpPerfect Rewriting algorithm has

been achieved. The first rewriting rule (cf. Clea®.6) of the algorithm has been extended
by finding the maximum pains,r, such that;;r, € r3 and realizing a reformulation process
only w.r.t. these pairs, thus avoiding redundamuy decreasing complexity (cf. Figure 5.10,
line 14).

Finally, experiments for testing the Perfect RewgtModule of the application, using both
pure DL-Lite and DL-Lite(RCC8) TBox-es, have beesunlized. Last but not least, the
complete Query Answering Reasoner, including thifReulation, Unfolding and Evaluation
Modules has been evaluated over pure DL-Lite ogiek

1.4 Chapter Structure

Chapter 2 introduces current issues in informasgstems. A detailed explanation of the
Description Logics, referred as the formal founolasi for ontologies, is consequently
revealed. The Ontology Based Data Access Contr@x@ained and its core issues are
defined. Last but not least, the chapter finishék & brief comparison and evaluation of
current spatial databases and existing OBDA soévagplications. Chapter 3 presents a
problem and requirement analysis. It discussedrtue-off between expressive power and
computational complexity of reasoning, as well d@erent approaches how to link data to
ontologies. Then the core ideas of DL-Lite and s&lvBL-Lite extensions are presented.
Consequently, the main part of this chapter comateg on the DL-Lite Combined Geo-
thematic Logics, GCQand the Adapted Perfect Rewriting Algorithm. Fipathe chapter
ends with a list of all program and technical reguients, based on the previously analyzed
concepts, technologies, solution proposals, andaimons. Chapter 4 and 5 are the main
chapters of this Master Thesis, where the pracéichlevements are explained by presenting
the actual design and architecture of the develdp&sl application with DL-Lite(RCCS8)
ontologies. Moreover, Chapter 5 reveals how the components of the system are realized
by describing the most important software companegichniques and issues. Furthermore,
the processes query reformulation and query unigldre explained, followed by overviews
of the application outputs and concluding discussiof the achieved results. Chapter 6
continues with a brief discussion how the develogpgstem has been tested and recommends
several future research topics and program imprewsn This Master Thesis ends with a
conclusion chapter that summarizes the main gealsaahieved results.
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2 Fundamentals and Background

This chapter starts with a short overview of therent issues in information systems.
Consequently, the essence of knowledge represemtagi discussed and a number of
knowledge representation techniques and approacbgzresented. A detailed explanation of
the Description Logics, referred as the formal fdations for ontologies, is consequently
revealed in order to provide background informatfon the ideas, used in the following

chapters. The Ontology Based Data Access Contr@xmained and its core issues are
defined. Last but not least, the chapter finisheéth \& brief comparison that reveals and
evaluates current spatial databases and existingAC#ftware applications.

2.1 Knowledge Representation Techniques

Traditionally, the complex manipulation of dataamhation has been one of the main topics
of interest in the area of knowledge representatioArtificial Intelligence. The core aim of
knowledge representation is to formally model krexige by providing high-level description
of the world and thus enabling the process of &ffely drawing logical conclusions about
the modeled world. The process of modeling is uguadalized in complex knowledge
representation and reasoning systems, which aredbas various formal knowledge
representation languages and notions. These sygiemide the possibility to implicitly find
consequences, based on the explicitly represemteaadi&dge.

The knowledge representation approaches and taamsigoing back to the 1970’s can be
classified into two main groups: non-logic-basepresentations and logic-based formalism.
In the second approach, the language, used for lkdge representation, is commonly a
variation of a first-order predicate calculus, whihe non-logic-based approach often relies
on the use of networks, graphical interfaces olouarad hoc data structures. Examples of the
non-logic-based technique are Semantic Networkg=aaches, which can be also specified as
Network-Based Structures [1]. Representatives ef ghcond approach are among others
Description Logics (DL), the standard Web Ontoldgagnguage (OWL), Datalog and rule-
based languages, Predicate Logic, etc. [2]. The mdvantage of the logic-based approach is
that it is more powerful, more general-purpose arwle expressive than the non-logic-based
representation technique.

The core building parts of the network-based reprtedion structures are nodes and links,

which correspondingly depict concepts and rolescoficept is a class or set of particular

objects and a role represents the connection atioelamong these objects. If the relation,

i.e. role is more complex, then it can be alsoesented as a node, but with a different shape.
Moreover, concepts can have further characteristich as attributes or properties, which are
attached to the corresponding nodes in the netwldnkexample network is illustrated in

4
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Figure 2.1, where knowledge about cats, pets, dsjnmammals and carnivores can be
depicted. This network is also referred as a teotogy, depicting the described world that
consists of concepts, roles and attributes. Thesrale represented by the blue arrows. For
instance, the link between the concegttandcarnivoremeans thaa cat is a carnivoreThis
type of connection is also called an “IS-A” relatship [1]. It is important to point out that
the “IS-A” relationship also implies hierarchy diet concepts, meaning that all attributes from
the more general concept are inherited to the rapeeific one, i.e. the child concept. As
illustrated in Figure 2.1, earnivore hasteethand acat concept inherits the properties from
the carnivore which fact yields the conclusion thatat also hageeth In addition, acat has
abreed e.g. American Longhair, Bengal, Birman, etc.

breastFee vir
(1,NIL) animal

carnivore @

breed
cﬁ pet

teeth

Figure 2.1 An Example of Network-based Represearigiitructure

The breastFeechode represents a role in the terminology, ilatswd in Figure 2.1. This role
has value and number restrictions, represente@sqmondingly by the labelgr, meaning a
value restriction, andl, NIL), which stands for the number of minimum and maxmmu
breastfed children. ThIL symbol stands for infinity. This role descriptioan be translated
to natural language ag&\“mammal is an animal, who can breastfeed at leastchild and all
children are also animafts

It is important to point out that there could bscaimplicit relationships among the nodes of
the network and this is one of the major taskshef knowledge representations systems,
namely to identify and take into account these iafptelations between the concepts during
the reasoning process. For instance, as observeidune 2.1. the concepat andcarnivore
are explicitly connected, same mammalandcarnivore so it can be concluded thatat is
also amammal even though there is no direct link betweeat and mammal As a
consequence, the main problem of the network-baspdesentation structures becomes
obvious when the complexity and number of the cpteeelationships increases, since it
becomes more difficult to precisely characterizzognize and compute all the relations
among concepts from the terminology [1]. A soluttonthis problem is to define a formal
language that provides both an accurate charaatienizand interpretation of the meaning of
the network and its elements.
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A lot of the ideas and principles, implementedha first semantic networks and frame-based
systems, have been the key to the successful gewelt of the KL-ONE knowledge
representation systems, which consequently setsfuhdamentals of the logic-based
characterization formalism. The language of KL-OB¥plicitly represents and provides a
logical basis for interpreting conceptual and rotiéormation, as well as the notion of
subsumption, conjuction, role hierarchies, etc. dAxonsequence, a precise and distinct
semantics was provided for the KL-ONE system, whiebulted in the first Description
Logics definition [1].

2.2 Description Logics

The knowledge of the application domain or the “ddrin the Description Logics is
represented by first defining all relevant domaamaepts, namely the domain terminology.
After that the properties of characteristic domautividuals or objects are specified, based on
the previously defined concepts, thus creatingdéeription of the application domain. The
main difference of Description Logics in comparidonsome of its predecessors is the fact
that it is equipped with a formal, logic-based setita. Another very important
distinguishing characteristics of Description Lagis the central role of reasoning in this
formalism, namely it is possible to infer implidihowledge about the “world” from explicit
facts included in the knowledge base [3].

2.2.1 Application and Reasoning

The application of Description Logics is very braad it may be found in many intelligent
systems for processing information, including natutanguage processing, database
management, software engineering, digital librareb-based information systems and
many others, because it supports useful and pahctiference patterns to describe, classify
and understand the human world. In fact, Descniptiogics facilitate the classification of
concepts and individuals. Moreover, it not onlyedfies sub-concept/ super-concept
relationships among different concepts, thus algwsubsumption, but it also provides the
information whether a single individual or an objecan instance of a certain concept. This
feature can in addition give important knowledgewdlthe attributes or characteristics of a
specific object. In fact, the subsumption is thairminference on concept expressions in
Description Logics. In order to determine subsuptibshould be checked whether a specific
conceptB is more general than a concéptThe symbolic representation of subsumption in
DL is typically written asA = B [1], namelyB subsume# or the concepB (the subsumer) is
more general than the concép{subsumee). Considering the example in Figurei2chn be
concluded thapet= animalandmammal= animal meaning the concephimal subsumes or

is more general than both thetand thenammalconcepts.

Another typical example of inference on conceptreggion in Description Logics is the
concept satisfiability. The main task of checkiragigfiability is to test whether the empty

6
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concept is not necessary denoted by any concepegsipn. Concept satisfiability can be also
regarded as a special case of the subsumptiongwihersubsumer is the empty concept, thus
inferring that a specific concept is not satisfeable. contradictory [1].

In general, investigating the complexity of compgta specific inference problem in logics is
a very important issue. This problem also occupiesindamental part in the Description
Logics field of research. Dating back to 1984, Braen and Levesque used the simple
structure of Description Logics in order to arghattthere is a proportional relation between
the expressive power of a knowledge representédimguage and the complexity of reasoning
[4]. In other words, the more expressive the lagguia, the more difficult the reasoning is.
This tradeoff between the expressivity of the Digsion Logics and the computational
difficulty of its reasoning problems is one of fliadamental research topics in this area.

2.2.2 Syntax and Semantics

There are a lot of variations of the Descriptiorgics, but the base description language is the
AL-language (attributive language). The elementdescriptions are atomic roles and
concepts. All other complex descriptions can beltbwith the help of these atomic
constructors in an inductive way. It is commonlgemed that the abstract notation of atomic
concepts is represented by the let#@ndB, while the representation for atomic rolesis
The complex concept descriptions are denoted byettersC andD. The main syntax rules
of the AL, forming concept descriptions, are preésdrnn Figure 2.2

C,D — A| (atomic concept)
T| (universal concept)
L | (bottom concept)
—A | (atomic negation)
CnD| (intersection)
PR.C | (value restriction)
FR.T| (limited existential quantification)

Figure 2.2 AL Syntax [3]

It is important to point out that negation in AL anly applicable to atomic concepts.
Furthermore, when using role description constmgctmly the top concept is allowed in the
scope of existential quantification, as illustratedrigure 2.2. Referring to Figure 2.1, where
the description of an animal has been illustrated igraphical way, this approach can be
consequently extended and presented in terms afripgen Logics. For instance, supposing
that anAnimal and aCarnivoreare atomic concepts, then by using the intersecperator
the complex concepts of meat-eating animals andtjglating or herbivore animals are
formally given byAnimal n Carnivoreand Animal m — Carnivore Besides, if supposing
thatbreastFeeds an atomic role, then the concept of those arsyvehich are mammals, can
be constructed asnimaln FbreastFeedr. All other non-mammals animals can be described
asAnimaln v breastFeed.
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After presenting the base syntax of the AL, thenalrsemantics is consequently explained. In
fact, the semantics of description logics is spedifoy defining the concepts as sets of
individuals and respectively the roles as pairgdividuals, which are particularly connected
to a specific domain. The most important fragmeritthe semantics are the interpretations
and the interpretation function. In the interprietatfunction, a set in the for’ € 4’ is
assigned to every atomic conceptand a binary relatio®’ € a’x A’ is assigned to every
atomic roleR, wherel stands for an interpretation function on a non-gnset 4/, i.e. the
actual domain of interpretation [3]. The semantdsconcepts and roles, which are not
atomic, is realized with the help of recursive deibns, as illustrated in Figure 2.3. These
definitions are similar to the ones, presentediguie 2.2 .

TI — AI
o= 9
(—A) = 4’74’ complement, meaning negation
(C m D) = (' n D’ union, meaning disjunction
(VR.C) = fae ' /vb.(a,b)eR - beC'}
(3R.T )Y = fae A /3b.(a,b)eR'}

Figure 2.2 AL Semantics [3]

As previously mentioned, by extending the AL langgiathe expressive power of the
Description Logics can be increased. For exammestrtuctors as union of concepts, full
existential quantification, number restrictions,gaton of arbitrary concepts, etc. can be
added in order to extend the AL, forming a newat#oh of the AL language.

2.2.3 TBox and ABox

Description Logics are very beneficial and pradtica the design of knowledge-based
systems since they provide a representation lamgumagrder to define a knowledge base and
techniques to realize inference reasoning overdmiguage. A very distinct differentiation of
intensional and extensional knowledge can be rbtioethe DL knowledge base. In the
context of Description Logics, intensional knowledgjays for the information that is general
about the problem domain and extensional knowledgeresents the knowledge or
information, specifying a particular problem. Theokledge base in DL consists of two main
components- a TBox and an ABox. The TBox represtmgsintensional knowledge and it
builds up the terminology. The TBox contains theatwlary of the application domain and it
contains definitions of concepts, roles and themegal properties. A concept denotes a set of
individuals, while a role represents a relationsdmpong these individuals. On the contrary,
the ABox represents the extensional knowledge eeréiens about the individuals of the
domain of interest in terms of the initially deftheocabulary [1, pp. 12-15].

There are two types of logical declarations or tealogical axioms in the TBox —
equivalences and inclusions. The logical equivaemovides both necessary and sufficient
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conditions for classifying an individual. For inst&, the concept definition of Man in a
TBox can be declared as the axiom, shown in Figu8e

Man = Personn Male

Figure 2.3 A Terminology with Equivalence Axiom

The form of definition of the conceplan of Figure 2.3 is much stronger than the one,
illustrated in Figure 2.4, since the inclusion ami@f Figure 2.4 only imposes necessary
condition, i.e. the concept is not defined compjeticlusions generalize equivalences and
therefore they are also called GCls (General Imotug&xioms). In practice they are a very
convenient way to introduce new concepts or rais a definite TBox, which terms could

not be defined completely.

Male = Person

Figure 2.4 A Terminology with Inclusion Axiom

Both equality and inclusion axioms not only alloencept definitions, but also roles. A TBox
with concepts and roles within a family is presdriteFigure 2.5.

Woman = Personn Female

Man = Personn =-Woman
Mother = Womann FhasChild.Person
Father = Mann FhasChild.Person
Parent = Motheru Father

Figure 2.5 A Family Terminology Example [3]

The conceptWomanfrom Figure 2.5 is defined to beFemalePerson aMan is aPerson
who is not aVoman In addition, dotheris declared to be Woman who has children and a
Fatheris specified to be Ban with children. Consequently, Rarentin the TBox of Figure
2.5 is classified as eitheMotheror aFather.

Similar to the TBox, the ABox also deals with cooicand roles, thus describing the current
state of affairs, but what is the peculiar abow ABox is the fact, that in an ABox the
individual plays a central role. In other wordgjiinduals are introduced by assigning names
to them and asserting their properties. It is a mom practice that individuals are often
labeled as, b or ¢ and by borrowing the notation of the TBox, assesiof the formC(a)
and R(b,c) can be generated. An ABox is in fact a finite sktassertions. For instance,
referring again to the animal example from Figurg, # TOM and JERRYare individual
names, theil€at(TOM)means thal OM belongs to the interpretation of the conc€pt, i.e.
TOMis a cat andMammal(JERRYmeans thalERRYis a mammal. In addition, when taking
into account individual role assertions, it candoacluded thadERRYsuckles fromMARY
for the example dbreastFeed(MARY, JERRY)
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There are two key inferences when considering axT&uwd an ABox — satisfiability and
consistency. Satisfiability of the TBox means thia¢re is a model of the TBox, i.e. an
interpretation of all axioms in the TBox, makind af them true. Taking into account an
ABoX, it is the case that an interpretatibisatisfies the ABo)A if it satisfies every single
assertion inA, thus| being the model of the assertion of the ABox. Cimmg, both
satisfiabiliy definitions about the TBox and ABadk,can be concluded that interpretatidn “
satisfies an assertiomor an ABoxA with respect to a TBoX if in addition to being a model
ofaor of A, it is a model off” [3].

After checking the satisfiability, a typical taskaoknowledge representation system is also to
verify whether the representation of the particiaowledge is consistent. If that is not the
case, then arbitrary or wrong conclusions can fasvadrfrom a logical point of view. For
instance, if the assertiorfsather(PETER)and Mother(PETER)are contained in a specific
ABox, then it must be possible to detect that tbgetvith the TBox, presented in Figure 2.5,
these statements are not consistent, skatter and Mother are interpreted as concepts,
having disjoint extensions in the current examplewever, if taking into account an empty
TBox, the discussed assertions are consistentubeaao restrictions of the interpretation of
FatherandMother exist, so they may have a common element [3].h Batisfiability tests of
descriptions and consistency tests of sets of tamserare beneficial in order to determine
whether a specific KB is in particular meaningful.

Another known technique for checking whether donraodels are correct or to improve the
optimization of queries, formulated as conceptghe subsumtion, i.e. verifying whether a
specific concept is more general than another qundaurthermore, relationships such as
disjointness, equivalence, etc. also play a mapbe and are of significant interest in the
research area of Description Logics and reasorbogteknowledge.

Last but not least, it is important to point oudttthe TBox and the ABox are the two typical
main building components of the knowledge base &nhaewledge representation system,
based on a Description Logics. An example of treplical representation of such a design
[3, p. 50] is illustrated in Figure 2.6. In additito the storage of assertions and terminologies,
the system also implements numerous services athitpies as the previously described
reasoning tasks for checking satisfiability, cotesisy, subsumption, etc.

10
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4 - 3 I

- TBox
®) py
— Tl
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Application
Programs

-

Figure 2.6 Architecture of a DL Knowledge Repreagah System

It is often the case that a TBox and an ABox amamared to relational databases and number
of similarities among them can be found. For insgann a simplified point of view it can be
observed that a TBox is analogous to a databassrecland an ABox can be treated as the
actual data in the database. However, semantittalye concepts differ in their essence. On
the one hand, only one single interpretation isale@ by a database instance, while on the
other hand, a lot of interpretations, i.e. modats, represented by an ABox. For example, if
the only assertion abolBOBBY is hasParent(BOBBY, MIKEXhen interpreting this in the
database context yields the conclusion that BOBB¥ bnly one parent and his name is
MIKE. However, arABoxwith such assertion only indicates th&KE is a parent oBOBBY
and nothing more. In fact, an ABox has many modalsome of these modeBIIKE is the
only parent, but in otheBOBBYis not an orphan and he has a mother and a father.

Analyzing the previously described simple examjiles obvious that the lack of information
in a database indicates negative information, wthigEenonexistence of specific information in
an ABox is only interpreted as a lack of knowledde.other words, the information in the
database is generally referred as complete andotiee in the ABox as incomplete.
Consequently, the query answering and inferencd3Ls are more complicated than query
answering in databases, since an ABox could represénitely many models. Moreover,
nontrivial reasoning techniques may be requiregl,@se analysis [3].
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2.3 Ontology Based Data Access

Description Logics has been an essential area@i/kaige representation for the last decades
in order to build up the foundations for a struetlirepresentation of complex information,
enriching this information with a formal semanti€aie to the logic-based formalism of the
DL, an effective support for automated reasoning lsa provided for solving various tasks
and problems associated with data management.

Ontologies are considered as a suitable, flexiplyerful and efficient formal tool or
approach that can deal with sophisticated data gemant tasks [5]. In fact, ontologies
provide a representation schema, describing a focoreceptualization of a specific domain
of interest. Its specification incorporates sevdealels. The core distinct layers are the
intensional level, where the conceptual structdird® domain is specified, namely the TBox,
and the extensional level, where instances of treeptual elements from the intensional
level are defined, namely the ABox. In addition,cartology may also have an extra tier, i.e. a
meta-level, where a set of modeling categoriedaneg specified [6].

The proposal of using an ontology as a conceptieaV wver a repository is reasonable, but
the key point is that the conceptual layer with tredp of which the lower data layer is

accessed, should not add a considerable overheawl pvbcessing the data [7]. The problem
becomes more critical when dealing with large amooindata, i.e. in particular when

considering geographical and spatial data. A gegbhiepresentation of a design of an
information system, using ontologies as a technical for providing a conceptualization

over a specific domain, is presented in Figure 2.7

ONTOLOGY

\

mapping 1 mapping 2 mapping ¢ mapping 4

/

C/ )

source 2 source n
source 1 source 3

\_ DATA LAYER Y,

Figure 2.7 Design of an Information System, usimgalbgies
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The ontology in Figure 2.7 maps a specific domdimi@rest within an information system at
a high level of abstraction. The relationship betwéhe instances of concepts and roles in the
ontology and the data at the sources are realizébdtiae help of appropriate mappings. The
advantage of this setting is the fact that it is mecessarily needed to be known how the data
repository is organized and stored or where tha datirces are located. In other words, the
data sources are independent from the ontologytlaeyl are situated at different levels of
abstraction. In addition, information systems, wkhiare implemented with the help of
ontologies can ,communicate” among each other layis information. This cooperation is
performed at the level of the conceptualizationthaut the need of connecting the data
sources, thus making the ontology also the coreetlignt of cooperation among information
systems.

The design scenario, illustrated in Figure 2.7 isy@ical representative of the so called
Ontology-Based Data Access (OBDA). The pre-existiatp sources build up the data layer
of the information system, on the top of this lajfegre is a conceptual view of the data, that
is consequently to be seen by the user. The camaleyew is formed by the ontology, which
is the only access point for the client to intenaith the system. The purpose of the OBDA is
to link a set of autonomously existent data to ecsjg ontology without being necessary to
structure this data with the aim of saving the gy instances [5]. As already mentioned the
autonomous data and the ontology are at differdstraction levels and they may be
specified in terms of not necessarily the same &tism. For instance, relational data models
are usually used for the representation of datacssu while ontologies are expressed by
logical languages, such as Description Logics #émduccessors. Considering these different
characteristics Antonella Poggi [5, pp. 134-135] &er colleagues summarize the five most
important issues, when dealing with the interachetween the data layer and the conceptual
view of the domain of interest, i.e. the ontology:

I.  The chosen ontology language for expressing comp@&@rantic conditions at the
intensional level should be expressive enough anldeasame time its computational
complexity of reasoning should be manageable agqugly mentioned in Chapter
2.2.1.

II.  In modern applications, the amount of informatistared in the Data Layer, may be
very large. Because of this reason an appropreatenblogy should be used that is
able to handle large qualities of data in an effitiand consistent way. Such a
technological solution, fulfilling the requiremeott effective data manipulation, is for
instance a relational Database Management Syst&@M{). Here it is important to
find the balance how much the expressive powehefdntology formalism can be
used in order to still make use of the effectivensgnplicity and convenience of the
query answering over relational DBMS.

lll. A mapping approach should be implemented, whictizesathe formal linking or
translation of the stored data and the ontologyther words, a technique should be
found out that reconstructs the meaning of theodata in terms of the conceptual
layer. This extra mapping layer is needed, becthesdata at the Data Layer is stored
independently of the ontology.

IV. The way data is expressed in a relational datalbifers from the way the
corresponding information is provided in an ontglod mismatch exists, since the
main components managed by the data sources aesl stalues, i.e. data, and the
elements managed by the ontology are abstract tebj@dich are instances of
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concepts and roles in the ontology. This issueidely known in the literature as the
impedance mismatch problem and the mapping appratstribed in the previous
point, should cope with this problem.

V. The last issue when building OBDA systems is theeasity of implementing a query
answering method. The aim of this method is tolifaté the process of reasoning at
the conceptual level and at the same time to peom@chanisms for efficient data
access at the source by incorporating the mappopgoach. In other words, the
OBDA system should be able to translate any cliegtiest into an appropriate query
that is consequently posed to the source.

2.4 Spatial Databases and Existing OBDA Software Tools

In OBDA the extensional knowledge in the databasexiended by intensional knowledge in
the form of an ontology. In a nutshell, the ontgldguilds up the conceptual view of an
information system over a repository, as illuswlate Figure 2.7. Typically a geographical
information system with ontologies, considering G&#®matic, topological or spatial
orientation scenarios, should encapsulate backapdbdities in order to store the large
amount of GIS data. The most popular ways of ngjcgtorage environments in general are
file systems and databases. A file system is pérewery operating system and its
responsibilities are to manage and store computes fand data on storage devices.
Depending on the way how records are saved oevetli within a file, the files are specified
into three main types, namely sequential, indexusetial and direct access based.
Nevertheless, a more reasonable and more prapbealbility for storing GIS data is to use a
database rather than a file system. The main keokthis suggestion is the fact that for
systems, processing a large amount of GIS datatabase is more appropriate due to its
quick data access, compact data storage and sti@ethrquerying technologies. There are
numerous spatial extensions and databases on thetmaday. The most popular of them
are:

e PostgreSQL, which is an open source object-relatidatabase system. It uses the
spatial extension PostGIS to provide support foroggephic objects and
corresponding spatial and geometric functions [8]

* Oracle Spatial provides an SQL schema and featisme$acilitating the storage,
update and retrieval of spatial data in an Oraatalshse [9].

* Microsoft SQL Server supports the geography anangdxy data types for managing
spatial data since version 2008 [10].

 IBM DB2 Spatial Extender together with the Geodddata Management Feature

offer support for spatial types, providing spafald geodetic capabilities in order to
query, maintain and create spatial data [11].
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The open source PostgreSQL database managemearhdygsfether with the spatial extension
PostGIS turn out to be the most appropriate opfwnstoring persistent GIS information,
taking into account license issues, performanedilgly and possibility to handle geographic
data in a standardized way. Moreover, the plugist®ts Shapefile and DBF Loader allows
importing of GIS data, encapsulated in shapefiteectly into the database. For instance,
TIGER/Line® Shapefiles and TIGER/Line® Files can lmaded automatically in the
database. These files are distributed to the pdlde of charge and they represent spatial
extracts from the Census Bureau's MAF/TIGERMaster Address File/Topologically
Integrated Geographic Encoding and Referencingdbdate [12]. They contain geographic
information such as roads, rivers, railroads, hasgpietc. as well as other geographic data and
regions. The TIGER/Line® Shapefiles are very bemafifrom usability and practical point
of view when building and later testing a geographinformation system with ontologies,
since they provide up-to-date and real-world Gl&ada

Currently there is no commercial system with ongas that simultaneously combines
reasoning over a spatial and a thematic domaimgusi Perfect Rewriting approach.
However, related work, scientific projects and egst prototypes have been broadly
investigated and developed in the last years. isiance, FaCT [13],/P[14], RACER [15],
QuOnto [16] are systems, dealing with expressivechption Logics and OBDA, but they do
not incorporate facilities for space representatiad reasoning. The innovative OnGIS [17]
system is based on OWL ontologies and it providegdd ontology driven geospatial search
and integration. The advantage of this systenhas it can spatially relate search results.
However, its expressivity is currently very limitedince it provides only two spatial
restrictions, i.e. “inside® and “distance” restrats. In addition, non-spatial data is not
supported and significant performance issues anthpatationally expensive spatial
operations generate further problems, which altogetio not classify the OnGIS prototype
and the former described applications as reliabiology-based GIS systems, which
guarantee a complete, correct, and efficient gaesswering mechanism. That is the reason
why, the development of such a system is beneficighe fields of Description Logics and
other practical areas of science and life, suchciag planning, urban management,
construction of eco systems in forestry, etc. Thet chapter investigates formal techniques,
approaches, issues, and technologies relevanhé&implementation of a stable ontology-
based GIS system for query answering.
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3 Analysis

This chapter presents a problem and requirememysasalt starts with a detailed description
of the issues of OBDA, discussing the trade-offAleein expressive power and computational
complexity of reasoning, as well as different aggies and resulting difficulties how to link
data to ontologies. Then the core ideas of DL-latel several DL-Lite extensions are
presented. Consequently, the main part of thistehapscusses the DL-Lite Combined Geo-
thematic Logics and GCQMoreover, two approaches for ontology based gaewering
over spatial databases are evaluated and the Abtdpeefect Rewriting Algorithm is
explained in details. Finally, the chapter endshwat list of all program and technical
requirements, based on the previously analyzedegpagctechnologies, solution proposals,
and limitations.

3.1 Expressive Power versus Efficiency of Reasoning

Before going into details of investigating the ffiissue when dealing with OBDA, i.e.
expressive power versus efficiency of reasoninghan scenarios, where large quantities of
data is to be accessed, it is crucial to first @nés number of basic notions and terms related
to computation complexity. When analyzing or meesuthe computational complexity of
reasoning in an OBDA system or a query language ctitical term of interest is the data
complexity or the complexity with which a queryegaluated as a function of the size of the
data or the database [18], discarding the sizehefTtBox and the query. In general, a
computational problem can be specified by a comedmg complexity classes.

A complexity class is defined by its models of catgtion, the bounded resources and the
corresponding bounds. Examples of models of conipataare deterministic and
nondeterministic Turing machines, Boolean circlets,, and examples of resource constrains
are logarithmic time, polynomial space, etc. [IBje relationship among some of the most
popular complexity classes is presented in Figute[3], where it can be seen that AC is
contained in LogSpace and LogSpace is containeblliogSpace, etc. A representative
example of a problem with a complexity Ai§ the evaluation of first-order queries (e.g. SQL
gueries) over a relational database [20], whiclifjas the statement that a relational DBMS
handles large amount of data in an efficient way.
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AC
LogSpace

NLogSpace

PTime

|/ NP
//__ ExpTime

Figure 3.1 Complexity Classes Relationship

Considering the first issue of OBDA with respeclamge quantities of data, several attempts
can be found in the literature, which try to oveneothe problem of choosing such a language
that is simultaneously expressive enough and esghe¢ reasoning is still computationally
tractable, referring to data complexity. In thisntext tractability meangsolvable by a
polynomial time algorithm”[7]. In other words, it can be accepted that resspin the
intensional part of the ontology, i.e. the TBoxgigonential, but reasoning in the data must
be at least in NC or in AC. According to [5] the QWL and OWL-Lite, which are
sublanguages of the Web Ontology Language and sedoby the World Wide Web
Consortium (W3C), are coNP-hard, thus classifyilgse languages as inappropriate
solutions to the first OBDA issue (cf. Chapter 2RBdwever, several proposals such as Horn-
SHIQ [21], EL++ and DLP provide polynomial reasamirnthus making them attractive
expressive Description Logics. A number of vaoa§ and sublanguages of the DL-Lite
family are also investigated and currently seepasible solutions, since the DL-Lite Logics
(in particular DL-Lite [5]) guarantee complex query answering in°Adth respect to data
complexity. Besides, the more important advantagee DL-Lite (in particular DL-Lit@ g

[7]) is that after an initial reformulation procedu(cf. Chapter 3.5.1), not dependent on the
amount of the data, a SQL query can be generatedfdbe original query, thus delegating
the query processing to the RDBMS, i.e. havingta damplexity in AC. This feature of the
DL-Lite also addresses the second issue of OBDAreMietails about this method are
presented in Chapter 3.5

3.2 Linking Datato Ontologies

In the traditional environment of the Descriptiomdics, it is adopted that the data is
completely maintained in the ABox of the ontolo@2] and the ABox is capable of being
used with the TBox without any modifications. Thgans that there is compatibility between
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the extensional and insentional levels of the @yl In fact, the TBox uses the lexicon of

roles, concepts and attributes and the ABox costeamtingent facts, i.e. concept assertions
or role assertions. Depending on specific requirdmahe physical storage of the ABox can

be either maintained in the main memory of the Basoner, or in a secondary storage, which
process is again delegated by the reasoner itself.

Nevertheless, in real world settings and in paldicin geographic scenarios, where either the
ABox is very large, there is no direct control bketdata, since it belongs to some other
organizations, or the data is stored in differeatadsources, then a relational database is
needed. This requirement however poses the isstieeahird and fourth OBDA problems,
introduced in Chapter 2.3. On the one hand, thecsadata in the database is stored in terms
of values of strings, integers, dates, etc. Orother hand, the instances of concepts and roles
in the ABox are abstract objects, i.e. the objects not materialized and the ABox is thus
considered as virtual. A possible solution to #aenario is to specify mappings between the
data source and the ontology, as graphically f&tet in Figure 3.4. Such a mechanism is
proposed in [5] and [22], enabling linking of exnst data sources to an ontology expressed in
an extension of the DL-Lite Logic The fundamental idea of this approach is thatyever
mapping assertion consists of two mutually assedigiarts - a query, the aim of which is to
retrieve specific values from the database, anet @fsatoms, specified in the vocabulary of
the ontology (cf. Figure 3.4). With the help of 8m functions, the transformation of data
values into abstract objects is possible. Skolenttfans output uniquely defined values for
their arguments and are also used in XML schemgingp under the settings of XML data
exchange scenarios [23]. Moreover, the objectslan®ted by an ad hoc identifier, namely a
term, obeying the uniqgue name assumption (UNA)ems, i.e. distinct individual terms
denote distinct objects. The example in Figure @Rere a graphical representation of the
relationship between a student and a lecture wighuniversity is shown, can be used to
illustrate this approach.

Student Lecture
studentCode: int attends<p lectName: String
GPA: float

1.x 1..*

Figure 3.2 Graphical Representation of the Relation
between a Student and a Lecture

From Figure 3.2 and the multiplicity..* , it can be concluded thatlaectureis attended at
least by oneéStudent and students can attend several lectures. Fartrer analyzing Figure
3.3, it is of a peculiar interest to point out tithe actual data is stored in a database,
containing the table®niversity, StudentGradend Student where a student is identified by
his matriculation number and a lecture is iderdifley its name. As a result, the abstract
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objectstudentshould be created out of HidatrNum namelystd(MatrNum)and the lecture
should be created by its name, lext(LecName)

University [ MatrNum: Varchar; LecName: Varchar |
Students and lectures they attend

StudentGrades [ Code: Varchar; GPA: Numeric ]
Student’s code and corresponding Grade Point Aeef@éA)

Students[ Code: Varchar; MatrNum: Varchar ]
Student’s code with a student matriculation number

Figure 3.3 Table Signatures of a Sample Database

In order to create the object identifiers and @ddress the impedance mismatch problem, a
set of function symbolg$std, lect}is introduced. Every function symbol has an astedi
arity, which aim is to specify the number of thecgmed arguments. Besides that, it is
assumed that the data, stored in the relationabdae, is denoted by value constants and the
objects, managed by the ontology, are denoted g@xtoterms. These terms consist of
function symbols and value constants. For instantea studentis identified by a
matriculation numberand31897is a matriculation number, stored in the databtdss the
object termstd(31897)enotes atudent

The proposed mappings assertions between the datama the TBox have the following
formulation: anSQL query ~> a set of atoms / a CQ over the TBoxonjunctive query
(CQ) in DL-Lites is a statement of the foropx) — conj,y), whereq(x) is the head and
conjk,y) is the body of the query, representing a conjonctdf atoms. The variables
occurring in the head of the query are called migtished variables, i.e. the tuplewhile y is

a tuple of distinct existentially quantified variab, which do not occur ix [5] , namely non-
distinguished variable$f a variable occurs more than once in the bodsg qtiery, thenitis a
shared variable. Besides, if a shared variablegrestant or a distinguished variable is an
argument in a query atom, then it is called bouddtrespondingly an unbound argument
corresponds to a non-distinguished non-shared blarianarked symbolically as “ ". It is
important to point out that the set of atoms ober TBox in every mapping assertion should
involve only distinguished variables, which respegy may include variable terms with
function symbols. A sample mapping of the examplesented in Figure 3.2 and 3.3 is
illustrated in Figure 3.4.

M1l: SELECT MatrNum, LecName ~> Student( std(MatrNum)),
from University ATTENDS( std(MatrNum), lect(LecName) ),
lectureName( lect(LecName), LecName)

M e Mri
\ left } \ ght |

SQL query I)ver the database ConjunclfcnthJms over the TBox

Figure 3.4 Sample Mapping Assertion
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The data-to-ontology mapping in Figure 3.4 maps\eugple (m, ) in tableUniversityto a
studentstd(m) who attends lecturect(l) with namel.

In order to summarize the method, proposed byn#][22], it can be concluded that mapping
assertions are of crucial importance for the cositsn of an OBDA system. Moreover, such
a system (i.e. an ontology with mappings) can bel®jically defined as a tripl® =< T, D,

M >, built up of a TBoXT, relational databade and a number of mapping assertibhs used

to bridge the “gap” between the TBox and the datab# addition, the mappind4 can be
subdivided into two classes — typing mapping assest and object-to-data mapping
assertions. The typing assertions are useful israx@match the appropriate types of the data
values from the database and the types, specifieithd ontology. Referring again to the
University example from Figure 3.2 and 3.3, it abbk also specified in the TBox that the
attribute lectureNameis of type string, i.electureName= xsd:string The corresponding
typing mapping is shown in Figure 3.5.

MYP&  SELECT LecName from University =~ ~> xsd:string

Figure 3.5 Sample Typing Mapping Assertion

Considering the definition of an ontology, namély= < T, D, M >, the split version of the
ontology isO = < T, D, split(M) >, wheresplit(M) is a new group of mapping assertions. The
split(M) consists of all typing assertions and mappingrésss. The peculiarity is that a new
mapping assertion is added for every atom of thbtrpart of the mapping itself, namely
Miight In Figure 3.4. When this rule is applied to the piag assertions from Figure 3.4, a
group of split mapping assertions is generatedstilated in Figure 3.6. The ontology with
mappings and its corresponding split versions agechlly equivalent [7], meaning that an
ontology with mappings can be reduced to its ggitivalent. In addition, the computation of
the reduction has PTime complexity with respecth® size of the mappings for DL-Ljte
ontologies [5] and LogSpace complexity for DL-ldte [7]. In both cases, the reduction is
independent of the size of the data.

Mi1: SELECT MatrNum, LecName ~> Student( std(MatrNum))
from University

Mi2: SELECT MatrNum, LecName ~> ATTENDS( std(MatrNum), lect(LecName) )
from University

M1z SELECT MatrNum, LecName ~> lectureName( lect(LecName), LecName)
from University

Figure 3.6 Split Version of a Mapping Assertion

There are also other known approaches when dealitig the issue of linking data to
ontologies. For instance, a Relational to Ontoltagguage (RO) is proposed in [24], which
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main characteristics are its extensible and ddolaraature. With the help of this language
various mappings between ontologies in RDF (Resoudescription Framework) and
relational database schemas can be created. age 0§ RO is concentrated in the context
of the Semantic Web. This language is expressiweiginto cope with complex mappings,
but however it does not address directly the impedamismatch problem [5]. Another
approach, presented in [25], but still having saeverf the disadvantage of the® is the
CARIN logical formalism, exploited in an informationtegration system, called PICSEL. In
its essence, the CARIN approach resembles thdeatkfatiesented technique at the beginning
of this chapter, namely the method for linking ofising data sources to an ontology
expressed iDL-Litea.

3.3 DL-Lite

The DL-Lite family is part of the Description Logidamily and the alphabet of DL-Lite also
consists of symbols for atomic concepts and roledue-domains, atomic attributes and
constants. The peculiarity of the DL-Lite is thestfahat it is not only logics, tailored to
capture basic ontology languages and popular mugldbrmalism, but moreover query
answering in DL-Lite is managed in an efficient wahhis is achieved by keeping the
complexity of reasoning low, taking advantage oé tfuery optimization techniques in
relational databases and relying on several rewritalgorithms and procedures. Other
benefits of the DL-Lite are its possibility to alsapture basic conceptual data models and
object-oriented formalism, such as simple clasgyrdims [7], designed in the Unified
Modeling Language (UML).

3.3.1 DL'Litecore

There are currently numerous extensions and propasétions of the DL-Litefamily.
Nevertheless, the basic one is specified as DLdd{@6]. The fundamental features of the
DL-Litecore are that it allows for expressing:

» [ISA assertions on conceptal € A2). For instance, subsumption can be realized, the
conceptPupil is subsumed by the concdterson,i.e. Pupil = Person

» Disjointness of concept&l = —A2), namely the concetupil is not aSchoo] i.e.
Pupil E —=Schooj

* Role-typing(7FR"E A2, 7R E Al), specifying that one of the components in a iele
an instance of a specific concept. For instad@&ACHES TO™ & Pupil, meaning
that the second component of the retBACHES_TGs an instance of the concept
Pupil or respectively the first component of the relaflcACHES TQs an instance
of aTeacheri.e. ZTEACHES_TOCE Teachey

 Mandatory participation A1= 3R, A2 E 3R~) and non-participation constants

(Al= —3R, A2 © 3R ™), stating correspondingly that all instances otamcept
either participate or do not participate in a rae a first or respectively second
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component. For example, from the assertibeacher= JTEACHES_TCGandPupil =
JTEACHES_TQ, it can be concluded that all teachers teachadlests.

3.3.2 DL-LiteExtensions

Apart from the DL-Litgye logic, there are several DL-Lite sub-families. Tliest
representative is the DL-Litelts main peculiarity in comparison to other logissthe fact,
that it concentrates on the distinct differentiatletween values and objects [5]. It identifies
concepts as abstraction for objects, thus distsigng them from value domains, specifying
concrete data values. Furthermore, there is at$nch separation of attributes and roles, since
roles stand for relations among objects, while ephattributes represent relation between
objects and values. The TBox in DL-Litenay contain intensional assertions of two types,
namely inclusion assertions (concept, role, valoran and attribute inclusion assertions)
and functionality assertions (role and attributectionality assertions). Functional assertions
express global functionality of a role or attriutey. if the roleTEACHES_TO is defined as
functional, i.e.(funct TEACHES_TO), this means that Rupil may be taught at most by one
Teacher Besides, an inclusion assertion can be furthét isppo two sub-groups, namely
positive inclusions (Pl) and negative inclusion )(NA positive inclusion assertion is the
assertion, that does not contain the complemerdtioegsymbol “ = “on its right-hand side.

Another example for an extension of the DL-Lite fignis the DL-Litea g that also provides
identification constrains in addition to all featar of DL-Litex [7]. This identification
constrains are based on paths [27]. The syntax, toskuild up a path, is illustrated in Figure
3.7

n->R|D?|mi0m;

Figure 3.7. Syntax of a Path

R in Figure 3.7 stands for an atomic role, the isgeof an atomic role, an attribute or the
inverse of an attributdd denotes a concept or a value-domain Badcalled a test relation,
specifies the identity relation on instance®othus imposing that a path is closely connected
to a certain concept. For instance, the test mldiAS-PAREND Man?is interpreted as the
path that connects somebody to her or his fathast but not leastz1 o 72 denotes the
composition of patr1 and pathr2. The composition of paths is similar to the defom of
composition of functions in mathematics, becauss &@lso a method of creating a new path
(respectively relation)r1 o w2 from two given path3he general definition of composition is
presented both symbolically and graphically in F&g8.8, where it can be seen that in order
to reachy from x, two steps should be performed, namely froto z, related tar,, and from
ztoy, relatedto m.
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T10 T2 = { (X1y) | 3Z-T[Z(X’Z)/I T[l(Z,y) }

T2 1

ﬁ T10 T2 i

Figure 3.8 Composition of;,0 1,

After explaining the notion of paths, denoting coexpproperties for concept instances, the
term identification constrain (also called an idecdtion assertion) can be investigated into
details. Every identification assertion has therfpitlustrated in Figure 3.9

(idBmy, .. .mn)

Figure 3.9. Identification Assertion [27]

The basic concef® from Figure 3.9 is part of the syntax of an idfecdition assertion and the
1, ... T, are component paths forzn 1. For instance, the identification constréioh Student
HAS-MatrNum)states that a student is identified by his malkatoon number and there exist
no other student, who has the same matriculatiomben.

The TBox in DL-Litejg may contain intensional assertions of three typasjely inclusion
assertions, functionality assertions and ideratfan assertions. Both the ABox in DL-Litg
and DL-Litex are built up by membership assertions [7], whiich s to specify instances of
concepts, roles and attributes. These assertianslescribed symbolically in Figure 3.10,
where A represent the set of atomic concesiepresents the set of atomic roles &nd
represents the set of atomic attributes. In additey o and o, are constant symbols for
objects, whilev is a constant symbol for a value.

A(0) P(a,0) U(ov)

Figure 3.10. Membership Assertions in an DL-hitDL-Litea g ABOX

Examples of not as expressive extensions as Dlykitre DL-Litg, adding the potential to
express functionality restrictions on roles and IMe;, adding disjointness and ISA
assertions on roles [26]. These extra features rinekBL-Litg and DL-Litg very appropriate
to capture the main basic notions in the field nfotogy languages, conceptual modeling
formalisms and object-oriented models. In additithve, DL-Litg and DL-Lite are PTime in
the size of the TBox, LogSpace in the size of tH&oX and NP-complete in combined
complexity, i.e. the total complexity dependenttioa size of the TBox, ABox and the query.

The common feature of the previously discussedc&dieing part of the DL-Lite family, is
the fact that a TBox, encapsulating general proggexf concepts and roles, and an ABoX,
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specifying instances of these concepts and rotesth@ two separate building blocks of the
knowledge base. Moreover, several extensions tdthéite family can efficiently handle
guery answering over large amounts of instances;esthe complexity of reasoning is
considerably low. This is described in details #6][ where its is shown that the basic
reasoning tasks such as computing subsumtion amongepts and roles and checking
satisfiability of the entire knowledge base areypomial in the size of the TBox and query
answering is A€in data complexity. Unfortunately, when tryingit@rease the expressive
power of the language beyond that of the DL-A,jit®L-Lite; or DL-Liter, then the data
complexity of query answering increases rapidliNtmgSpace, PTime and coNP [28] .

As already discussed, the data in Ontology-Basdd Becess is very large and it dominates
the size of the intensional level of the ontologyg, the TBox. The situation becomes even
more problematic when the data has geographicginam and a Geographical Information
System over spatio-thematic ontologies should hie Jgince the geographical data consumes
large space resources. In this scenario, the $ig@eorBox is negligible with respect to the
size of the data, namely the ABox, so one of thetnmaportant measuring parameter to be
taken into account is the data complexity. Althougltan be accepted that reasoning is
exponential on the intensional level, it is of gallgmportance that reasoning in the data must
be at least polynomial and even in a lower compjeglass, i.e. the reasoning must be
tractable. For instance, a quadratic dependendhesize of a large database can be also
fatal.

A very important and beneficial property of sevesithe DL-Lite family extensions is the
fact that they allow for first order logic (FOL)weitability of both satisfiability checking and
guery answering. In a nutshell, these inferencesamag problems can be reduced to
evaluating a FOL query over an ABé&x considered as a relational database (cf. Ch8agr
This database instance is known in the literatsrBB(A) and it is interpreted as a minimal
model of the ABoxA. In the cases, when the data complexity is beyagd, then the
problem can be proved to be not FOL-rewritablep[7319]. As a result, the positive aspects
of current relational DBMS could not be used, sine@e powerful query answering engines
are needed in the case when FOL-rewritability ispnovided.

In order to decide on an appropriate DL languagimd able to guarantee a computational
feasibility with respect to query answering andtla same time to provide a sufficient
expressiveness to capture spatio-thematic ontapdiee data complexity of the previously
discussed logics of the DL-Lite family should bengared. This comparison is illustrated in
Figure 3.11, from where it can be concluded that niost appropriate candidates, when
taking into account the data complexity of quergveering, are DL-Litg;q, DL-Litea , DL-
Litecore DL-Lite; DL-Lite,, since all of them lie within the area surroundsda yellow
circuit, symbolizing the tractability border. Nohetess, the DL-Lite extension DL-LKg is
the most expressive from the listed logics extarsid hat is the reason why the DL-Lite
formalism can be referred as reasonable candidatesapturing ontologies in an efficient
way. However on the other hand, the DL-hite logics is unfortunately not expressive
enough to sufficiently model GIS data. Thereforduher modified logic DL-Lite(RCCB8)
[29] of the DL-Lite family is proposed in order twercome this particular issue.
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Figure 3.11 Data Complexity of Query Answering
for some Ontology-Based Languages

3.4 DL-Lite Combined Geo-thematic L ogicsand GCQ"

Geo-thematic Logics should be capable of providsugficient expressivity in order to
describe spatial and regional configuration of otge Moreover, these Logics should
incorporate an expressive querying language allgvian First Order Query rewritability of
guery answering over spatial ontologies. A reaskensblution to these issues is advocated by
the proposal ofa weak coupling of DL-Lite with the expressive RegConnection Calculus
RCC8” [30, pp. 1,5-6] under the condition that the ABs»spatially complete. Nonetheless,
before going into details aiming to explain the gosed DL-Lite(RCCS8) formalism and
GCQ+ query language, a short introduction of thgi&e Connection Calculus is needed in
order to understand the main features and conoépite DL-Lite(RCCS).

3.4.1 Region Connection Calculus

The Region Connection Calculus is family of spaltigiics, developed to be used in order to
represent spatial knowledge and reason about spaoey one of the most widely used
formalisms for qualitative spatial reasoning. Theé@Ris based on regions and the primitive
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connectedness relation [31]. A primitive relatiortihe formC(x,y)is the basic building block

of the RCC theory. This relation is defined on oegi and it is interpreted as the regiors
connected with the regiop Moreover, from an axiomatic point of view it isi@ified as
reflexive and symmetric. Additional eight basic atedns are specified, using the
representation of the primitive relation. Theseabynrelations define base relations between
regions and are the foundation of the RCC8 com&calanguage. The notation and the base
RCCS8 relations and their topological interpretat&wa presented in Figure 3.12 [32].

DCxY EC(x,y) TPP(X,y) TPPi(x,y)
disior t, externally tangential proper tangential proper
ISjointness connected part partinverse
NTPP (x,y) NTPPI (x,y)
EQ(X, . ;
P()l(xiy) l eQ(ua¥) non_tangennal non-tangentla|
partla over ap q proper part proper part inverse

Figure 3.12 RCC8 Base Relations

Brccs denotes the eight base relations, graphicallgtilied in Figure 3.12. For instance, the
DC(x, y)relation means that regiomandy are disconnected and they do not share a common
point, while the meaning dC(x,y)is that regionx andy only share borders. Besides, the
RCCS8 base relations have the JEPD property, natinelyare jointly exhaustive and pairwise
disjoints [32]. In other words, between any twoioeg X,y exactly one of the base relations
holds, e.g. either onlRC(x,y)or onlyEC(x,y)holds, but not both.

From a geographical point of view, in order to sliate thatGermanyand Poland have a
common border (see Figure 3.14), then this factbeaformalized byEC(Germany, Poland)
Another interesting base relation is the tangergraber part, meaning that the regiois
contained in the regioymand they share a part of the border from insiddadtt, it is possible
to represent different geographical and spatialffigorations of regions by using a set of
disjunctions of base relations. This disjunctioagéithe fornri(x,y) V... vV ry(x,y)or{ru, ...,

rn Xy} [33], wherex andy are constants and to r, with n > 1 represent RCC8 base
relations from Figure 3.12. In a nutshell, it isspible to express indefinite knowledge on the
spatial relations of regions with the help of dmjtions of base relations. These disjunction
statements are encapsulated in a network that goesdy can be evaluated by various
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constraint satisfaction algorithms. Referring agaithe example dsermanyandPoland the
following network is defined in Figure 3.13:

{ EC(Germany, Poland), DC(Germany, Bulgaria),
DC(Poland, Bulgaria), NTPP(Germany, Europe),
NTPP(Poland, Europe) , NTPP(Bulgaria, Europe) }

Figure 3.13 RccsNetwork
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Figure 3.14 Map of Europe [34]

The network in Figures 3.13 captures the geograplocation of the countries, labeled in red
in Figure 3.14, by representing the spatial cotadteh of three regions in terms of RCCS8,
stating thatGermanyandPolandare neighbors anBulgaria does not share any border with
any of the other two, but all of them are partkafrope In general, it is also important to
check whether this network is satisfiable. Satisfity of networks can be tested with the help
of path consistency algorithms, based on compaositidables. The composition table of
Brces is presented in Figure 3.16 [32]. The first rowd dinst column of this table store the
eight base relations and the other cells storeetsly the composition of every pair of base
relations. The *-operator specifies the universddtion, namely the disjunction of all base
relations.

In fact, the table in Figure 3.16 encapsulates weakposition entries, namely minimal
disjunctions of base relations [29]. A week composiis denoted with the symbol “; ” and it
is an approximation of the composition, namely r, is implied byr; o r,. Consulting the
composition table, the weak composition for ther g&C, TPP)can be provided, i.dEC,
PO, TPP, NTTP}lts description in Axccs (cf. Figure 3.17) is presented in Figure 3.15.

x vy vz (EC(x,y1 TPP(y,z) }» (EC(X,2)V PO(x,2)V TPP(X,2)\ NTTP(X,z2))

Figure 3.15. Weak Composition in Agcs Description
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o DC EC PO TPP | NTPP | TPPi | NTPPi | EQ
DCEC | DCEC | DCEC | DCEC
DC * POTPP| POTPP| POTPP| POTP | DC DC DC
NTPP | NTPP | NTPP | NTPP
Dggc DCEC | DCEC | ECPO | 5o 1pp
EC | [pp | POTPP| POTPP| TPP NTpp | PCEC DC EC
NTopi | TPPIEQ| NTPP | NTPP
DC EC
DC EC DCEC | DCEC
PO TFI;(;i PO TPPi| * P,\?T;EP P,\?TITD';P PO TPPi| PO TPPiI| PO
| NTPPi NTPPi | NTTPi
NTPPi
DCEC | 1pp DCEC | DCEC
TPP DC | DCEC | POTPP| oy | NTPP | POTPP| PO TPPi| TPP
NTPP TPPi EQ| NTPPI
DC EC DC EC
NTPP | DC DC | POTPP| NTPP | NTPP | POTPP| * NTPP
NTPP NTPP
DC EC
EC PO | POEQ .
N =Y) ~ | PO TPPI POTPP| TPP] . _
TPPI | 1pp; |\1TTPPPFI>i NTPP] TTEEi NTPP | NTPPi | NTPPL | TPPI
NTPPi
DC EC P%IE Pi
.| PO | POTPPi| PO TPPi| PO TPPI . . .
NTPPi | oo | N7epr | NTRRi | NTpp: | NTPP | NTPPi | NTPPi | NTPPI
NTPPi NTPPI
EQ
EQ DC EC PO TPP NTPP TPPi| NTPP| EQ

Figure 3.16 Composition Table okEcs

AXgrccgisS an axiom system schema providing axioms [28)],[which directly state that the
Brceg base relations are jointly exhaustive and painagis@ints. It is a weakened version of
the original axioms of Randell, Cohn and Qui.addition, this theory, shown in Figure 3.17
also provides axioms for weak composition and xeflly of the equal base relation, i Q.

{Vz,y. VieBuses TLE: y)} U (joint exhaustivity)

{¥z, y. /\‘u--.?'-s-.’-_ﬁh-.v srira TUZ ) — —ra(z, y)} U (pairwise disjointness)
W,y zr(z,y) Ara(y, 2) = rd (. 2) V- - ViE(z, z) | ;s

(weak composition axioms)
{Vr.eq(z,x)} (reflexivity of eq)
Figure 3.17 Axccs[30]
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In fact, there are lower resolution logics than RC@amelyRCGC, RCG, RCG and
according to [30], the Axcs is also applicable for the latter calculi. Howeverhen
considering RCg; the ' XEQ(X,x)from Figure 3.17 is replaced byxO(x,x) i.e. reflexivity of
overlap. Since, the expressive power of RARCG, RCG is lower than that in comparison
to RCG, the less expressive calculi are not recommendegaoaverful candidates to be
combined strongly with DL-Lite for the creation méw spatial logics. That is the reason why
the next chapter concentrates on the explanatitimedDL-Lite(RCC8) formalism.

3.4.2 Lightweight DLswith RCC8

A solution proposal, dealing with the issue of measg over geo-thematic ontologies that
involves accessing numerous databases, storing leMigmes of spatial and topological data,
is to combine Lightweight Description Logics withCR8. The main issues when tailoring

Lightweight Description Logics (e.g. DL-Lite) witBpatial Calculi (e.g. RCC) are to retain

FOL rewritability with respect to both satisfialyliand query answering, and to provide
sufficient expressivity of the logics and the qui&gguage in order to facilitate an efficient

and correct modeling and searching of GIS dataei®édifferent perspectives are presented
and investigated in [33, pp. 14-15] and [35, p.i8]Jorder to cope with the mentioned

problems. In a nutshell, either a number of presgpd conditions on the ABox can be

assumed or the combined logic can be weakenedlattee is achieved by either weakening
the expressive power of the spatial calculus ottlieenatic part, or weakening the interaction
of the combined components.

As a result, it is concluded that a reasonable comise is to assume that the spatial data is
consistent and complete, and the combination ofLi-and RCC is realized in a controlled
way. In other words, a concrete solution, as meetioat the beginning of this chapter, is to
provide a weak coupling between DL-Lite and RCC&dpfining a spatial completeness
condition for the ABox and using a restricted quinyguage. A stronger coupling is also
possible but only for the low-resolution region nention calculus RCC2, since otherwise
FOL rewritability is not guaranteed any more [30, b, 6-10].

The combined logic DL-Lite(RCC8) allowing for FOkwritability is illustrated in Figure 18,
where the syntax and semantics of the logical cocisirs are presented and consequently
explained. This approach both weakens the therpaticand restricts the interaction with the
spatial component.

R - P|P
U — loc|Roloc
B — A|FR|3oc
C — B|-B]|3UyU.rforr e Rekcesand not (U=U,=loc and EQgr)
TBox BC C, (funct loc), RE R,
ABox A(a), R(a, b), loc(a, a*), r(a*, b*)
To = AXrcce

Figure 3.18 Combined Logic DL-Lite(RCC8) [29, p. 4]

29



3. Analysis

A role Rin DL-Lite(RCCS8) is denoted in terms of a role $yohP or its inverse$™. A path is
defined either as Bbc or as a composition & andloc. The path legth is allowed to be at
most 2. The left parB of an terminological axiom in the DL-Lite(RCC8) ®B can be
represented by a concept symBola limited existential quantification of a rolensiyol or
attribute loc. The DL-Lite extension DL-Lite(RCC8) builds-up veeak coupling of the
thematic and spatial domain, where apart fl®rand its negatiomB, concepts of the form
FU,,Uo.r are allowed to appear on the right-hand €id#f the axioms in the TBox. However,
only the concrete attributec (i.e. has location) may be functional. In additiorstays for a
set of all possible disjunctions of base relatifsos Brccg i.€.1 is a general RCC8 relation.
Thus the set Relcgis the set of all 1) RCC8 relations, including the universal relatio
and excluding the empty relation. It is also assutet no empty concepts can appear by
adding an extra restrictiotd(=U,=loc andEQ ¢ r), because if for instance the right-hand
side of an axiom isloc,loc.r, then it denotes an empty concept in caseERais not part of
the setr. Another alternative is to handle empty conceptinduthe rewriting process.
Furthermore, the ABox can contain assertions ofithe A(a), R(a, b), loc(a, a*), r(a*, b¥%)
wherea and b are variables or constants aatib* are also variables or constants, but
intended to denote elements of xs

As already mentioned, satisfiability in generalais important issue in logics. However,
testing the satisfiability of arbitrary RCC8 comstt networks is not FOL rewritable [35, p.
7], making the process of checking a computatignatiensive task. Consequently, it can be
also concluded that coupling DL-Lite and RCC8 clso aesult in uncontrolled combinations,
which are not FOL rewritable. For instance, by ngkihe queryntpp(a*,b*), it is searched in
the database whether regiahis a non-tangential proper part of reglwn Nevertheless, the
composition for the pairnfpp,ntpp from the composition table 3.16 yields thepp is a
transitive relation. This relation could not be goled into a finite FOL query, because all
paths froma* to b* should be considered, i.@tpp(a*,z*) 2 ntpp(z*,z2*) 4 ntpp(z*,z3*) 4

... Antpp(z*,b*)). Moreover, in real-world scenarios, it can be ¢hse that spatial databases
are incomplete. For instance, there could be adatentry that maps a parking in an airport
terminal as a point, rather than as a polygon. Aesalt several of the base relations from
Brccs may hold between the parking and the terminal,. @&@(parking terminal),
EC(parking, terminal), TPP(parking, terminalktating that it is not possible to decide
whether the parking and the terminal partially ¢seror they just touch each other either
from outside or inside, etc. A solution not to fadieectly the issue of satisfiability and
incompleteness is to assume that these issuesak@a into account into an initial pre-
processing step [35]. Hence, the notion of FOL rability for the combined logics using
RCCS8 as the spatial part is weakened by introduaisgatial completeness condition, i.e. a
spatially complete ABox.

On the one hand, allowing FOL rewritability withspect to satisfiability testing is important
in the context of combining lightweight DLs with R8. On the other hand FOL
rewritability, considering query answering is alsdundamental factor. In a nutshell, the
expressivity of the query language should be akert into account. That is the reason why a
querying language, called GCQs introduced in the next Chapter 3.4, since answy GCQ

30



3. Analysis

gueries within DL-Lite(RCC8)-ontologies with spdiyacomplete ABox-es is FOL rewritable
[29, p. 5].

3.4.3 Query Language GCQ+

GCQ' is a query language that is based on groundedicotiye queries and it is appropriate
for querying DL-Lite ontologies, since it both cepeith the implausible consequences of the
semantics of conjunctive queries and addressesssioe of computational unfeasibility of
answering conjunctive queries with base relationBRCC8 even if the ABox is interpreted
to be complete [33, pp. 6,7,17]. Moreover, the G@Qexplicitly build for DL-Lite(RCCS8)
ontologies and provides support for qualitativetighauery answering and possibilities for
quantitative extensions. A GCQuery atom has one of the forms, presented inr&iguL9
[29, p. 5].

GCQ atom — C(X)
—  (FR... R.O)X)
—  loc(x, y*), y*e Rekecs
—  r(x*, y¥), r* € Rekccsand x*,y* € Axzcce

Figure 3.19. GCQquery atom

A GCQ' query atom may be a DL-Lite(RCC8) concepix), wherex is a variable or a
constant, excluding the negation symbol. In addjtimle symbols R or their inversés ,
together with an existential quantifitand a concep€C without the negation symbol can also
build up a GCQ query atom(3R; ... R..C)(x). The last two representations include elements
of Axrccs being part of the atonisc(x,y*) andr(x*,y*), defining the locatioy* of x and the
spatial orientation of regions* andy*. A GCQ query consists of conjunction of GCQ
guery atoms. Furthermore, such a query can be ¢ednfist into a UCQ with the help of a
Perfect Rewriting Algorithm, explicitly tailored falealing with geo-thematic scenarios, and
as a result it can be transformed by an unfoldiaggss into an SQL query, that can be fired
to a spatial DBMS, assuming that the virtual ABs»spatially complete. These reformulation
steps and corresponding techniques are presentedaueently in following chapters.

3.5 Ontology Based Query Answering over Spatial Databases

Up to now the main issues and challenges refeoédet OBDA technique, representation of
spatial knowledge and reasoning about space hae dddressed and discussed into details
and numerous solutions and proposals have beendptbvin a nutshell, the fundamental
problems, tacked to so far, are:

» the trade-off between expressive power and computdt complexity of ontology
languages and numerous extensions
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* large amount of data, stored at the source; datgplexity
* linking data to ontologies
» the impedance mismatch problem

Answering more complex queries over ontologiesnsetlaer fundamental requirement and
challenging problem in Ontology Based Data AcceBse complexity of the queries
automatically implies that the query language stidnd more expressive than only specifying
concepts and roles in DLs, namely it should be alse to express conjunctive queries and
unions of conjunctive queries (UCQ).

3.5.1 Perfect Rewriting Algorithm

The DL-Litex formalism is going to be used in order to inialillustrate the Perfect
Rewriting Algorithm, i.e.PerfectRef(Q,T)athough it is not expressive enough for dealing
with spatial ontologies. This approach is reasamatihce the consequently presented version
of the reformulation algorithms for DL-Lite(RCC8)e. AdaptedPerfectRefQ,Tis based and
explicitly uses the original Perfect Rewriting Algm.

The Perfect Rewriting algorithm lies in the cenmdérthe Ontology Based Query Answering
process. This algorithm inherits its name fromfta that the input queny over the ontology

is reformulated with the help of the Positive Irstins (PIs) from the TBoX. It can be
proved that the negative inclusion axioms do noteh# be considered for the rewriting.
However, they have effects on the satisfiabilitgttand can be neglected only, as fas as
rewriting is discussedThe queryqg can be either a CQ or UCQ. After the rewriting
processing, the TBox is not of interest anymore @nadreformulated quergy' is evaluated
over the ABoxDB(_4), as if the ABox is a relational database. This psscis graphically
illustrated in Figure 3.20.

/
9 Perfect q l
I ont = I
7 Rewriting :
|

| Query
ﬂ—|—> DB(A) —_> Evaluation -—:—>ce3rt(q,< 7A>)
\

o e mm m mm mm Em Em Em mm Em Em E -

Figure 3.20. Ontology Based Query Answering [3@3].

The answer to the initial quegyover the ontolog=< 7, 4> is the output of the illustrated

process, namely the certain answercsgt(q, < 7, 4>/ being a tuple of constants of,
which belong tay' (answers taj overl) for every model of the ontologyO. Consequently,
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analyzing Figure 3.20 and the latter definitiorceftain answer, it implies thgt= q°5(2 =
cert(q, < 7, 4>/ Besides, the reformulated query being an output of the block Perfect
Rewriting, is in fact a UCQ and its size is independent ofgize of the extensional level of
the ontology, but it is exponential in the sizetteé TBox in the worst case. Nevertheless, the
good news is that the query answering algorithmahdata complexity A€ since evaluating

g' has a data complexity not worse than the traditioquery evaluation in relational
databases. The Perfect Rewriting Algorithm for pating the perfect reformulation of a
conjunctive query with respect to a TBox in DL-LJtogics is presented in Figure 3.21.

input :aCQ q, DL-Litg TBox T
output : a UCQpr

1 pr:=q;
2 repeat
3 pr' :=pr;
4 foreach CQ q'epr' do
5 foreach atom g in gdo ]
6 foreach Pl a in 7 do
7 if a is applicable to gthen
8 pr = pr U {q'[9/gr(g, al}; ~ 1% part
9 end
10 end
11 end B
12 foreach pair of atoms ¢ g in q'do 7]
13 if g2 and g unifythen
14 pr := pd {anon(reduce(q’, g @))}; - 2°part
15 end
16 end _
17 end
18 until pr'=pr,
19 return pr;

Figure 3.21 PerfectRef Algorithm [7, p. 308]

Analyzing Figure 3.21, it is important to point dbat the output of the algorithm is a set of
CQs, generated on the basis of the input CQ. I flae input q is always the first element of
the output UCQ[pr}, because of the assignment operation in line lerAfiat ado...while
loop starts, i.e. symbolically shown aspeat...until which terminates when no more
reformulations are possible any more. This conditgillustrated in line 18, where the set of
reformulated CQs from the current and previousaitens is compared. The algorithm
PercetRef always terminates [7, p. 309], sincelehgth of the input conjunctive query and
the maximum number of atoms in the body of the 68 ts generated, are equal. Moreover,
the total number of distinct generated atoms igmpwhial of the size of the input query. Line
7 checks whether a Positive Inclusion axianfrom the terminologyZ is applicable to an
atomg from the conjunctive queny. This is the case, when:

» the atongis a an atom of the fori@(x) andC is contained in the right-hand sideogf
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» the atong is an atom of the fornR(x,y),and right hand-side af is eitherR or R;
+ the atomg is an atom pf the forR(x,y),andx (respectivelyy) is a non-distinguished
non-shared variable and the right hand side isfFR (respectively7R).

The result of applying the RI to g is then represented as(g, o) in line 8. This result
substitutes the current atoghand thus a new query is consequently added tcséheof
conjunctive queriegr. A detailed table, summarizing all cases when \&ergiPl a is
applicable to a query atogn and presenting the corresponding regu(g, o), is shown in
Figure 3.22.

atomg | Pl a | or(g, a)
C(x) c,c C Ci(x)
C(x) JRC C R(x, )
C(x) R C C R(_, X)

R(X,y) RIEROorR'ER RyxY)
R(X,y) REROoR ER Ry, X)

R(x, ) cc 3R C(x)
R(x, ) R, E 3R Ri(x, )
R(x, ) IR, E IR Ri(_, X)
R(, x) CC IR C(x)
R(, x) R, E IR Ri(x, )
R(_, X) iR, E IR Ri(_, x)

Figure 3.22. Applying PI to an atom [7, p. 307]

With the first part of the algorithm, the knowledfyem 7 relevant for answering the initial
queryq is compiled into a new reformulated qugny(lines 5-11) The second step (lines 12-
16) describes a process, in which if any two atnors the reformulated queny of step can
be unified, the functionseduce(q’, @ &) and anon(q") are consequently executed. The
functionreduce(q', g, &) performs the actual unification of the atgmnandg, and returns a
new queryq", that is the input for the functiaanon(q") The latter function realizes variables
anonymisation by substituting all unbound variablasq" with “ ", i.e. the symbol
representing a non-distinguished non-shared variabl important side effect of the function
reduce(q’, g @) is that it may make bound variablesghunbound ing" due to the most
general unifier between, gnd g and thus consequently in the next iteration offifs¢ part of
the Perfect Rewriting algorithm Pls, which were agiplicable toq' atoms may become
applicable tay" atoms.

The PerfectRef algorithm from Figure 3.21 is ilhaseéd by practical examples, adopted from
[7, pp. 308-310]. Figure 3.23 shows a DL-Lite TBBxwhere the atomic concepteacher
and Pupil and atomic rolesTEACHES-TOand HAS-TUTORare defined. In addition,
according to the latter TBo¥ no Pupil is also aleacherandTeachergeach theéPupils who
have a tutor, being &eacher The functional roldHAS-TUTORrepresents a restriction that
everyone has at most one tutor. A conjunctive qgéxyover T asks forTeacherswho teach

to Pupils having a tutor.
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Teacher = =Pupll JHAS-TUTOR £ Teache
r

Teacher = 3ITEACHES-TO ITEACHES-TO £ Pupill

Pupil C 3JIHAS-TUTOR (funct HAS-TUTOR)

CQ: g(X)« TEACHES-TO(X, y), HAS-TUTOR(y, )

Figure 3.23. School TBog and a CQ ovefl”

By applying the algorithms of Figure 3.21 to tha@abogy 7 and the query(x), during the
initial execution of the first part of the algonmththe positive inclusiorPupil = 3IHAS-
TUTOR is applicable to the atorAAS-TUTOR(y, .)As a result, the new query(Xx)«
TEACHES-TO(X, y), Pupil(y¥ added to the set of C@s. At the end of the next execution
the queryg(X)-TEACHES-TO(X, y), TEACHES-TO(_iy)generated, which atoms unify and
thus producing in the second part of the algoriitime 12-16 from Figure 3.21) the new
queryq(xX}-TEACHES-TO(x, .)Comparing the last two queries, it can be obsktlat the
bound variabley from the former query is unbound in the latter rguesubstituted by the
symbol “ . The further executions of the PerfeawRiting algorithm yield the queries
g(xX)-Teacher(x) and q(x}-HAS-TUTOR(_, x) Finally, the initial query and the new
generated queries are returned by the algorithos teformulating the original query(x)
with respect to the TBo¥.

The initial purpose of query answering is to conepilie answer of the original quegyover
the ontologyO= < 7, A4 > (cf. Figure 3.20). After creating a new reformuthtéCQ out of
the Perfect Rewriting algorithm, the next stepoigvaluate the set of CQ@s over the ABox
A, i.e. to exploit the relational databa®8(_4). In order to achieve this, every CQ frgm
should be transformed to an SQL query expressed DB{_4). In a nutshell, query

evaluation and thus also query answering overfediie DL-Lite ontologies can be realized
in an effective way by using the technology of RD8Ms defined in Figure 3.24 [37, p. 41].

cert(q, < 7, A4 >) = Eval( Unfold( PerfectRef(q?) ), DB(.4) )

Figure 3.24. Computing Certain Answers to a Query
over DL-Litex Ontology

Figure 3.24 illustrates the computation of ceraiswers to a CQ over an ontologp=< 7,
A > by first evaluating th&erfectRefalgorithm from Figure 3.21, immediately followeg b
executing arlnfold function, which aim is to unfold the output UCQequ of thePerfRef
and encode it in SQL. Finally, tieval function evaluates the latter generated SQL qaeey
a database DB.
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If the TBox in Figure 3.23 is expanded by the roieclusion HAS-TUTOR

C TEACHES-TCand the ABox in Figure 3.25 is also taken in orebuild up an ontology,
then reformulating the queryq(x)« Pupil(x) over the TBox generates the
UCQ q(x)« Pupil(x), q(X)< TEACHES-TO(_, x), q(¥ HAS-TUTOR(x, _) }
Consequently, the evaluation of the queryver the ontology yields the certain answer
o°2® = cert(q, <7 A>) = {Alex, Julia}. It is important to realize that without using the
Perfect Rewriting algorithm the answer to the quefy) < Pupil(x) would have been the
empty set, since there is no instancéapil in the sample ABox in Figure 3.25. Moreover,
without expanding the TBox, as previously descrjliéeé answer to the query would have
been only{Julia}.

HAS-TUTOR(Alex, Mr. Schmidt)  TEACHES-TO(Mr. Schdidlia)

Figure 3.25 School ABo¥A and a CQ overA

3.5.2 A Bottom-up Approach

According to [7], the easiest way to reason oveplogies with mappings is to make use of
the mappings, thus generating the actual ABox bthedata source. Consequently, by using
a query answering algorithm, described in ChaptBrl3 reasoning over the materialized
ABox and original TBox can be performed. This teage is known in the literature as a
naive or bottom-up approach. The main drawbackisf hethod is the fact that the actual
ABox is produced from the data at the source anithismway the information is duplicated.
Moreover if the data is very big, as in spatialahaises, then this disadvantage becomes more
problematic. In order to avoid this negative effettuplicating the data, another approach is
proposed in [7], [5], where the ABox is not exdligibuilt and it is kept virtual. This
approach is known as the top-down approach.

In order to explain the two approaches in detdils, terms virtual and materialized ABox
should be clarified. As described in Chapter 3.2oatblogy with mappings consists of a
TBox T, relational database D and mapping assextigh namely O = < T, D, M >,
Moreover, the ontology with mappings and its spditsion are equivalent. On the other hand,
a virtual ABox in DL-Litex or DL-Liteajq consists of a set of membership assertions, which
are computed on the basis of the mapping assedimhshe data from the database. A formal
description of a membership assertion and a virdx [7] are presented respectively in
Figures 3.26 and 3.27.

A(m,D) = {mign[x/V] | v € ans(mewD)}

Figure 3.26. Definition of a Membership Assertion
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A membership assertiof(m,D), generated by a (split) mapping assertioiicf. Figure 3.6)
from databas®, is in fact an atom of the right part of a corresgiag mapping assertion
Might, Where the variablefsis/are substituted by the answer of evaluatingeftepart of the
mapping assertiomey, i.e. the SQL query, from the databd3eFor instance, if the table
University from Figure 3.3 contains the entrigg31897, Web Engineering), (23456,
Mathematics)}and the split mapping assertiollg; and My, from Figure 3.6 are taken into
account, then the membership assertions are dedméallows:

A(my1,D)={ Student( std(31897)) , Student( std(31897))}

A(my2,D)={ ATTENDS( std(31897), lect(Web Engineering) )
ATTENDS( std(31897), lect(Mathematics) ) }

Figure 3.27. Example of Membership Assertions

Consequently, if all membership assertions areitdda as defined in Figure 3.27, the entire
virtual ABox can be generated.

AM,D)={ U A(m,D) | me M}

Figure 3.28. Definition of a Virtual ABox

In other words, by computing t#gM,D), the virtual ABox is materialized. This is in fabe
first step of the bottom-up approach for query aravg over ontologies with mappings. The
second step is to perform the query answering ilgorto the ontology0 =< T, A(M,D) >,
that is presented in Chapter 3.5.1, wh&(®l,D) is a materialized ABox. In a nutshell, using
rewriting and the materialization means that thestwction ofA(M,D), then the creation of
the the herbrand mod&B(A(M,D)) and finally the evaluation of the rewritten queyyon
DB(A(M,D))should be performed.

As already mentioned at the beginning of chapter lottom-up approach has several
disadvantages:

* Materialization and storage of the entire virtu@ax, i.e. computing thé&(M,D), are
required. Moreover, the virtual ABox is generallplynomial in the size of the
relational database, meaning a generation of hugeghead is produced by duplication
of information.

The first disadvantage has also an immediate negafifect on the data complexity of the
resulting algorithm, since it is not anymore A@ LogSpace in the size of the database, but it
is PTime in the size of the database, since méiimn is a problem in PTIME complexity
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* From usability and practical point of view, a funtental drawback is the fact that
complex data refreshment procedures and mecharenidsbe invented in order to
keep both the ontology and the database synchihngiace the data sources are
independent from the ontology (cf. Figure 3.2).

3.5.3 A Top-down Approach

In order to overcome the issues and drawback, whielbottom-up approach has, a different
top-down technique is proposed for query answeowvey ontologies with mappings [7, pp.
338-341]. The main distinguishing feature of the-tlown approach in comparison to the first
approach is that the materializing of the virtugBoX is avoided by using an additional
unfolding algorithm. It makes immediate advantagettee mapping specifications and
consequently generating a SQL query, that is issweda RDBMS and its result set coincide
with the results of the initial query over the dotgy. Thus the data complexity of the entire
algorithm is in AC and no additional data refreshment procedures tralse implemented to
keep the data in the database and the ABox synizeehnHowever, the mappings should be
always updated in case structural changes in ti&bdse are carried out. The top-down
approach consists of four important steps, grafiidlustrated in Figure 3.29.

- N
/ \
q L. Perfect \
I .y
T Rewriting :
: I
: UCQ g 2. Filtering I
I
: I
I
- I
I UCO o > 3. Unfolding :
M = > |
: |
I 4. Evaluation [
|
I
\

Ans(e, D) = cert(q, <O>/

Figure 3.29. A Top-down Approach for Query Answgrover
Ontologies with Mappings
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Assuming thaD=< 7,4, 7% is a DL-Litex ontology with mappings, wher&is the TBox,

M represents the mapping assertion (i.e. split nmggpiandZ’is the database. The first step
of the approach is graphically illustrated in Fig®.29 by a blue block. This block executes
the Perfect Rewriting Algorithm as described inUf@3.21. The output of the Reformulation
step is a UCQ with the property that thecértain answers to g with respect to O coincide
with the set of tuples computed by evaluatingoger DB(A(M,D)), i.e. the database
representing A(M,D)[7, p. 338]. The next step of the top-down apgtoperforms a filtering
process in order to get rid of every ill-typed aomjtive query, which contains join variables
appearing in incompatible positions within the saopgery, thus producing a typing
contradiction. The filtering step is beneficial fthe next two steps in order to avoid
producing wrong results in the query unfolding @uery evaluation process over the source
databas®. The filtered queryy, is the input for the Unfolding block, where withethelp of
the mappings¥# . is transformed into an SQL queny, thus avoiding the materialization of
the A(¥, D) and evaluating thg, over DB(A(A, D)). In fact, this is the main difference in
comparison to the bottom-up approach. The Unfolditep is useful, since the result of
executing the SQL queny over the databade, i.e. the output of the SQL query Evaluation
step, and the result of evaluating theover DB(A( D)) coincide [7, p. 339] . Considering
this fact and the previously described propertthefoutpuiy; of the Perfect Rewriting step, it
can be concluded that the certain answers to qre#ipect tdDM coincide with the output of
step number four. In other wordssrt(g,<0>/ = Ans(g, D).

3.6 Adapted Perfect Rewriting Algorithm

The Adapted Perfect Rewriting Algorithm, schemadlycdlustrated in Figure 3.30, extends
the original Perfect Rewriting Algorithm from Chapt3.21 by also handling GCQ@toms of
the form 37Uy, U, .r for r € Rekccgand it is based on the algorithm, proposed by p33,1].

All modifications of the original Perfect Rewritinglgorithm are marked within green
rectangles in Figure 3.30. The input of the Adapégbrithm is a hybrid query, the conjucts
of which are either classical predicate logicahaoor GCQ atoms. The aim is to transform
this initial hybrid query into a UCQ and then byingsthe techniques, described in Chapter
3.5.3, to unfold the UCQ query to an SQL query taat be executed in a relational database,
containing geo-thematic data. The other forms oQGquery atoms are treated as FOL-query
atoms and they are processed by the original daitheo Perfect Rewriting Algorithm (cf.
Figure 3.30, lines 1-11, 33-40).

There are four relevant implications or four diéfet cases for variations of GCQtoms,
which are to be taken into account by the Adaptedelet Rewriting Algorithm in Figure 3.30
[29, p. 5]

1. If a GCQ+ atom of the forr#R; o loc, R o loc.r; (xX) occurs during the rewriting
process, then it can be substituted by the conjpineto new atoms of the fordR; o
loc, loc.n (xX) and Floc, R o loc.r, () in a new CQ for ally,r,, contained in Rekcs
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such that;;r, € r3, namely where all possible compositions of the §efo r,) from a
full composition table are refinements (i.e. sufpaif r; (lines 13-16). A full
composition table contains the compositions opalisible disjunctions of relations in
Rekccs While the week composition table from Figure 3elbeds only the weak
compositions of the 8 base relations iRcB The set of relations; is the left
argument (resp. a row element from the full comjpmsitable) andr, is the right
argument (resp. a column element from the full cositpon table).

2. If a GCQ+ atomzU,;, U..r; (X) appears in the query and the TBox contains a
terminological axiom of the fornBCE 3U;, U.ry (X) and r; € ry, then a new
conjunctive query can be created with a query aBfr), substitutingzU;, U..ry (X)
(lines 20-22)

3. The third case is similar to case 2, but it takés account the inverses of the relations
in Rekecs In fact, if a GCQ+ atoniU,, U,.r; (X) appears in the query and the TBox
contains a terminological axiom of the foBriE FU, Us.r> (X) andr,™ <€ rq, then a new
conjunctive query can be created with a query aBiR), substitutingzU;,U,.r1(x)
(lines 23-25).

4. If a GCQ+ atom of the form¥R; o loc, Uy.r (X) occurs as a conjunct in the query and
the TBox contains a terminological axiom of thenidR, C R, then a new CQ can be
created with a query atod#R; o loc, Us.r (X), substituting7R; o loc, Ui.rz (x) (lines
27-31).
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OO NoO U WDN BEF-

39

input :a hybrid query Q, DL-Lite(RCC8) TBoX
output : a UCQpr

pr:=Q;
repeat

pr':

foreach query q'e pr' do

end

foreach atom g ing' do
if g is a FOL-atomthen
foreach Plain 7 do
if a is applicable to gthen
pr = ibf {a'[9/gr(g, a)I};
end
end
else
if g=3R; o loc, R o loc.rz(x) then
foreach ry.r, € rz do
X:=q'g/(3Ry o loc, loc .a(X) A
dloc, R o loc .ry(X))];
pr:=pr U{X}
end
end
if g=3U;, U,.ri(x) then
foreach BE 3Uy, U,.rx(X) € 7 and b S ry do
pr = pd {q'[g/B(x)]}
end
foreach BC 3U,, U, .rx(x) € 7 forr, ' S ry do
pr := pd {q'[g/B(X)]}
end
end

if g =3Ry oloc, Uir(x) (resp.3U;, R o loc.r(x)) then

foreach RCR e ZorRIC Rt e 7 do
pr = fof { o'[9/(9[R/Ra])]}
end
end
end
end
foreach pair of FOL-atoms g g in ' do
if g» and g unifythen
pr := pt {anon(reduce(q’, g ®))};
end
end

40 until pr'=pr;
41 | return drop(pr);

Figure 3.30. Adapted PerfectRef Algorithm
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Finally, at the end of the Adapted Perfect Rewgitigorithm the functiondrop(pr) (line
3.30) removes all GCQ+ queries, which contain atofrthie form3U;, U,.r (x). As a result,

the output of the algorithm is a classical UCQ,skhtan be consequently evaluated as a SQL
query on the databad$®B(_ 4/, 72). The Figure 3.31 is adapted in order to illustrdie t
entire reformulation process of ontology based yusmmswering over spatial databases,
making use of a DL-Lite(RCC8) ontology, GCQuery, data-to-ontology mappings and a
PostgreSQL database, referred as a virtual anchbpaobmplete ABox.

. 7 N
GC
Qg 1. Adapted Perfect \
' Rewriting

DL-Lite{RCC8) 7~
|

—> | 2. Filtering
UCQ«y

|
|
|
I UCQ ¢ > 3. Unfolding
|
I
|

>

SQL & | 4. Evaluation

DB(A(I\,{,D)) (virtual and spat. complete ABox) ' J
........ T PR

/
\\ ___________________ ‘__’/

Ans(c, D) = cert(q,< O>/

Figure 3.31. Ontology Based Query Answering over
Spatial Databases
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3.7 Limitation Analysisand Final Requirements

In the latter sections, various techniques, genaparoaches and possible design solutions
and algorithms for query answering over ontolodiese been presented and theoretically
analyzed without considering any external factardimitations, which could consequently
occur during the actual implementation of the damkisoftware system. That is the reason
why, this section reveals a list of all specifioa, assumptions and obstacles that should be
taken into account in the design and realizationthef developed software application,
implementing a Perfect Rewriting Algorithm for oltigy based query answering over spatial
databases.

Because of time constrains and the fact that timeadithis Master Thesis is not to develop a
complete system for reasoning over spatial ontelkgihe reasoning task such as ontology
consistency checks, subsumtion between conces, #aad attributes, and satisfiability tests
are not taken into account. Moreover, it is decided to provide the final system as a
complete installation software package, but ratsea Java project that can be consequently
imported in a universal tool for software developtnand executed in a debug mode. That is
the reason why, only a simple graphical user iatexrfwill be designed in order to facilitate
the user interaction, but also providing potenggiensibility options. It is also assumed that
the user inputs to the application are syntacticalhd semantically correct and the
corresponding text files for specifying Tbhox-es,ppi@ags and search queries are well-formed
and well-behaved.

The final requirements of this Master Thesis aesented in detail by dividing them into two
main groups — theoretical requirements, specifyirggtheoretical approaches and algorithms
to be implemented and program requirements, desgribe system features and tasks to be
realized by the developed software.

The final theoretical requirements are as follows:

* implement the Original Perfect Rewriting Algorithfor query answering over pure
DL-Lite ontologies;

» extend the implementation of the Original PerfeetRting Algorithm to the Adapted
Perfect Rewriting Algorithm over spatial ontologiesing the modified logic DL-
Lite(RCC8) and the query Language GCQ

* incorporate the Adapted Perfect Rewriting Algorithmio a top-down approach for
ontologies based Query Answering over spatial deted, thus avoiding the
materialization of the virtual ABox by using an @dxhal Unfolding step.

The main program requirement is to develop an ogiobased Query Answering system that
should provide:

» a framework for representing DL-Lite TBox, contaigistandard concepts, roles, role
inverses, and inclusion assertions (i.e. Pls arsj; NI
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* a framework for representing DL-Lite(RCC8) TBox,ntaining standard concepts,
roles, role inverses, inclusion assertions (i.s. &id NIs) and concepts of the form
3U4,Uo.r, wherer € Rekccgand U— loc | Ro loc;

» aframework for representing conjunctive queriesitaining query atoms of concepts,
roles or GCQ atoms of the formaU1,U,.r(X);

» a framework for representing object-to-data mapgigntaining mapping assertions
of the form Mert ~>Miignt, SUCh that the left part is and SQL query andrigiie part is
a conjunction of atoms over the TBox;

» a Graphical User Interface for simple user inteoas;

» a Parser for reading and interpreting the usertgpie. a TBox, a conjunctive query
and a set of mappings;

* a Reasoner for implementing the Original PerfeewRing Algorithm and the
Adapted Perfect Rewriting Algorithm;

* a Reasoner for implementing the Query Reformulgpiatess;

« a Resoner for evaluating the output of the QueryoRReulation process over a
PostgreSQL database.

The following two chapters of this Master Thesiegant a detailed description of how the
theoretical ideas are practically applied and hbe listed requirements are realized and
transferred into the design and implementation system for Query Answering over spatial
ontologies.
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4 Design

Following the overview of tools, technologies, quemswering approaches, limitations,
problem and system requirements analysis, this tehamveals the actual design and
architecture of the developed GIS application widh-Lite(RCC8) ontologies.

4.1 Architecture Design

The system design of the geographical informatigetesn for ontology based query
answering over spatial databases, abbreviated @umSpatial, is graphically illustrated in

Figure 4.1. The OnQuAnSpatial is a standalone Jgmication for the representation and
reasoning over DL-Lite(RCC8) ontologies. The arettiire of the program is divided into

three main tiers, presented in Figure 4.1 as raamder rectangular blocks, named as
Frontend, Controller and Backend.

The Frontend specifies the top most level of th€@@AnSpatial application, namely the the
input text files and the graphical user interfatbe main task of this tier is to realize a
platform of interaction between the user and tHenswe program and consequently display
system outputs, hints and results of the ontologgrging. The user defines a desired
terminology in a text file, specifying the TBox Wwithe DL-Lite(RCC8) syntax. Furthermore,
it is possible to formulate a GCQuery and mapping assertions in additional tebes fi
Thanks to this layer, the user can interact with dpplication, which as a result passes the
user requests down to the chain to the next lawmmnely the Controller.

The second tier defines the business or domair lofjthe application, where instances of
concepts and roles in the ontology are retrievethfthe data source tier, i.e. the Backend,
processed and transferred to the Frontend, thlizingaa bidirectional flow of information
among the different layers. Every text file is fanded to the Parser component block, where
numerous syntactical procedures validate the prnogrguts. If this process is successful,
then the corresponding files are parsed accordiagly Java objects are created from the
information they contain. This transformation stepm a textual TBox, Query and Mappings
to Java objects is facilitated by the blocks DLe(RCCS8) Interface, GCQ Interface and
Mapping Interface. As a result, the intensionat p&the ontology and the GCQuery are
forwarded to the Adapted Perfect Rewriting block #me ontology-to-data-source mappings,
realizing the formal linking of the stored persmdtelata and the ontology, are transferred to
the Unfolding block. The latter two process blotgether with the Evaluation block from
Figure 4.1 build up the most important componerthefOnQuAnSpatial system, namely the
Query Answering Reasoner that is explained in betahapters 5.3 and 5.4. In addition, the
component module Composition Table, storing thes lvakations from Bccg and the table of
weak compositions (cf. Chapter 3.4.1, Figure 3.&8p takes part in the query reformulation
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process. The connection between the CompositiorleTabd Adapted Perfect Rewriting
Algorithm blocks is represented by a dotted arrbecause the former is used only in case if
the queryg contains spatial atoms.

/FRONTEND N\

TBowbd Query.bt  Mapping.txt

N

/CONTROL LER v \
Parser
Composition ?F:E'éiéf GCQ* Mepping
Table I nter face Interface I nterface
1
: DL-Lite GCQ'q M
! (RCC8) 7~
1 S 72| 2 - \
1 / |
L_]_ Adapted Perfect :
| Rewriting |
: v |
Y |
I Unfolding I
| UCQ qu
I cert(q,<03i1> )
| |_) |
: Evaluation —
SQL gz I
\ \(EA_REas_onfr _____________ A _ //
/ BACKEND v ™
JDBC API
\ ‘ PostgreSQL | /

Figure 4.1. Architecture Design of tmQuAnSpatiaBystem with DL-Lite(RCC8)
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The last tier of the OnQuAnSpatial system architecfrom Figure 4.1 is the Backend. It is
responsible for storing the extensional level ¢f tntologies and querying persistent data
values within the DBMS PostgreSQL. The JDBC API lBes the interaction of the
application and the external data source, i.ed#tabase.

The main asset of the described architecture it tthea input user data, application and
database data are separated, thus providing pdsssbifor software scalability,
modularization and reuse of components. Moreoviergesthe relationship between the
instances of concepts and roles in the ontologythaedlata at the sources are realized with
the help of mappings, it is not necessary to knaw hthe data repository is organized or
where the data is stored. In fact, the third laier,the background layer, can be theoretically
modified or replaced by other databases withoutifivadion of the other two layers as long
as the mappings are correspondingly modified. Thewlacks of this model refer to
maintenance and complexity issues. Nevertheless3{hier architecture design, applied for
the implementation of the OnQuAnSpatial systemy@sdo be very appropriate.

Last but not least, by comparing the typical desigpdel of an information system, using
ontologies from Figure 2.7 and the high-level ametture design of a DL knowledge
representation system from Figure 2.6, it can bearty concluded that the proposed
architecture of the OnQuAnSpatial application ipmates both approaches. For instance, the
knowledge base from Figure 2.6 matches the mainpooents of the OnQuAnSpatial
architecture, where the Description Logic block dgrresponds to the DL-Lite(RCCS8)
component from Figure 4.1 and the TBox correspdadse purple blocks from Figure 4.1,
excluding the Mapping Interface module.

4.2 Software Prototype Design

Figure 4.2 reveals the package organization ofagg@ication and the corresponding classes
and interfaces. The software packagesessesdllitercc, mapping queries utilities build the
Controller as illustrated in Figure 4.1. The paakggi andrepositorybuild the Frontend and
the Backend layers of the application. Severakstgpes are applied to some of the packages
in order to clarify the program design. For ins@nt¢he stereotype “DL-Lite(RCCS8)
Ontology” of the packagelllitercc signals that this package consists of Java clagsds
interfaces, which represent an ontology in DL-LRECS). The main dependences among the
packages are also shown as dotted import arrowslela with instructive names. The central
point of the application is the packagecesseswhere the actual reasoning procedures with
respect to query answering are executed. The 8tster contains the main method of the
program, which initializes the creation of Graphidaer Interface menu frame, from where
the user can consequently select text files, gjotime information about the TBox, search
guery and mappings. After that, several procesaasbe triggered, depending on the user
input.
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(from tuhh: stz giz:
backend)

Figure 4.2. Software Package Diagram of@m&uAnSpatiaBystem
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5 Realization

This chapter reveals how the main components oOm@uAnSpatial system are realized by
describing the most important software compondetd)niques and issues. Furthermore, the
processes query reformulation and query unfoldnegexplained in more detail, followed by
overviews of the application outputs and concludirsgussions of the achieved results, based
on the final system requirements outlined in Chapté.

5.1 Graphical User Interface

The OnQuAnSpatial software program is developedEdatipse Java EE IDE for Web
Developers, Version:Indigo Service Release 2, Bidl@0120216-1857. The Java Runtime
Environment (JRE) is JRE System Library [Java SB-T.he used external library jar file is
postgresql-9.1-902.jdbc4.jar in order to realize tonnection between the database and the
software application. The Graphical User Interf@@e&JI) is constructed with the help of the
primary Java GUI widget toolkit Swing and the Alastr Window Toolkit (AWT) and it is
illustrated in Figure 5.1.

[£| OnQuAnSpatial - Ontology Based Query Answering over Spatial Databases ‘ l

—

Query Answering Al-Q

Select TBox File | Cllsers\AlexiDesktopiiiles\parkTerminologyCased td

Select Mapping File | Cilsers\AlexiDesktop¥iiles\mappingsProject td

| Select Query File |C:\UsersWe;O.DesIﬂop‘.ﬂles‘.query'F'arkCaseat.m

Start ‘

Info Screen

| »

4

Figure 5.1. OnQuAnSpatial Prototype GUI
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The user has the possibility to change several sjidy navigating through the menu of the
program, e.g. Reasoning, Info. In addition, it iesgble to select different text files,

containing the TBox, search query or the data-tmlogy mappings with the help of

JFileChooser elements. This feature improves tlftevace usability and flexibility, since the

file locations should not be hardcoded in the progrWhen pressing the button “Start”, the
guery answering process begins. If no mapping ileselected, then only the Query
Reformulation Part (cf Figure 4.1) will be executedhout triggering the Unfolding and

Evaluation processes. The Info Screen element thenGUI is meant to show program hints,
error messages and results of querying DL-Lite(RGf®ologies.

The Unified Modeling Language (UML) diagram repretseg the GUI is illustrated in Figure
5.2. The associations between clag&inFrameGUI and PanelQueryAnsweringand
respectivelyPanellnfomay be interpreted in fact as an aggregationesgmting a “has a”
relationship, i.e. thMainFrameGUIis aJFrameand it has twalPanels The advantage of
this GUI model design is that it can be easily edtzl by adding furthedPanel classes,
depending on the requirements of the software. yEelass extending th#Panelfrom Figure
5.2 corresponds to an item from a drop-down mehu~(gure 5.1). The parameter lists from
the method und constructor signatures are notalsplin order to achieve better readability
of the UML class diagrams.

xinterfaces JFane!
GUIConfig ActionLiztener
+ aguthor String = “Author: Aleksa... freadOnly} PanelGueryAnswering
+ contact :String = "Contact: gudov... readCnly}

- buttonParseFile :JButton
-  buttonSelectMappingFile JButton
-  buttonSelectQueryFile :JButton
& ﬁl_\ - buttonSelectThoxFile :JButton

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

1

+ frameMame :String = "0nQuAnSpatial ... freadOnly}
+ wersion :Sfring = "Version: 1.0 Beta” fread0Only}

| - fileChooser JFileChooser

- serialVersionUID :long = 1L freadOnlyl

- textFieldDirectoryMapping :JTextField = new JTextField{45)
Panelinfo - textFieldDirectoryQuery JTextField = new JTextFisld(45)

JFPanel

- textFieldDirectory Thox JTextField = new JTextField{45)

- seriglVersionUID :leng = 1L freadOnlyl
- textinfo JTextArea = new JTextArea(2. ..

+ addComponentsToPane() wvoid

+ Fanelinfof) aclionPerformed() void

addComponentsToPane() void
getButtonParseFile{) :JButton
getFileChooser() :JFileChooser
getTextinfol) JTextbrea
PanelQueryAnswering()
setButtonParseFilel) void
setFileChooser() void
setTextInfo{) void

-myPanelinfo f\

-myPanelueryAnswering

7

L O T S S TS

JFrame
Actionliztener

MainFrameGUI

- isMyPanelPanelinfoSelected :boolean

- isMyPanelQueryAnsweringSelected boolean

- mainFrame :JFrame

- myPanelinfz :Panelinfo

- myPanelQueryfnswering PanelQuenyinswering
- seriglVersionUID :long = 1L freadOnlyl

+ adionPerformed() woid

+ oeateMenuBar) JMenuBar

+ MainFrameGUI{)

- setSelectionVariablesToFalsel) wveoid

Figure 5.2. Class Diagrams of Package gui
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5.2 TBox Implementation

The terminology of the ontology is parsed to Jaugecs from a text file. The
OnQuAnSpatial application can handle both pure Otealor DL-Lite(RCC8) ontologies. An
adapted example [7, p. 333] of a DL-LitdBox text file is shown in Figure 5.3, where
information about employees and projects they works modeled. Managers and temporary
employees are represented as employees (linesdl12anwho are persons. Both persons and
projects have names and temporary employee hateaildicating the expiration date of his
contract (line 18). Moreover, everybody, having atribute date, participates in the role
WORKS-FORIine 19) and every employee works for at least project (lines 14 and 15). In
conclusion, managers have permanent job positiine @0). It is possible to include
comments in the TBox text file by using the symbol. All lines, beginning with the latter
symbol are not considered by the Parser algorithch @anly the logical operators and key
words are interpreted. First of all the user shaléfine the types of the terms he is using,
namely concepts or roles. Functional assertiongtessing global functionality of a role or
attributes are not understood by the applicationaddition, attributes are defined as roles
(e.g.persNameuntil on line 7 and 9). Inclusion assertions are recaghby the application
by using the key-wordnplies

;;;TBox for projects

concept Manager

concept Employee

concept Person

concept TempEmp

concept Project

role persName

role projName

role until

10  role WORKS_FOR

11 Manager implies Employee

12 TempEmp implies Employee

13  Employee implies Person

14 Employee implies (some WORKS_FOR)
15  (some (inverse WORKS_FOR)) implies Project
16  Person implies persName

17  Project implies projName

18  TempEmp implies until

19  until implies (some WORKS_FOR)

20  Manager implies (not until)

O©Ooo~NOOUOITh~WNPE

Figure 5.3. Text File with a DL-LiteTBox of a Project

TheParserof the OnQuAnSpatial application is case sensitiveaning that it will interpret a
conceptManagerandmanageras two different terms. In order to achieve batadability, it
is recommended to first start defining all concelpysterms, starting with capital letters,
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consequently listing all attributes (lines 7 toa@d roles (line 10) as illustrated in Figure 5.3.
When specifying the inclusion assertions, it is amt@nt to surround every concept or role
term by parentheses always when a new logical tgreia used, e.g. the existential
guantification or inverse symbols (line 15), othisevthe parsing produces wrong results. All
key words or logical operators are stored in thterface ParserConfigfrom the package
processes(cf. Figure 4.2) andDescriptionLogicConfigfrom the packagedllitercc. This
approach guarantees consistent key-words and oisstasage within all classes,
implementing the latter interfaces.

Figure 5.4 illustrates a sample terminology [29 5pwithin DL-Lite(RCC8) ontology that
models parks (lines 2-4, 7-8), covering lakes (feor playgrounds (line 10). The last two
axioms from the TBox specify on the right hand stdacepts of the formyU;, U, .r, where

U can be eitheloc or Ro loc andr is a general relation from Reks In case, a subset of
relations (i.e. a disjunction of base relationspuidti be specified, then the base relations
should be separated by comma in the fo(eome HAS LAKE *loc,loc.{tpp, nttp}tating
that the lake can either touches the boundariéisegpark from within or it can be an “island”
in the park.

;. TBox for parks

concept Park

concept ParkWithLake

concept ParkForPlaying

role HAS_LAKE

role HAS_PLAYGR

ParkWithLake implies Park

ParkForPlaying implies Park

ParkWithLake implies (some HAS_LAKE *loc,loc.{tpp})
0  ParkForPlaying implies (some HAS PLAYGR *loc,|qpf)

P OO~NOOUITS,WNBE

Figure 5.4. Text File with a DL-Lite(RCC8) TBox afPark

The OnQuAnSpatial system is able to read the twiterdnt text files and parse them
accordingly into Java objects. As a result, instanof the classe€oncept Roles and
Inclusion are created, which are building parts of a Javpobbof type TBox These
associations and the corresponding multiplicities #ustrated in Figure 5.5. The class
Conceptconsists of two private attributes, namely a name a term. ARoleclass differs
than aConceptclass by the fact that the former has two attabuf his differentiation on the
number of terms is important for the Query Rewgtiprocess, when concept and roles
substitutes are searched in the TBox (cf. Figus¢ &d when thanon()method is executed
(cf. Figure 5.8), realizing variables anonymisathyy substituting all unbound variables (i.e.
terms) in the search query with “_” and thus consedjy setting the non-distinguished non-
shared variables. The clabglusion representing an axiom from the TBox, hakefaand
right part as attributes, as well as a type, beingpasttivé or “negativé inclusion. This
attributes are automatically set during the parsipgpcess and besides that the
OnQuAnSpatial system distinguishes the inclusioogntaining concepts of the form
3U1,U..r on the right-hand side of the axiom. These typespatial representation objects are

52



5. Realization

instances of the clagseaturePath having the propertiesonstrain paths rccRelationsand
term Thepathsproperty represents a list Bathobjects, i.e. DL-Lite(RCC8) concepts of the
form loc or R o loc. rccRelationss also a list of objects, but of typle This list contains
Role elements, whiclnameattributes have any of the string values, savethé&baseRCC

array from the interfac€ompositionTable

rccRelations List<Role>
term :String

TBox

Cloneable Role Inclusion
Path -
— - - name :String - containsFeaturePath :boclean
- compositionloc (Siing - termX :Sfring - leftPart :String
- loc :Sfring - termY :String - rightPart :String
- Sitrin
+ done{) :Object + done) Object pe g
* equals]) boclesn + equals() boclean + contsinsFesturePath{) :boolean
+ getCompositionloo{) String + getMame() :String + getleftPart]) :String )
+ getlod) Sting + getTermx{) :String + gEtRightPsl:t['- :String
+ Path{) + getTerm™{) :String +  getTypel) 'Stlring
. . . . LV
+ setCompositionloc{) void + hashCode{) :int + Indlusicn{)
+ setloc]) void + Rolel) + Indusi:}n[:-
+  toString() 15;::.“1! + REL:E[:' r . + setContainsFeatureFath{) :void
+ setMame{) voi I
-paths (1 ; u + setleftPart() wvoid
P JocRelations |+ setTermX() void + setRightPart() -void
+ setTermy() void +  setTypel) wvoid
+ toString() :String i :, it
Cloneable L + toString{) :String
-tBoxRoles o.= -
FeaturePath ) 0" tBoxConcepts
-tBoxInclusions o~
- oonstrain String ~
- paths List<=Path> Concept

- name :String

- tBoxConcepts List<Concept= - term :Sftring
clone() :Object - tBoxlnclusions :List<Inclusion>
equals{) :boolean - tBoxRoles List=Rolex Concept()
FeaturePath{} Concept{)
FeatureFath{) + oreateThox]) void equals() :boolean

getConstrain{) String
getPaths() :List<Path>=
getRoccRelations() List<Role>

+ getTboxConcepts() List<Concept=
+ getThboxlnclusions() :List<Indusion>
+ getTboxRoles]) List<Role>

getMame{) :String
getTerm{) :String
hashCode{) :int

+ setTbosddsxRoles() void
+ setThboxConcepts() woid
+ setTboxinclusions() void
+ TBox|)

getTerm{) :String
setConstrain{) void
setPath{) void
setPathCompositionLoo) void
setPaths{) void
setRoccRelations() void
setRolel) woid
setTerm{) void
toString{) :String

setMame() void
setTerm{) void
toString{) :String

L S N N TS

%,

<

winterfaces
DescriptionLogicConfig
NI :String = "negative inclusion™ {readCnly}
notlistMonSharedVar (String ="_" [readCnly}
Pl :String = "positive inclusion” freadOnly}
®xDummyWar String = "x™ {readCnly}
yDummyWar String = "y" [readCnly}

T i R N N S S S T RS

winterfaces
CompositionTable
+ baseRCC :String {[J} = { "DC", "EC", ... |
+ baseRcolnverses String {[J) = { "DC", "E!
+ weakCompositionTable Sting () =

R

Figure 5.5. UML Class Diagrams of Packaljéercc

After initializations of theTBox object, the program flow continues with parsing tiuery
text file. The advantage of using text files asigout for creating Java objects is that the
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usability of this approach, because it is easythar user to physically create these file.
Moreover, they obey an intuitive DL syntax thahd significantly different from the syntax,
presented in Figure 3.18. However, the main drawbacthat a powerful checker and a
validator should be implemented in order to idgnafl wrong user inputs. An alternative
solution for parsing the user inputs is to makeafsS¢ML files, which can be verified against
a predefined XML schema and automaticaliyntharshled, i.e. translated, to Java objects.
This can be achieved with the help of the Java itecture for XML Binding APl (JAXB).
The described technique will on the one hand rediueesrror rate of wrong user inputs and
the complexity of thd?arser, but on the other hand, it will also increase dkféculty for the
user to specify these files, because additional Xvawledge should be provided.

5.3 Query Reformulation

The Query Reformulation process is part of the Q&asdner, namely the blue block in
Figure 4.1. Before starting the Perfect Rewritirlggkithm, the search query is retrieved from
a query text file.

5.3.1 Input queries

Figure 5.6 illustrates two different types of séaguieries — a FOL conjunctive query without
spatial atoms and a GCQuery.

gx,n) <- WORKS_FOR(x,_) & persName(x,n)
queryProject.txt

gx) <- Park(x) & some HAS LAKE*loc,HAS PLAYGR*loc.{
dc,ec,po,tpp,tppi,ntppi,eq}(x)

queryPark.txt

Figure 5.6. Sample Query Files

The first query over the Project ontology from Fegb.3 asks for all participants from the
role WORK_FOR, who work for any project and thearresponding names. The second
variable of the role WORK_FOR is unbound, thathe teason why it should be initially
substituted by “ ”. The GCQquery from the file queryPark.txt should search dth parks
with lakes and playgrounds, such that the playgddamot contained in the lake as an island,
i.e. the playground is not in non-tangential propait relation to the lake. The input files are
translated to Java objects by the Parser and th@* @@erface blocks from Figure 4.1. The
corresponding classes for executing these tasKsstee in Figure 5.7.
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Cuery

-  head List=String>=

getHead() :List<String=
Cuery()

Query()

setHead() void
toString{) :String

o+ o+ o+ o+

GegPlusGuery UnfoldedGuery

atoms :List=GogPlusQuenyAtoms> . . .
=0 i - pcodeCombinations :List<String=

- sqglloins String

equals() boolean

GogPlusQuery()

GeogPlusQuerny()

getAtoms() :List<GogPlusQueryAtom=
hashCeode{) :int

setAtom{) void

setAtoms]) void

toString{) :String

getCodeCombinations() :List<String>
getSglleins() String
setCodeCombinations() void
setSqlloins() void

UnfoldedQueny()

Unfoldedueny()

Unfoldedueny()

O T S S S
I T T S 3

-atoms\ |/ 0.

GeqPlusGueryAtom

-  myConcept :Concept
- myFeaturePath FeaturePath
- myRole Role

equals() boolean
GogPlusQueryAtomi)
getMyConcept]) :Concept
getMyFeaturePath{) :FeaturePath
getMyReole{) :Role

hashCeode{) :int

sethlyConcept() void
sethlyFeaturePath{) :veoid
sethlyRole() void

toString{) :String

O I T S S S

Figure 5.7. UML Class Diagrams of Packageries

The generalization relationship between the supkisscQuery and the subclasses
GcgPlusQueryandUnfoldedQueryis illustrated by arrows with hollow triangulardings. In
other words, any instances of the subclasses are iabtances of the superclass, i.e. a
GsqgPlusQuerys aQuery and UnfoldedQueryis also aQuery This is a typical example of
inheritance, since both child classes, which reprethe query body or query tail, inherit all
non-private class members from the parent cl@sery, representing the query head.
Nevertheless, the private field head can be acdasdeectly by the inherited public methods
setHead...) and getHead). The attributehead is important, since it has a fundamental
influence in theanon( ) method (cf. Figure 3.30, line 36) when definingiethvariables are
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distinguished and thus also enabling indirectly idhentification of all unbound variables.
Moreover, it is also crucial when checking the &ake consistency of the unfolded queries
during the Query Unfolding step. Some of the cautsors in Figure 5.7 are shown with the
same signatures, but their parameter lists are diggilayed, i.e. these are overloaded
constructors. Furthermore GsqPLusQuergonsists of a number @sqPlusQueryAtors. In
order to distinguish between a normal and a spary atom, it was decided that an
instance of the clagssqPlusQueryAtoroan either have @oncept a Role or aFeaturePath
istance. ThdJnfoldedQueryclass is used in order to represent a query, gegteduring the
Unfolding process, described in Chapter 5.4.

5.3.2 Implementation of Adapted Perfect Rewriting Algorithm

The implementation of the Adapted Perfect Rewritklgorithms is based on the pseudo
code, described in Chapter 3.6. Nevertheless, tshgbdifications and improvements are
realized in order to optimize the reformulation geses. The Adapted Perfect Rewriting
Algorithm is implemented in the abstract cla@sieryRepormulationfrom the package

processes The corresponding UML class diagram is shown igufe 5.8 and the entire

source code is provided in the Appendix C.

QueryReformulation

- anoniLigt«String=, GegPlusQuenyAtom) GogPlusQuenyitom

- containglistinguizhedvariables{GogPlusQuery, GogPlusQuery) boolean

- containsQueryilList=GogPlusQueny>, GogPlusQuery) boolean

- copyQueryList(List=GogPlusQuery=, List«GogPlusCuery=) List«GogPlusCueny=
- createFeaturePath(Inclusion, String) :FeaturePath

- dropilList=GcgPlusQuery: ) :List=GogPlusQueny=

- findConcept(List=Concept= String) :Concept

- findinclugionsiList<Inclugion=, GogPlusQueryAtom) List<inclusion=

- findRole(List=Role=, String) :Role

- findSpatialSubstitutez(List<inclusion=, GegPlusQueryAtom, boolean) List=Concept=
- findSpatialSubstitutes(List<inclusion= GegPlusQueryAtom) List<FeaturePath=
izSameluervlistiList=GegPlusQueny=, List=GegPlusQuery=} :boolean
originalPerfectRefiGogPlusQuery, TBox) List«GegPlusQueny=
perfectRefiGogPlusuery, TBox) List=GogPlusQuery=
reducelGegPlusQueryAtom, GogPlusQueryAtom) (GogPlusQueryAtom

Figure 5.8. UML Class Diagram fueryReformulation

The classQueryReformulationconsists only of private methods, except for thethod
perfectRef(...)and originalPerfectRgf), which are public, since it is called from withihe
Controller class in order to trigger the rewriting processl éther methods are called
internally within the methogerfectRef(...pr originalPerfectRef(...)The signatures of these
methods are listed in Figure 5.18, by also showimg types of the variables from the
parameter list and the return variables. The ojmeratiginalPerfectRef(...)mplements the
original Perfect Rewriting Algorithm (cf. Figure 23), while perfectRef(...) implements
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respectively the adapted version. The latter mettagltwo input objects, namelygaery of
type GegPLusQueryas explained in Chapter 5.31, and an ohpegtTBoxof type TBox, as
explained in Chapter 5.2. The method starts witthatsée initialization and a test procedure,
going through all atoms of the input query in orttecheck whether an atom of the foaR;

o loc, R o loc.r;3 (xX) occurs. If that is the case, then a full compositiable is created and
saved in a two dimensional array of strings. Theegation of the composition table is a
complicated process and it is described separatdhe next chapter. After that a while-loop
is started. It uses the methm®ameQueryList(queriesP, queriesPprinmeprder to compare
whether bothguerylists are the same. If that is the case, themthite loop and respectively
the reformulation algorithm terminate and the resulprinted to the screen. The parameter
gueriesPcontains the list of current queries and gueriesPrimecontain the list, to which a
new rewrittenqueryis added. At the beginning of the while-loop theeges of thequeriesP
are copied to thqueriesPpriméoy calling the methodopyQueryList(...)After that for every
non-spatial atom of the corresponding input quexy far every PI from the objeatyTBox it

is checked in descending order whether a subsititusi possible to a specific atom by calling
the methodindinclusions(...)which takes into account the possible cases fajare 3.22,
when and how to apply a Pl to a query atom. Cormaty the output of the
findInclusions(...)s additionally filtered in order to avoid additige same query twice.

The next part of the adapted algorithm processesyespatial query atom of the forau;,
U..r; (X), as described in Figure 3.30 (lines 12-32). Fa tlase, that the atom of type
GcQPlusQueryAtonhas the form7R; o loc, R o loc.r; (X), then it is substituted by the
conjunct of two new atoms of the for&R; o loc, loc.rn (x) and Floc, R o loc.r; (X) in a new
GcQPlusQuerybject for all possible setg andsetsr, from the full composition table, being
refinements (subsets) of the sgti.e.ri;r, € r3. However, several performance tests have
been carried out, concluding that this operatiocoputationally very expensive. This is in
fact not surprising, since the full compositionléabas 255 rows and 255 columns, i.212
RCCS8 relations altogether, excluding the emptyti@iaand including the universal relation.
This results in 65025 possible combinations of p&irr,) or 65025 cells in the full
composition table, excluding the vertical and homial headers. In terms of the software
implementation of the algorithm, the proposed psecade in Figure 3.30, line (13-17) will
generate up to maximum of 130050 new query atordsespectively 65025 new queries for
every input query atom in the forR; o loc, R o loc.rz (x), which is not acceptable from
computational point of view. The former describesfprmance tests check for every single
set of disjunctions of base relations in RCC8 (ize255 possibilities), how many possible
pairs satisfy the condition;r, € rs. All results are listed in Appendix C. However, Figlb.9
presents the minimum, maximum and average numbgaics.
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possible pairs (ra,ro), rs
suchthat rra Crs
MIN 16384 {(EQ)}
MAX 65025 {(EQ),(NTPPI),(TPPI),(NTPP),
(TPP),(PO),(EC),(DC)}
MEAN VALUE ~56918 -

Figure 5.9. Number of Possilfe, ry) Pairs

The second column from the table in Figure 5.9 gjiids pairs), also coincides with the
number of adde®cQPIlusQuenrpbjects to the initial spatial query in case tlgpathm is not
optimized. Furthermore, it is not surprising thathe case whemn represents the disjunctions
{ (EQ), (NTPPI), (TPPI), (NTPP), (TPP), (PO), (EEGRC) }, namely whemsis the universal
relation, then the maximum number of compositioosuos. The reason of this phenomenon
is the fact that in this casg expresses the maximum indefinite knowledge on tredia
relations of regions.

The Adapted Perfect Rewriting algorithm, referringhe first case (c.f. Figure 3.30, lines 13-
18), should be optimized with the extension ihaoes not search for all;r, < r3, but it
seeks for all the maximal pairg,r, such thatr;;r, € r3 and does the reformulation process
only w.r.t. these pairs. For instance, if on the dand there is a paif,r, such that 1;r, € r3
and on the other hand, a second pair exigtssuch that;rs < r3 and moreover, < r; and

I's € rp, then the pairg,rs is redundant, since the paitr,is the super set or the maximal pair
withinn two pairs The optimization of the Perfect Rewriting Algonthis presented in Figure
5.10, by explicitly illustrating the improved momi&tions in a red rectangular block.

The proposed optimization improvement is impleméntg/ calling the public method
getRowsColumnsFromStrongCompTable(from the abstract clasS8ompositionTableUtjl
which belongs to the packagdilities. After that the methodperfectRefcontinues its
execution by handling case 2 and 3 from the Adapttect Algorithm. This is achieved by a
double execution of the the methbddSpatialSubstitutes(.,.)hat returns a list o€oncept
objects. Case 4 is addressed in the private mdthd8patialSubstitutes(...)eturning a list
of FeaturePathobjects. Finally, the methodsduce(...)anon(...)anddrop(...) are called in
order to finalize the algorithm. The output of tmeethod perfectReffrom the class
QueryReformulatiors revealed in Chapter 5.3.4.
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input : a hybrid CQ query Q, DL-Lite(RCC8) TBak
output : a UCQpr

1 pr:=Q;
2 repeat
3 pri=pr
4 foreach query g'e pr' do
5 foreach atom g ing' do
6 if g is a FOL-atomthen
7 foreach Pl in 7 do
8 if a is applicable to gthen
9 pr := pr{q'[o/gr(g, A}
10 end
11 end
12 else
13 if g=3R; o loc, R o loc.rs(x) then
14 foreach ry.r, C rzjandri. rois MAX|do
15 X :=q'[g/(3Ry o loc, loc .k(x) A
dloc, R o loc .ry(X))];
16 pr:=pr U{X}
17 end
18 end
19 iIf g=3U;, U.ri(x) then
20 foreach BE 3U1, Us.ra(x) € 7 and S r; do
21 pr := pd {q'[o/B(x)]}
22 end
23 foreach BC 3U,, U; .rx(x) € 7 forr; ' S rydo
24 pr := pd {q'[9/B(X)]}
25 end
26 end
27 if g =3Ryoloc, Up.r(x) (resp.3U;, R o loc.r(x)) then
28 foreach RCR e ZorRC Rt e 7 do
29 pr := ff { q'[9/(9[R/Ra])]}
30 end
31 end
32 end
33 end
34 foreach pair of FOL-atoms g ¢ in q'do
35 if g2 and g unifythen
36 pr := plJ {anon(reduce(q’, g ))};
37 end
38 end
39
40 until pr'=pr;

41 return drop(pr);

Figure 5.10. Optimization of the Adapted PerfectRlgforithm
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5.3.3 Full Composition Table

The full composition table is also called strongnpmsition table in the context of this Master
Thesis in order to differentiate it from the tabfeveak composition in Figure 5. The creation
of the former table is realized dynamically onlyhfs is required by consequently calling the
public methods createRowColumnHeaderStrongCompTable( ) and
createStrongCompositionTable{rdm the abstract clasdompositionTableUtjlpresented in
Figure 5.11.

CompositionTableUtil
+ createRowColumnHeaderStrongCompTable() List=String=
+ createStrongCompositionTable(List<String=) :String]]
+ findinversesiList=Role=) :List=Role=
+ getCompositionElements(int, int) :List=String=
+ getRowColumn({String) :int
+ getRowsColumnsFromStrongCompTable(String, String[[], List<5tring=) List=List<integer==
+ getWeakComposition{int, inty .String
+ izRccRoleSubset(List<=Role=, List<Role=) ‘boolean
+ igRowColumnSubsetiList<integer=, List<List<Integer== List=String=} :boclean
+ ig3ubset(List«String=, List=String=) :boolean
+ izsubset(String[], String[]l} :boolean
+ printCompositionTabkle() :String
+ test() -woid

Figure 5.11. UML Class Diagram GompositionTableUtil

The operatiorcreateRowColumnHeaderStrongCompTablegturns a list of Strings, storing
the vertical and the horizontal headers of thengtroomposition tableBoth headers are
identical, so that is the reason why the generatioonly one of them is sufficient, which is
assigned to the variableowColumnHeaderStrongCompTablén element of the list
rowColumnHeaderStrongCompTaldtores all possible disjunction combinations & Hase
relations in B&ccs hamel{(EQ),(NTPPI),(TPPI),(NTPP),(TPP),(PO),(EC),(DC)h order to
create the total 255 possible combinations, the hatet
createRowColumnHeaderStrongCompTable¢gs a mathematical algorithm, inspired by the
approach when building a simple truth table. Ore® lieaders are generated, then any two
vertical and horizontal cells are combined in orgeget the corresponding compositions. For
instance, if (fverr 2 0 rnoriz 3) Should be calculated, i.e.EC} o { EC, DQ), then the method
createStrongCompositionTable (cpbmputes the intermediate resulE@ ; EG or {EC ;
DC}), which is directly reformulated in C, EC, PO, TPP, TPPI, EQjr {DC, EC, PO,
TPPI, NTPP}), by consulting the weak composition table frothe interface
CompositionTabl€cf. Figure 5.12). As already mentioned, the strapngiposition table is
needed when considering case 1 from the Adaptddd@&igorithm in Figure 5.10.

The advantage of the described implementation émeating a full composition table is that
the table should not be persistently stored and initialized only once if it is required.
Moreover, in case that it is desired to use a caitipa table for RCC5, RCC3 or RCC2, then
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only the corresponding base relations (line 13girtlnverses (line 14) and their weak
composition table (line 21) should be manually dpdan the interfac&CompositionTable

and the new full composition table can be generaetbmatically without any further
modifications. A code snipped, illustrating the stamts from the interfad@ompositionTable

is presented in Figure 5.12.

public interface {

* Base relations in RCCE, i.e. the row/column header of the weak

* composition table

Y .|.'

final String[] baseRCC = { “DC", “EC", "PO", “"TPP", "NTPP", "TPPI", "NTPPI™
final string[] basefccInverses = { “DC", “EC*, "PO", “TPPI", “NTPPI", "“TPP"
// final String[] rowCoclumnHeaderWeakCompTable = { “DC","EC™,"PO"};

Sk

* Sawve the composition table of weak compositions for all base regalations
* in RCCB

5w od

final String[][] weakCompositionTable = {
1 "(DC), (EC), (PO), (TPP), (NTPP), (TPPI), (NTPPI}, (EQ)", "(DC),(EC), (PO
"(DC), (EC), (PO), (TPP), (NTPP)™, "(DC)", "(DC)", "(DC)" },
{ "({DC),(EC),(PO),(TPPL), (NTPRPI}", ™(DC),(EC),(PO),{TPP},(TPRPI}, (EQ

L e R TR FRITrEr S L Y ! Forw L Y LS = o L

Fad B B P P
o EYI gy e

Figure 5.12. InterfacEompositionTable

5.34 Resultsand Output of Query Refor mulation

The output of the Adapted Perfect Rewriting aldorntwith the proposed optimization is
illustrated in Figure 5.13. The inputs of the QuBgformulation process are the TBox from
Figure 5.3 and the project conjuctive query fronguré 5.6. The result is a union of
conjunctive queries, where every CQ is construdigdtwo query atoms. The relevant
information for the input TBox and input query dfet reformulation process are marked
respectively within a blue and green rectanguldm)erthe output information (i.e. the output
UCQ) is marked within a red rectangular. Importest parameters are printed to the screen
in order to be able to compare the computationBdcte¥eness of the Adapted Perfect
Rewriting algorithm, evaluated under various scesarin addition, it is analyzed how the
performance of the algorithm changes by measunmpitant parameters, such as number of
concepts, roles, axioms, Pls and FeaturePathe iMBlox. Furthermore, parameters regarding
the size and the nature of the initial search gaeeyalso listed and finally the resulting UCQ
is displayed, by analyzing its size and originhaf added CQs.
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§ Problems | @ Javadoc |2, Declaration E%ﬁ N5

L A -nu..a.! =

Sturtﬂ (3} [Yava Apphication] C'\Program Files\Java'jreT\ bin' javavw.ee (12.10. 2012 19:56:17)

***TBox & of Concepts: 5
=**Tgox & of Roles: 4
“**Taoy & of Inclusions: 18
***TBox & of PIs: 9
***TBox & of FeaturePaths: @

**=¥our input gquery is: GCQplusQuery [atoms=[
GCQplusQueryAtom [myConcept=null, tmyRole=Role [name=WORKS_FOR, termi=x, termY=_], myFeaturePath=null],
GCQplusQueryAtom [myConcept=null, tmyRole=Role [name=persMame, termX=x, tersm¥=n], myFeaturePath=null]])

***4 of query atoms: 2

***# of Concept query stoms: @

*15g of Role query atoms: 2

***4 of FeaturePath query atoms: @
**=% of RCCE base rel. query atoms: @

*i®vaur result of the REFORMULATION IS:

At iterration 1, the CQ is added: GCQplusQuery [atoms={
GCQplusQueryAtom [myConcept=null, tmyRole=Role [name=WORKS FOR, term¥=x, termY=_], myFeaturePath=null],
GOQplusQuerydtom [myConcept=null, tmyRolesfiole [names=persHame, termX=x, termYen], myFeaturePath=null]]]

At iterration 1, the CQ is added: GCQplusQuery [atomss|
GCQplusQueryAtom [myConcept=Concept [name=Employee, ters=x], tmyRole=null, myFeaturePath=null],
GCOplusQueryAtom [meConcept=null, tmyRole=Role [name=persiame, term¥=x, term¥=n], myFeaturePath=rull]]]

At iterration 1, the CQ is added: GCQplusQuery [atoms={
GCOplusQueryAtom [myConcept=null, tmyRolesRole [namesuntil, termdex, term¥s ], myFeatureFathenull],
GCQplusQueryAtom [myConcept=null, tmyRole=Role [name=persiame, termid=x, term¥=n], myFeaturePath=null]]]

At iterration 2, the O} is added: GCQplusQuery [atomss|
GCQplusQueryAtom [myConcept=Concept [name=TespEmp, ters=x], tmyRole=null, myFeaturePath-null],
GCQplusQueryAtom [myConcepte=null, tmyRolesRole [namespershame, termX=x, teraYsn], myFeaturePathe=null]]]

At iterration 2, the () is added: GCQplusQuery [atoms=[
GCQplusQueryAtom [myConcept=Concept [name=Manager, termsx], tmyRolesnull, myFeaturefathsnull],
GCQplusQueryAtom [myConcept=null, tmyRole=Role [name=persHame, termd=x, tera¥=n], myFeaturePath=null]]]

# of iterations of the PerfReform: 3

# of rewritten gueries w.r.t. case 1: @
# of rewritten queries w.r.t. case Z/3: @
# of rewritten querdies w.r.t. case 4: @
& of CQs in UCQ before drop(): 5

£ of Qs in UCQ after drop(): 5
Execution time in ms of perfectRef: 5

Figure 5.13. Output of The Adapted Perfect Rewgitigorithm Over a pure DL-Lite
Ontology

By comparing the TBox in Figure 5.3 and the TBostteesults in Figure 5.13 (blue
rectangle), it can be concluded that they matcte 3ame conclusion can be drawn for the

query test parameters. The input quefy,n) <- WORKS_FOR(x,_) & persName(xjg)

initially added to the UCQ output result during first iteration of the algorithm. During the
same iteration by applying to the ataWORKS_ FOR(X, )the Pl Employee implies (some
WORKS_FORand until implies (some WORKS_FOR)e new querieg(x,n) <- Employee
(X) & persName(x,nand q(x,n) <- until(x, ) & persName(x,@re respectively added. At the
second execution of the while-loop of the algorithttre queryq(x,n) <- TempEmp (x) &
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persName(x,n)is added according to the application of thef&npEmp implies untib the
atomuntil(x,_). Finally, the new querg(x,n) <- Manager (x) & persName(x,r§ added by
applying the PManager implies Employde the atomEmployee (x)thus producing in total

5 conjunctive queries within 5 ms. The same tesingithe same TBox and input query, is
repeated for the Perfect Rewriting Algorithm, nantde version without considering the
spatial modifications, and the measured executiore tis 4 ms, which is a negligible
difference. However this performance differenceréasonable and expected, since the
Adapted Perfect Rewriting algorithm performs anitoidal check (cf. Figure 5.10, line 6)
and further execution of thdrop() function, which are missing in the original versiof the
algorithm. This practical test proves that both lenpentations of the original and adapted
versions of the Perfect Rewriting Algorithm haveartg the same performance, when
answering queries over pure DL-Lite ontologies.

Another interesting test scenario for the Adapteddet Rewriting algorithm is the case when
a DL-Lite(RCCB8) ontology is considered. The parkokBn Figure 5.4 and the park query in
Figure 5.6 are used as inputs for the query reftanom process. The screen output,
displaying the output results of the algorithmiiegented in Figure 5.14 and Figure 5.15.

{51l Problems | @ Javadoc [, Declaration | El Console i3
etomonin b oy Chackor (20 oo Ao lic 400l T8 Deoarauon Bl 1o e T bin ianccans coee 1210 9012 01.,01,42%
benmigabedotiasen oy foalisabinal DM Msn s Lled sz bindaymeae 1.2 TAIOLD A0, 0L A0
***¥TBox # of Concepts: 3
***TBox # of Roles: 2
***Thox # of Inclusions: 4
***TBox # of PIs: 4
***TBox # of FeaturePaths: 2

***#¥our input query is: GCQplusQuery [atoms=[
GCQplusQueryAtom [myConcept=Concept [name=Park, term=x], tmyRole=null, myFeaturePath=null],
GCOplusQueryAtom [myConcept=null, tmyRole=null, myFeaturePath=FeaturePath [constrain=some,
paths=[Path [compositionLoc=HAS_LAKE*loc, lec=null], Path [compositionlLoc=HAS_PLAYGR*loc, loc=null]],
rccRelations=[Role [name=dc, termX=null, termY=null], Role [name=ec, termX=null, termY=null], Role [nar
term=x]]]]

***# of query atoms: 2

***% of Concept query atoms: 1

***# of Role query atoms: @

#**# of FeaturePath query atoms: 1
***# of RCC8 base rel. query atoms: @

***#¥our result of the REFORMULATION IS:
At iterration 1, the CQ is added: GCQplusQuery [atoms=[
GCQplusQueryAtom [myConcept=Concept [name=Park, term=x], tmyRole=null, myFeaturePath=null],
GCQplusQueryAtom [myConcept=null, tmyRole=null, myFeaturePath=FeaturePath [constrain=some,
paths=[Path [compositionLoc=HAS LAKE*loc, lec=null], Path [compositionlLoc=HAS PLAYGR*loc, loc=null]],
rccRelations=[Role [name=dc, termX=null, termY=null], Role [name=ec, termX=null, term¥=null], Role [na
term=x]]]]

At iterration 1, case 1, the (Q is added: GCQplusQuery [atoms=[
GCOplusQueryAtom [myConcept=Concept [name=Park, term=x], tmyRole=null, myFeaturePath=null],
GCOplusQueryAtom [myConcept=null, tmyRole=null, myFeaturePath=FeaturePath [constrain=some,
paths=[Path [compositionLoc=HAS_LAKE*loc, lec=null], Path [compositionloc=null, loc=loc]],

cocRelations=lRole [name=FQ term¥=null tecmy=nulll RBole [oame=TPPT _tecm¥=null term¥=nulll Role
term=x11.

Figure 5.14. Output of The Adapted Perfect Rewgitidgorithm Over
a DL-Lite(RCC8) Ontology Part 1
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The test parameters of the TBox, input query anerige added during the reformulation
process are marked respectively in blue, greenrethdDuring the execution of the Adapted
Perfect Rewriting Algorithm 21 CQs are consequentligled. Not all of these queries are
shown in Figure 5.14, but they are Ilisted in the papdix C (cf. file
Experiment_3_Results.txt). Analyzing Figure 5.it5¢can be seen that the The Adapted
Perfect Rewriting Algorithm is iterated 4 timestims scenario, by adding 9 new queries (in
fact, 18 new query atoms) according to the firgtritng rule in the extended reformulation
algorithm, 11 new queries according to the secamtithird rule and the initial query. After
executing the dropping function, only one singlemyus left, as indicated in Figure 5.15. It is
not surprising that the initial input query has tatoms and some of the rewritten queries
have three atoms, since the first rewriting rulbssilutes one query atom by two new atoms.
The entire algorithm for this experiment takes ahd8 seconds. The main cause for this
execution time is the initial query atosome HAS LAKE*loc,HAS PLAYGR*loc.{dc, ec, po,
tpp, tppi, ntppi, eq}(x)However, 48 seconds is still an acceptable result.

At iterration 3, case 2 or 3, the CQ is added: GCQplusQuery [atoms=[
GCQplusQueryAtom [myConcept=Concept [name=Park, term=x], tmyRole=null, myFeaturePath=null],
GCQplusQueryAtom [myConcept=Concept [name=ParkWithLake, term=x], tmyRole=null, myFeaturePath=null],
GCQplusQueryAtom [myConcept=Concept [name=ParkForPlaying, term=x], tmyRole=null, myFeaturePath=null]]]

# of iterations of the PerfReform: 4

# of rewritten queries w.r.t. case 1: 9

# of rewritten queries w.r.t. case 2/3: 11

# of rewritten queries w.r.t. case 4: @

# of Qs in UCQ before drop(): 21

# of Qs in UCQbefore drop again drop(): 21

# of CQs in UCQ after drop(): 1 f

Final Queries: [GCQplusQuery [atoms=[
GCQplusQueryAtom [myConcept=Concept [name=Park, term=x], tmyRole=null, myFeaturePath=null],
GCQplusQueryAtom [myConcept=Concept [name=ParkWithLake, term=x], tmyRole=null, myFeaturePath=null],
GCQplusQueryAtom [myConcept=Concept [name=ParkForPlaying, term=x], tmyRole=null, myFeaturePath=null]]]

]

Execution time in ms of perfectRef: 47817

Figure 5.15. Output of The Adapted Perfect Rewgitidgorithm Over
a DL-Lite(RCC8) Ontology Part 2

5.4 Unfolding

The Query Unfolding process is part of the QA Reaspnamely the orange block in Figure
4.1. Before starting the actual unfolding procéls, corresponding object-to-data mappings
are retrieved from a mapping text file by a parsahgprithm that generates the split versions
of the mappings (cf. Chapter 3.2, Figures 3.4 a®)l 8d translates them into Java objects.
The classes, representing the mapping assertierst@ed in the packageappingsand they
are illustrated in Figure 5.16. The output of th@rsing procedure is an object of type
MappingBox consisting of a list of objects of ty@bjectToDataMapping.
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MappingBox VariableMapping

- ) nhie i ine Li ndihie i ine
myDataToObjectMappings :List<DataToObjectMapping> criginalVariable :Sting

mappediWfariable :String

+ MappingBox{)

+ MappingBox{)

+ oreateMappingBox() void

+ getMyDataToObjectMappings() :List=DataToObjectMapping>
+ getMyDataToObjectMapping() :ObjectTeDataMapping

+ toSting{) :String

VariableMapping()
getCriginal\Variable{) :Sting
setCriginalVariable{) void
getMappedVariable{) :String
sethMappedVariable() wvoid
toString{) String

E S T

-myDataToObjectMappings

ObjectToDataMapping

v 0.7 sq|Query Siring
. - atom GegPlusQueryAtom
«interface - code :Sting

MappingConfig
+ ocodeMame String = "ALUX" freadOnly}

ObjectTeDataMapping()
getSglQuerny() String
setSqlCuerny() void

getAtom{) GegPlusQuernyAtom
setAtomn() void

getCode{) Shing

setCode) void

toString() String

L e T I B

Figure 5.16. UML Class Diagrams of Packaggppings

The classObjectToDataMappingncapsulates a queatom of type GcgPlusQueryAtoma
sqlQuerystring and a logic programming clausede Theoretically, as described in [7, p.
339], this clause denotes the result of the eviainaiver the database of the SQL query, that
is encapsulated in the left hand-side of the mapyir. the attributesqlQuery. The code
attribute contains a String that has the form AlbXwhere the indexes A and B are numbers.
The index A is used in order to identify that twalis mappings of type
ObjectToDataMappingstem from the same root mapping assertion, hey have identical
SQL string andscgPlusQueryAtonobjects. The index B is an increment counter, shgw
the position of the correspondin@bjectToDataMappingelement in the attribute list
myDataToObjectMappingfom the classViappingBox For instance, if an object X and
object Y both of typeObjectToDataMappindiave respectively code AUX and AUX; s,
this fact infers that X and Y refer to the same piag assertion and X is thd%2and Y is the

5™ element from the listnyDataToObjectMappingdhe actual unfolding of the UCQ, being
the result of the Query Reformulation step, is damehe methodunfold( ), where by
executing the operatiometSubstitutes(andfindAllCombinations{, each of the atoms of the
UCQ are unified in all possible ways with the cependingcode attributes from the list
myDataToObjectMappingdy producing a new list dinfoldedQueryobjects, returned by
the method unfold().

The variable terms of the atoms from the right hsid@é of the mapping assertions and the
variables from the input UCQ, resulting from the eQu Reformulation process are not
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syntactically identical, even though that they héwe same meaning. In addition, the former
are not only variables, but they can be also vaitdrms, containing function symbols. That
is the reason why an automatic variable matchiggraghm is also implemented, since it can
happen that during the unification step some oftctite combinations result in queries, which
are not any more dependent on the initial heaclibes of the corresponding query or contain
only unbound variables. These malformed queriesldhue filtered. The variable matching is

realized with the help of the classésriableMapping(cf. Figure 5.16).

The final step of the Unfolding process is realigdthe methoctreateSQLquery(...from
the abstract clas$qlQueryGeneratiorby substituting each AUXg predicate from the
UnfoldedQuerylist with its SQL equivalent, thus creation a nBmal SQL query that is a
union of select-project-join queries.

In order to illustrate and test the implementatdmhe unfolding, the resulting UCQ from the
guery reformulation in Figure 5.13 is used. A samide of mapping assertions [7, p. 334],
presented in Figure 5.17, maps the objects fromT®ex in Figure 5.3 to the data in the
database in Figure 5.18.

SELECT "D1"."SSN", "D1"."PR0OJ", "D1"."D" FROM "D¥>
TempEmp(pers['D1"."SSN"]) &
WORKS_FOR(pers["'D1"."SSN"],proj['D1"."PROJ"]) &
projName(proj['D1"."PR0OJ"],"D1"."PROJ") &
until(pers["D1"."SSN"],"D1"."D")

SELECT "D2"."SSN", "D2"."NAME" FROM "D2" ->
Employee(pers['D2"."SSN"]) & persName(pers['D2".1$$"D2"."NAME")
SELECT "D4"."SSN", "D3"."NAME" FROM "D3","D4" WHERE
"D3"."CODE"="D4"."CODE" -> Manager(pers['D4"."SSN"] &
persName(pers['D4"."SSN"],"D3"."NAME")

SELECT "D3"."CODE", "D3"."NAME" FROM "D3" WHERE "D3CODE"
NOT IN (SELECT "D4"."CODE" FROM "D4") ->
Manager(mgr['D3"."CODE"]) &
persName(mgr['D3"."CODE"],"D3"."NAME")

Figure 5.17. Sample Mapping Assertions FilappingsProject.txt

In order to realize a correct parsing, then theedbjo-data mappings should be specified
accordingly, by taking into account that the SQLLEET key-word should be always
capitalized and every assertion should be writterasingle line, since the Parser reads the
text file line by line and any additional white-gpacharacters can result in unsuccessful
parsing.
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D1 [ID: bigint; SSN: character varying(10); PROJ: ctater
varying(50); D:date]

D2 [ID: bigint; SSN: character varying(10); NAME: cheacter
varying(50)]

D3 [ID: bigint; CODE: character varying(10); NAME: dracter
varying(50)]

D4 [ID: bigint; CODE: character varying(10); SSN: cheacter
varying(10)]

Figure 5.18 Table Signatures of a Sample Projetalizse

The tables in Figure 3.3 store information abowjguts and employees, where ID is always
the primary key for the corresponding table. Tablke stores temporary employees, their
project names and end dates, while table D2 matlsesial security number of an employee
to his name. The table D3 store managers, whileelxdes managers’ codes with their SSNs.

The output of the Unfolding step is illustratedFigure 5.19, where it can be seen that the
UCQ from Figure 5.13 and the input search queyfx,n)<-WORKS_FOR(x, ) &
persName(x,nhave produced 6 distindnfoldedQueryobjects, revealed within a blue
rectangle and the unfolding procedure took 35 rs.aAresult the green rectangular block
shows that theJnfoldedQueryobjects are translated to a final SQL query, ciimgj of 6
unions of select-project-join queries. Finally,stt8QL statement is directly issued over the
database and its results set is the result of tifelting step and thus also the outcome of the
entire Ontology Based Query Answering Processsplayed within the red rectangle. The
tuples(mgr[code_2], “Moeller”), (pers[55555], “OEZCEP”)and(pers[12345], “GUDOV")

are the requested certain answers.
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***# of split mappings: 1@

I

[Query [head=[pers["D1"."SSN"], "D2"."NAME"]]

UnfoldedQuery [codeCombinations=[AUX1_1, AUX2_5], sqlloins="D1"."SSN"="D2"."S5N"
, Query [head=[pers["D1"."SSN"], "D3"."NAME"]]

UnfoldedQuery [codeCombinations=[AUX1_1, AUX3 7], sqlloins="D1"."SSN"="D4","S5N"
, Query [head=[pers["D2"."SSN"], "D2"."NAME"]]

UnfoldedQuery [codeCombinations=[AUX2 4, AUX2 5], sqlloins=]
, Query [head=[pers["D2"."SSN"], "D3"."NAME"]]

UnfoldedQuery [codeCombinations=[AUX2 4, AUX3_ 7], sqlloins="D2"."SSN"="D4"."SSN"
, Query [head=[pers["D4"."SSN"], "D3"."NAME"]]

UnfoldedQuery [codeCombinations=[AUX3 6, AUX3_7], sqlloins=]
, Query [head=[mgr["D3"."CODE"], "D3"."NAME"]]

UnfoldedQuery [codeCombinations=[AUX4 8, AUX4 9], sqlloins=]

**%# of SQL union queries: 6
|Execution time in ms of the Unfolding: 35

50L query:

SELECT CONCAT ({ CONCAT ( 'pers[" ,"D1"."S5N"),"]"),"D2"."NAME"
FROM “D1","D2"

WHERE “D1"."SSN"="D2"."S5SN"

UNION

SELECT CONCAT ({ CONCAT ( 'pers[" ,"D1"."SSN™),"]'),"D3"."NAME"
FROM “D1","D3","D4"

WHERE "D1"."SSN"="D4"."SS5N" AND ("D3"."CODE"="D4"."CODE" )
UNION

SELECT CONCAT ({ CONCAT ( 'pers[" ,"D2"."S5N"),"]"),"D2"."NAME"
\FROM “D2"

UNION

SELECT CONCAT { CONCAT ( 'pers[" ,“D2"."SSN"™),"]'),"D3"."NAME"
FROM “D2","D3","D4"

WHERE "D2"."SSN"="D4"."SS5N" AND ("D3"."CODE"="D4"."CODE" )
UNION

SELECT CONCAT ({ CONCAT ( 'pers[" ,"D4"."S5N"),"]"),"D3"."NAME"
FROM “D3","D4"

WHERE ("D3"."CODE"="D4"."CODE" }

UNION

SELECT CONCAT ( CONCAT ( 'mgr[' ,"D3"."CODE"),']'),"D3"."NAME"
FROM "D3"

|HHERE ("D3"."CODE™ NOT IN (SELECT "D4"."CODE" FROM "D4") )
mgr[code_2] Moeller

pers[55555] OEZCEP

pers[12345] GUDOV

**%% of results tuples: 3
Execution time in ms of the SQL answering: 29

Figure 5.19. Unfolding Sample Output
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6 Evaluation

6.1 Final Resultsand Experiments Discussion

The results, presented in Chapter 5.3.4, as weth@autcomes of further experiments are
listed in Figure 6.1. The input files for the expeents are provided in Appendix C

Test parameter Exp. Y | Exp.2/ | Exp.3/ | Exp.4/ | Exp.5/
Result Result | Result | Result | Result
Thox
concepts 5 5 3 5 5
roles 4 4 2 4 4
axioms 10 10 4 8 8
Pls 9 9 4 8 8
FeaturePaths 0 0 2 4 4
Input Query
atoms 2 2 2 2 3
concept atoms 0 0 1 1 2
role atoms 2 2 0 0 0
FeaturePath atoms 0 0 1 1 1
Perfect Rewr. Algorithm
version adapted | originaladapted| adapted adapted
iterations 3 3 4 4 4
added queries case 1 0 X 9 9 9
added queries case 2/ 0 X 11 11 11
added queries case 4 0 X 0 0 0
gueries before drop() 5 X 21 21 21
queries after drop() 5 X 1 1 1
execution time in ms 5 4 4781y 47985 48711

Figure 6.1. Consolidated Experiment Results fofdeeQuery Rewriting over Ontologies

Analyzing the experiments in Figure 6.1, it is aus that the original Perfect Rewriting

algorithm performs better in pure DL-Lite ontologliceomparing Experiment 1 with the last
three experiments. However, this is not surprissigce when pure DL-Lite ontologies are
considered, the Adapted Perfect Rewriting Algoritehould behave as the original one. An
interesting outcome is the execution time of thapaeld algorithm in experiment 3 and 4,
where the size of the TBox is increased and thegfyn> time,,s This increase in time is

negligible, but expected, since by adding new cpfjaeles, etc. then the algorithm executes
more comparisons operations in the search metAdas.increase of the atoms in the input
guery of experiment 5 has also a negative effed¢herexecution time. However, it should be
clear that experiments 3, 4 and 5 only test theedéency of increasing the number of
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concepts and roles for the TBox and the query. Ehtdte reason it is recommended that the
spatial part of the algorithm is tested in furtleperiments, by increasing the number of
FeatureParth atoms both in the Thox and the queryadding atoms of the foreJ,Ua.r .
Further recommended experiments are to evaluaterttiee query answering process when
the number of mappings is increased. Finally, dedalexperiments can be also performed by
increasing the length of the output select-projet-SQL query and the size of the database.

6.2 Future Research and Recommendations

The systenParserfrom Figure 4.1 can be improved by making use bflXiles instead of
text files for the TBoxes, input queries and obfeetlata mappings, since an XML file can be
automatically validated against a predefined XMhesoa and translated to Java objects with
the help of JAXB bindings. This modification wilbth reduce the error rate of wrong user
inputs and the complexity of thBarser Furthermore, it is better to realize the query
Reformulation and Unfolding processes as threads, dlasseQueryReformulationand
QueryUnfolding(cf. Figure 4.2) in order to provide parallel camipg possibilities. In the
developed prototype of the system, it can happanh ttie query answering process takes a
longer time and the GUI freezes for this periodimfe. This is not a desirable feature and it
can this issue can be eliminated by putting thenmmamputation process into a thread. From a
usability point of view, it is also recommendedetarich the Graphical User Interface, so the
user can have more possibilities to interact with system without directly modifying the
source code. A user friendly program should alscapsulateJProgressBarelements (i.e.
progress bars or download boxes) in order to ilust how many percent of the query
answering process have been accomplished.

The developed system prototype does not underst@@® query atoms of the form
r(x*, y*), r* € Rekccsand x*,y* € Axxccs Currently if these atoms are used then the progra
identifies them as standard role without taking iatcount their spatial properties. However,
a slight modification should be done and respelstivested. The first proposal is not to
change the Rewriting and Unfolding parts of tReasonerbut try to use SQL spatial
correspondence functions, which can handle relatidrthe type DC(x*,y*), TPP(x*,y*), etc.
and embed these mappings in the mapping text fllee. OpenGIS functions for geometry
relationship [38] are possible alternatives, e$T_ Equals(geometry, geometry),
ST_Touches(geometry, geometry), etc. However, aemeasonable approach is to include
the latter mappings, e.g. in a Java interface,esthese mappings are universal and the user
does not need to specify them explicitly. Thus thelolding process should be modified in
order to correctly insert openGIS functions inte 8QL query.

Another reasonable improvement is to migrate theeldped system to an online platform
that can be accessed by many users without ne¢dlidgstribute the source code and thus
also benefiting from the advantages of a web agiitio versus desktop standalone program,
e.g. less operational cost for software installaaod maintenance, better system accessibility
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and availability, immediate effect of software pas, etc. In addition, it will be beneficial if
additional features and reasoning tasks are aduédgetdeveloped system, e.g. consistency
checks and satisfiability tests.
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7 Conclusion

The core theoretical conclusions of this Master sl$és that the query language GGQ
capable of querying spatial ontologies with respe& DL-Lite(RCC8) TBox, can be used to
answer complex queries in an effective way overggaghical databases. This is realized by
the integration of a realistic top-down approacht tnakes use of object-to-data mappings
and an optimized adapted version of a Perfect RiegyrAlgorithm, considering geographic
application domains.

In a nutshell, at the first step the input queryntaining GCQ atoms, is reformulated with
the help of the Positive Inclusions (Pls) from De-Lite(RCC8) TBox. After the Perfect
Rewriting processing, the second step performs afoltding algorithm that avoids the
explicit materialization of the virtual ABox andgequently generates an SQL query that can
be issued directly over the spatial database. Ehiachieved by using the object-to-data
mapping specifications. Thus, although the desdrileasoning algorithms are dependent on
the size of the TBox and the queries, this is notugial disadvantage, since normally w.r.t.
geographical scenarios, the size of the TBox aratigsi is relatively small in comparison to
the size of the persistent geo-data, stored irtabdae. The main asset of this approach is that
the result set of the output SQL query of the Udhfuy step coincides with the results of the
initial query over the ontology. Thus the data cterity of the entire algorithm is in AT
making use of the query optimization techniquesvigied by current database management
systems.

Last but not least, a software application, ca@uQuAnSpatial has been developed that
realizes the latter mentioned theoretical conclusemd provides the basic features of
ontology based query answering over spatial dagsb#@dthough, the developed system is not
a fully functional and bug-free commercial produittusage is highly recommend. The
OnQuAnSpatial prototype can be successfully appfed educational purposes, e.g. in
workshops and practical exercises for studentsnditg lectures in Artificial Intelligence or
Computer Logics. Moreover, this application canriegrated into research projects, dealing
with ontology based query answering over spatiatraditional databases. In addition, the
OnQuAnSpatial system can be used in order to bt test the effectiveness and
computational complexity of the Adapted Perfect Remg Algorithm over spatial
ontologies, by defining worst-case scenarios arahgimg various test parameter dependences
such as size and type of the TBox, size of thetigpery and size of the database.
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A
AWT - Abstract Window Toolkit

B
C

D
DBMS - Database Management System
DL — Description Logics

E

F
FOL — First Order Logic

G
GCls - General Inclusion Axioms
GPA - Grade Point Average

H
I

J
JAXB - Java Architecture for XML Binding

K
KB- Knowledge Base

L

M
MAF - Master Address File

N

O

OBDA - Ontology Based Data Access

OnQuAnSpatial - Ontology Based Query Answering dveatial Databases
OWL - Web Ontology Language

P

Q

R
R.O - Relational to Ontology language
RCC - Region Connection Calculus
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R
RDMS - Relational Database Management System

S
SQL - Structured Query Language

T
TIGER - Topologically Integrated Geographic Encoding anteRsncing

U

UCQ — Union of Conjunctive Queries
UML- Unified Modeling Language
UNA — Unigue Name Assumption

V
v/r — value restriction

W
W3C - World Wide Web Consortium

X
XML - Extensible Markup Language

Y

Z
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C. CD Content

The CD attached to this Master Thesis contains:

A PDF document of this Master Thesis

The complete java source code of the developed @nQpatial system
Required Java libraries to run the application

Experiments and test results
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