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1 Introduction

1.1 Background and Motivation

Geospatial ontologies can be used to capture and descrniensies of places i.e. their
properties and mutual relationships. By doing this ingeltit applications can reason
about locations and visualize locations and content reéledethem e.g. as maps [48,
77]. Providing rich descriptions of locations enables tstidguish between locations,
helps to find out correct references, and aims to ensure tharge interoperability [45,

54]. Construction and publication of geospatial ontolsgigth clear semantics aims to

contribute to theSemantic Geospatial W¢p4, 7].

However, this becomes very hard when the temporal dimerisiadded: knowledge
about historical places and their relations is not readibilable and hence methods for
dealing with them are needed. Even in current historicalgeabularies and ontologies,
such as the Getty Thesaurus of Geographic Names (T,Gfi§torical regions may be
found, but the aspect of change is usually missing. Geogralpblaces exist in both time
and space [47]. Spatiotemporal ontologies target theskdéiohallenges [74, 33]. Hence
in addition to geospatial ontologies there is a need for g&ios-temporal ontologies that
define the temporality of places i.e. represent temporakgd@d] of places and their

mutual relations.

Producing relationships to describe resources is a fundeaitask in ontology construc-
tion for geospatial and temporal knowledge. There exigtrigpies for creating rela-
tionships (e.g. [23]) and for utilizing them e.g. in infortiwa retrieval [30]. A major
difficulty with relationships is that they often lack knowlige about the grade of the rela-

tionship.

"http://lwww.getty.edu/research/tools/vocabulary/tgn/



In this dissertation we describe methods for modeling,tergavisualizing, sharing, and
applying a geospatio-temporal ontology which represelaisss and their temporal parts,
and binary and graded relationships between them. The sdbat these will contribute
to building theGeospatio-temporal Semantic W&lle also provide results of testing how
spatial relations help in ranking relevant informationeadtg related to a given place and
its historical versions. One of the main practical contfidnos of this dissertation is the
creation, publication and applications of the Finnish #pmporal Ontology (SAPO).
Moreover, we introduce a method to calculate the relevart&den two given temporal

intervals concerning a spatially restricted region and@neits evaluation results.

To summarize, we target the following two research questiarhich are divided into

more specific research questions:

1. How semantics of changes concerning geospatial regiande modeled and

applied?

(a) How can changes be used in automatic geospatio-tempuotalogy con-

struction?

(b) How can a geospatio-temporal ontology be used in culhedtage applica-

tions, e.g. in recommendation, query expansion and in datag?

2. How imprecision of time periods can be modeled and applied

(@) How can imprecise time periods be used in cultural hgeiteaformation

retrieval?

(b) How does the use of different measures of temporal reteaffect the re-

sults in information retrieval in terms of precision andaie



1.2 Objectives

In this dissertation the objective is to present and evalum&w methods for creating
graded relationships for geospatial and temporal ontekbgMore specifically, we fo-

cus on the following themes concerning geospatial and teahpelations:

Graded geospatial overlap relations. We describe how geographic regions can be re-
lated to each other based on changes and properties cargéneim. Especially,

the focus is on creation of graded geospatial overlap cglati

Change chains. Changes concerning geographic regions frequently fornrmshaVe

exploit these chains in order to create global overlapimiatbetween regions.

Geographicinformation retrieval. Geospatial relations can be used to solve semantic
mismatches between a query and annotations; it is natutgt to enhance geo-
graphic information retrieval with relations. We studystiaind present evaluation

results.

Cultural connection pattern discovery. Geographic regions are related not only through
their spatial properties but also through cultural conioest between them. We
study utilization of data mining techniques together withadogy-based knowl-

edge to discover and visualize these cultural connections.

Graded temporal overlap relations.  Knowledge concerning temporal intervals and their
mutual relationships is often imprecise and subjectiver @ujective is to study
how this imprecision can be modeled using fuzzy sets. Wesaigty how the mu-
tual relevance of two temporal intervals can be measurederaing a spatially

restricted region.

Applications of geospatio-temporal ontologies. A geospatio-temporal ontology con-

tains descriptions of, and relationships between histbplaces. We will discuss



and show how historical places were visualized on maps hegetith related

cultural heritage content.

1.3 Summary of Publications

Publicationl presents the basic ideas behind modeling changes and gusneg mech-
anisms to produce an ontology time series. Publicdtigoresents how to do the schema-
based modeling of changes in the geospatial domain, howeahis information to
produce temporal parts of places, and finally how tempordkspare interlinked in a
geospatial ontology time series. Publicatidh discusses publishing and utilization of
geospatial ontologies, and specifically a geospatial ogtotime series. PublicatiorV/
presents a combination of data mining together with ontglogsed reasoning in order to
find out cultural connections between places modelled usiifgyent semantic granular-
ities. PublicationVV presents an application of geospatial and spatio-tempaotalogies

in recommending relevant cultural information objectsbliRationVI1 presents a method
for measuring the relevance between given two fuzzy tempotervals. Publications
VII andI X present the semantic portaUDCTURESAMPO which makes use of many of
the presented methods. Publicatwii | illustrates the use of spatio-temporal relations in

guery expansion.

1.4 Contributions of the Dissertation

The contributions of this dissertation can be summarized!bsvs:

e A novel method was developed for calculating a global oyetible between

spatio-temporal resources (publicatign

4



e A novel technique and schemas were developed for creatiegspatio-temporal

ontology (publicatioril).

e The Finnish Spatio-temporal Ontology SAPO was developedjuke novel meth-
ods and published for public use (publicatidhgndII1).

e A new recommendation technique based on overlaps betwagin-$pmporal re-

sources was developed (publicatiohgndV).

e A new method for determining the temporal relevance betwaerny temporal

intervals was developed and evaluated (publicaiibn

e Anontology-based data mining technique was developeditesta spatio-temporal
ontology to reveal multi-level and multi-relational daténmg results (publication
V).

e The methods and techniques listed above were implementesied with thou-
sands of annotations of cultural heritage content (putstinaV, VII, VIII and
I X).

1.5 Structure of the Dissertation

In the following sections we will discuss different aspescishe Semantic Geospatial
Web, namely, geospatial semantics, spatio-temporal anddeal data models, the idea
of ontologies, and their realizations using Semantic Wabddrds, and finally discuss
applying all these ideas in the area of cultural heritageodighout this introductory part
we will provide links to publications of this dissertatiomhese publications explain the

contributions of this dissertation w.r.t. the state-od-#rt in more detail.



2 The Semantic Geospatial Web

2.1 Need for Geospatial Semantics

There exist currently 192 member states in United Natfares countries which all divide
into number of cities, municipalities and places of othgrety. The result is millions of
places with even more different names for these placeshé&umbre, different geographic
shapes are identified, named and listed in various ways. Tisigal 3-dimensional

world together with additional cultural dimensions fornr eorld.

Geographic information (Gl) is essential in searching fdoimation and for sharing it.
For example, every day, numerous geographical sensorsaaellites produce a huge
volume of spatial data and this data is increasingly avedlain the Web. Geographic
Information Systems (GIS) deal with concepts of space andrmgghic data [31, 11], i.e.
with geospatial concepts. The idea behind modern GIS sgsigito [83] “geo-enable”
the Web and allow for complex spatial information and sessiaccessible and useful in
all kinds of applications, e.g. online photo collectionayigation systems, and cultural

heritage applications.

The Semantic Geospatial Walms to bring together georeferenced content and the Se-
mantic Web (see e.g. [24, 7]). All in all, the term Semantio§matial Web refers to the
idea of the current state of the art, where Geospatial méaplaces play an important
role in building the next generation web, and where the Sém¥veb [10] provides the
way to refer to these places and to be able to explicatesakdttips. It has been stated[24]

that in order to build the Semantic Geospatial Web one nexds t

1. Develop spatial and terminological ontologies that lef@mal semantics.

8as of writing 2009, see http://www.un.org/en/membersigincshtm|



2. Represent semantics of concepts in those ontologies anna that is available

both to machines for processing and to people for underistgnd
3. Be able to process geospatial queries against developeldgies.

4. Evaluate the retrieval results based on the match betthieesemantics of a query
(i.e. the expressed information need) and semantics ofad@information ob-

jects (the answer set) in some system.

The motivation for building up the Semantic Geospatial Wehoi be able to answer
more precisely to user’s information needs by using the s#éiogof the queries and
information objects. Hence ideally in this setting all k&et hits are found and there are
no irrelevant hits, or at least they are minimized and ranéeer than relevant ones in an
answer set. The aim is also to enable transactions betwgdicaons across different
domains through improved interoperability and wide-sgrasage of spatial terms and

concepts with clear semantics [24].

2.2 Semantic Interoperability and Ontologies

The World Wide Web offers a lot of services where one can fimation-related infor-
mation to e.g. check bus time tables, see restaurants on aanapowse Wikipedia
articles before a trip to a certain place. Navigation systgoide people from one place
to another, whether they are walking or using a car. Howere,problem is that these
different systems are not always easily connected with e#fotr as they do not “speak
the same language", i.e. they do not share the same referenloeations. The problem

is hence the lack of interoperability, or more preciselyldok of semantic interoperabil-

ity.

Shttp://www.wikipedia.org



Even though it is hard [45, 54] to accurately define the notibsemantic interoperabil-
ity, one can understand the underlying intuition based diwaoe: it is unlikely that two
agents could successfully interoperate by exchangingagesswithout sharing the same
meaning for concepts in the messages [54]. This meaningeaxressed as concepts,
i.e. classes and instances, and their mutual relationstmpslogical structures and rules.
For example, an ontology can specify the meaning of the téamest” in one or more
vegetation databases [53]. Defining ontologies is relatatieé Knowledge Representa-

tion (KR) field of the Artificial Intelligence (Al) researcloy].

By publishing ontologies that contain this knowledge, &gtlons can share the refer-
ences to the concepts and also their incorporated mearihgsaims to enable semantic
interoperability in e.g. geospatial applications. Indemtk of the goals of the European
initiative INSPIRE? is to enable interoperability between GIS systems hostdifarent
countries and organizations. In publicatidhwe presented an ontology service intended
for publishing spatio-temporal ontologies. The idea ig tharganizations use the same
URIs!! for same geographic resources (like places), the integrati systems referring

to these URIs is more straightforward.

There are many definitions of ontologies. First of all, itngortant to notice that in phi-
losophy “ontology” has a specific meaning that should notdrgused with the meaning
of “ontology” in computer science. Studying ontology is atpa a branch called meta-
physics in the philosophical tradition [80]. Ontology isatla certain philosopher accepts
to exist in the world. In other words, ontology describes wthare is. For example, on-
tology can contain material objects and sets, and nothsw éfhe fundamental idea of
ontology is that everything that does not exist is left ont] averything that does exist is

included.

Perhaps most commonly used definition of “ontology” in cotepscience states that an

Onfrastructure for Spatial Information in Europe, httimépire.jrc.it/
1yniform Resource Identifier, see http://www.w3.org/Adshi@g/



ontology is an explicit specification of a conceptualizati®4] meaning that an ontology
explicitly specifies a representation of a piece of concaped knowledge. Another
definition [49] states that “the term ontology usually reféo a set of distinct objects
resulting from an analysis of a domain, or microworld”. Inbpaationsl, 11, 111, 1V,
V andVI we used the term ontology in a meaning common in the Semarselc i¥ld:
“[ontology refers to] a set of knowledge terms, including Woeabulary, the semantic

interconnections and rules of inference and logic, for sqaueicular topic’ [38].

This definition of the ontology is close to that of controliedcabularies and thesauri.
Generally, a controlled vocabulary aims to identify indernts with a clear semantic
meaning, and to harmonize indexing concepts, and to useeptsather than words in
information retrieval [6]. page 170 Building thesauri issbd on this idea: a thesaurus 1)
provides a standard vocabulary for indexing and searcl@pggelps users in query for-
mulation by locating a right term, and 3) provides classifiegtarchies with a possibility
to broaden or narrow a query based on the hierarchicaloagticcording to users’ needs
[28]. However, ontologies provide formally defined semasiivhich enables reasoning
in more elaborate forms, e.g. using transitive relationseRample of a typical reasoning
task is as follows: iHelsinkiis part ofFinland, and ifFinland is part ofEurope then one

can reason thatlelsinkiis part ofEurope

Developing an ontology includes [63] 1) defining classefs@édntology, 2) arranging the
classes in a taxonomic, usually subclass-superclasgtigra) defining properties and
describing allowed values for these properties and 4)djilrthe values for the properties
for instances. It is also notable that ontologies need tdvevaver time: ontologies are
altered to correct errors, to accommodate new informatiotg adjust the representation
of the domain as the world changes [36]. This is some timdectahtology evolution,

which has been defined [62] as the ability to manage ontolbgynges and their effects

by creating and maintaining different variants of the oo¢ol

In this dissertation, ontology evolution is studied in poationsl andll by modelling of



historical places using a time series of location ontolegiach of which is valid during
a limited period of time. The next ontology in the series igdwd whenever a set of
simultaneous changes in the modeled domain occurs. Thisdiavolution of ontology
time series is due to changes in the underlying domain andldimot be confused with
ontology versioning [52], database schema evolution, cn $orms of ontology evolution

that deal with ontology refinements or other changes in tineegtualization [51, 76].

2.3 Spatial Relationships

Places relate to each other in different ways: traditignidis has been modelled using
spatial structures and relations. These spatial strustamd their mutual relations are a
most essential form of geographic knowledge, and can besepted as geospatial on-
tologies. Geospatial ontologies [26] define concepts teptesent 1) things that have
a location on the Earth’s surface and 2) spatial relationwdxen these things. These
concepts are instances of classes suatitgscountry, municipality, and other core geo-

graphic concepts [39]. The traditional theories behindddtires in geo-ontologies have a
basis in topology (the theory of boundaries, contact, apadrs¢ion), mereology (theory

of parts and wholes) and geometry [58].

There are formalized attempts to represent essentiabspelfitions like the Region Con-
nection Calculus RCC-8 [65] and its extensions [16, 15] "ratinterested imutually
exhaustive and pairwise disjoi(MEPD) binary relations for pairs of spatial regions [16].

RCC-8, for example, offers eight qualitative relationsreasoning about regions.

These qualitative, topological relations (overlaps,aig etc.) form a subset of spatial
relationships. Figure 2.1 depicts an example of topoldgigationships between two
objectsA and B. ObjectsA and B are said tooverlap or to intersect namely, 1) the

boundaries oA andB coincide in two points, 2A andB share some of their interiors,

and 3) boundaries & andB run through the other objects’ interior (the boundaryAdd
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the interior ofB and vice versa) [22].

Figure 2.1: Two intersecting objects A and B. [22]

RCC-8 differentiates in total the following eight relateondisconnected (DC)exter-
nally connected (EC)equal (EQ) partially overlapping (PO) tangential proper part
(TPP) tangential proper part inverse (TPRihon-tangential proper part (NTPPRand
non-tangential proper part inverse (NTPPiJhese relations are depicted in Figure 2.2,
which illustrates the differences in their semantics. is thssertation we define the term
overlap region to refer to the region where both of the twoaeg have points. If two
regions share an overlap region, then there iswa@rlaprelation between them. In this
sense e.g. two externally connected regidrendY (X EC Y) do not share a point and

hence there is noverlaprelation between them in our model.

/ / \/ [ r A [ ¥ — \
{ \ ( \ w1 — \ )
l\ X ] :\ ¥ } | X ‘.I: ¥ ’;‘ { ( X l} \ \ f
: ’ — . Py

XDCY XECY X TPPY XNTPPY
[ * ‘f ' d " Ly ) \ '@ ;} O)
XPOY XEQY XTPPiY X NTPPiY

Figure 2.2: The eight binary relations of the RCC-8. [65]

Moreover, there are other spatial relations such as rekgspressing directions (north
of, south of, etc.) or distances (far, close) [29]. Distarelationsfar andclosehave

a quantitative basis. For example, all objects lying witeome radius from a given
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guery point (e.g. the proximity of the user’s location) candonsidered as being close,
and similarly all other objects can be regarded as being Tdre search results for a
given spatial query could then be ranked based on thesdajuwadirelations that have a
guantitative basis. For example, a system could first listabjects of interest that are
close. Using more categories (quite close, close, quitddaretc.) would allow more

fine-tuned ranking.

2.4 Querying for Geographic Information

Information retrieval is a process where a user expresgesfoemation need and as a
result gets information that more or less satisfies this néedueryq is the formula-
tion of this user information need, expressed e.g. as a sgierfy terms [6]. A query
can be composed of a single keyword (i.e. term), multiplenaegs or more complex

expressions. Retrieved documents can then be ranked atwgoodheir relevance to the

query.

An ontology contains definitions of classes and instanced, ralationships between
them. An ontology can be used to expand a set of concepts instérés original query
with related concepts in an ontology [84]. As a result theitamithl relevant documents
are retrieved by the query in addition to those that would éigaved already by the
original, non-expanded query. The assumption hence iglieatiser has not originally
represented her information need sufficiently, becauséssit aware of all the relevant
query terms. It has been found out [84, 85] that using thésaug ontologies in query

expansion work best when the original queries contain aayterms.

For example, a spatial query usually includes one or morgasperms [30]: in a query
“museums near Helsinki” not only Helsinki is a relevant sgaerm but also its suburbs
and neighboring municipalities. This area of informatietrieval dealing with spatial

terms is called Geographic Information Retrieval (GIR)atsd terms, i.e. geographical
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places, do not exist just in space but also in time [47]. Thisspecially true for museum
collections where objects have references to places frdi@reint times. This sets the
requirement to utilize also relations between historidates and more contemporary

places in geographic information retrieval through queqyamsion.

In practice this means that the original query containirgg ene place instancg;,.. is
expanded to contain those place instangehat overlapg,.... A practical example

of this is depicted in Figure 2.3 showing places (municipeg) near the current border
between Finland and Russia. A municipality called Imatrarlapsmany historical mu-
nicipalities, namely Ruokolahti, Jaaski, and Joutsenoer@we there have been also
different partonomy hierarchies i.e. these municipaitiave beepart of Finland, con-

temporary Russia and eveart of USSR until 1991.

Ruokolahti

/
(. Russia

Finland

Figure 2.3: An example of overlapping places.

Publicationl showed how quantified overlap relatidhsan be calculated for historical
regions. The quantified overlap relation states how muchregoons overlap, in addi-
tion to stating that they overlap qualitatively. The ideahat by utilizing the quantified
overlap-relation one gets the probability that a pairgin a regionA given that the point

is in regionB, i.e. P(A|B). For example, assume that Ruokolahti (existed betweers year
1940-1947) overlaps 60% of Imatra (1948-1973). This meaausift there are photos
annotated using Imatra (1948-1973) they have a 60% prafyadfilbeing in the region

L2Figure is originally drawn by Jari Vaatainen for publicatid.
13Note that in publicatioh we used terncoversfor this relation.
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of Ruokolahti (1940-1947), assuming that the photos arelgwdsstributed.

Conducting a retrieval performance evaluation gives aa &tmut how precise (precision)
an answer set is to a given query. The evaluation also ddmpgtsnany of the relevant

items have been retrieved (recall) (see e.g. [6], page Mix dvaluation measures how
well an information retrieval system performs. For exampltincerning spatial queries
one can examine whether using a spatial overlap relationas §or enhancing queries
or not. In publicatioriV we showed that by usingverlapsrelations one can increase the

recall without sacrificing the precision too much.

The standard calculation of precision and recall evalutitegperformance of methods
based on binary relevant vs. non-relevant distinction.dmti@st, the generalized preci-
sion and recall [50] uses multiple grade relevance assegspeg. in range [0,1]. The
generalized precision and recall is intended to reward austhetrieving highly relevant
documents. Indeed, in many research settings gradatiaesance of information ob-
jects have been used (as noticed in [68], page 2133). Ptibhcdl shows how graded
relevance was used in analyzing the relationship betweerhistorical, temporal inter-

vals concerning a restricted spatial area (Ancient Milan).

14



15

3 Spatio-temporal Data Modeling

3.1 Representing Change

The world is constantly changing both physically and calilyr Earthquakes, volcanic
eruptions, movement of tectonic plates, and erosion, famgie, reshape Earth. Changes
happen also at a cultural level: e.g. different countrias@gions are merged, split and
renamed due to reorganizations. The world is full of evakesthis (as discussed e.g. in
[75]). For exampleBudapestvas formed via the unification of the former towBada
andPest theCzech Republiand theSlovak Republievere formed through the separation
of Czechoslovakialn 2003 theFederal Republic of Yugoslaviaas reconstituted as the
State Union of Serbia and Montenegrbater on, in 2006 the single country tistate
Union of Serbia and Montenegno turn was split into two separate countriddgntenegro
andSerbia These changes are depicted in Figure 3.1 where-#vas depicts time and
they-axis the relative sizes of the countries. Heeleral Republic of YugoslayitheState
Union of Serbia and MontenegriMontenegroand finally Serbiaare typical individuals

of a place ontology.

In essence, these changes in political regions over tinodt iIasiew borders, sizes, shapes
and place names for regions they concern. These regiorwebahd after the changes,
may have different relationships with other regions, arey thave unique extensions in
the space-time-continuum. Hence there is a need for ragiegechanges, and also to

model geospatial entities (e.g. administrational unitgjitberent times.

Modeling changes, however, is not trivial. There has beeactine philosophical dis-
cussion about how and whether things of the world endure m@upe as time goes by
(see e.g. [74, 33]). According to three-dimensionalisnimgh have only spatial parts,

they endure, and are wholly present throughout the timevatef their existence. Four-



1992 2003 2006

Montenegro

Federal Republic State U'nion
of Yugoslavia of Serbia and
Montenegro Serbia

Figure 3.1: Montenegro, Yugoslavia and Serbia over time and space.

dimensionalism challenges this view by asserting thagshelso have temporal parts in
addition to their spatial parts. For example, the notionjpéeson has temporal parts such
as childhood and death. According to this view, things casden as “space worms”
that spread out in spacetime. In the SNAP/SPAN-approach [B8h views are sup-
ported by a combination of a three-dimensional SNAP-omjpland a four-dimensional

SPAN-ontology.

In general, spatio-temporal data models combine ontadogfispace and time and form
the core of a Spatio-Temporal Information System (STIS).[6Fhe aim in STIS is to

maintain integrity of databases even if there are spati@hghs occurring over the time.
For this purpose spatio-temporal data models define dags typlationships, operations,

and rules.

Change has been seen as one of the most important issuesspagiabontologies. For
example, the NCGIA Initiative 21 workshop defined [57] a hierarchical ontolsgsuc-
ture for categorizing geographic changes. These changs tyilude e.g. processes,
which divide to natural processes (flooding, erosion, etigs, seasons, and property

changes (like temperature change, land use change, cangeh

However, these change types do not include any types for ingdsatial changes over

time, like mergesandsplits A recent study [23] addressed changes in topological re-

4National Center for Geographic Information and Analystsp #fwww.ncgia.ucsb.edu/
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lations as they occur when splitting a region into two. Thsuleis a study about what
gualitative inferences can be made about binary topolbgatations when one region is
cut into two pieces. In publication we present a method and schemas for maintain-
ing knowledge about changes and for producing a geospatialogy time-series using

a method presented in publicatibnWhile the work done in [23] considered producing
gualitative knowledge out of knowledge about spatial clesnghe method described in
publicationl produces (in addition) quantitative knowledge about @gerkelationships

between regions, i.e. how much two regions overlap.

3.2 Representations of Time

Time is one of the central concepts in many of the ontologpsasenting the world. For
example, when concerning historical places, one needstelsow model also time, not
just places. Event-based systems also need a theory andel afdine to adapt [59].
There are many theories of time. A straightforward theortiroké says that time "flows
inexorably forward, and that events are associated wikieefoints or intervals in time,
as on a timeline" [49]. Moreover, this understanding of tessumes that events precede
one another in the case that the flow of time leads from thedfesit to the second. This
is, however, just one of the many theories. Due to the impogaf modeling time, there
has been an extensive amount research concerning the lgerograrties of time. There
have been e.g. discussion [4, 81] whether the basic prieigithe interval (period) or the
point. Selecting whether to use intervals [3], time poim3][or both to represent time
is an example of the fundamental decision to be taken wherehmgotemporal entities.

Allen’s temporal interval algebra, for example, has beexdus model actions and events

[5].

Other properties for time are characterized by whether tsnaéscrete or dense, bounded
or unbounded and what type of precedence the time ontoldgwsl linear, branching,

parallel or circular (cyclic). Allen’s theory [3] of relains between intervals has been
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a basis for many other theories and methods concerning fimghe Allen Algebra the
basic structure ia Rb where R denotes a relation in the set of the 13 primitive interval
relations that exclusively correspond to every possilitigse qualitative relationship that
may exist between a pair of convex intervals. The relatidritb® Allen Algebra can be
used in reasoning in a well-grounded manner. For exame & before bwe can infer

b after a The variablesa andb are time intervals, for examplke="20th century” and

b="21st century”.

Formalisms using the Allen Algebra are based on crisp, exadtknown boundaries of
time intervals and they enable encoding of qualitativetiahas between time intervals.
The 20th century is an example of a time period with exact dates, i.e. we know
this period has a beginning time (1900-01-01) and an end (ir8@9-12-31). However,
beginning and ending times of intervals might be unknowr.[&other challenge is
that many time intervals are somewhat imprecise [83, 61]mmggathat their beginning
and ending times are inherently gradual. For example, tineegifin de siéclerefers
to the end of the 19th century but it is unclear what is the eyear this period started.
Nevertheless, it may be agreed that the end of the 19th getdd@s not start before year
1850. Other examples containing imprecision are e.g. gembperiods likece ageor
periods related to cultures, suchtas Bronze Ageor to events like wars, e.ghe First
World Waror the Falklands WarMoreover, wars have start and end times, but the exact

values for these times may depend on the country particigatiwar.

3.3 Modeling Imprecision of Time Periods

The fuzzy set theory [87] enables modeling imprecise timgea, such as “around 1950”,
that have vague boundaries. The resulting models are oflésdduzzy temporal inter-
vals [61, 83]. In the fuzzy set theory the grade of memberglopan itemz in given set
A has a value in range [0,1], whereas in the traditional serthan itemx either belongs

to a given setd or not. In other words, in the fuzzy set thearynore or less belongs to
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the setA.

For example, Visser [83] defines the fuzzy temporal inteivab be a trapezoidal fuzzy

set, i.e.T"is the quadruple

T = <Tfuzzybegin7 Tbeginu Tend7 Tfuzzyend>7 (31)

whereTs,.. peqin 1S USed to explicate the earliest stéitT;.,;, the latest start/,,, the

earliest end, and finallyy,,..,..q the time when thd" has ended for sure.

To enable reasoning about fuzzy temporal intervals NaggpdIMotik [61] have intro-

duced a mechanism based on fuzzy sets to evaluate whetleersAiémporal relation-
ships such as INTERSECTS holds between two fuzzy tempaehals. The result is a
value explicating the level of confidence. Visser has predd83] to calculate the over-
lap between two fuzzy temporal intervals in order to caltutheir mutual relevance. In
publicationVI fuzzy temporal intervals were applied in order to rank aatioh time pe-

riods given a query time period. It was shown that a combamatif weighted measures
based on the overlap and closeness between two fuzzy tehnp@raals confirms best

to user opinions.
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4 Semantic Web and Interoperability

4.1 The idea of the Semantic Web

The World Wide Web (WWW) contains a massive amount of docusméendifferent
formats such as in (X)HTMI®> and PDES. In addition there are numerous formats for
images, videos and audio. These documents are targetedpte@nd their semantics is

not directly machine-processable.

The idea of the Semantic Web [10] is to describe knowledgeitatifferent domains in
a machine-processable format. The goal is to build “the wetata (for computers)” in
addition to the existing “web of documents (for humans)”eTthea is that intelligent, ca-
pable agents can utilize this knowledge in assisting peogleeir tasks [37]. Publication
V discusses one such task: how geospatial and spatio-tehoptobogies can be applied

in digital tourism.

Ontologies form a basis of the Semantic Web (see e.g. [25}jol@gies define classes,
individuals, properties and relationships that are usa@poesent things describing the
world and relations between them. These things can be agythuch as organizations,
persons, places, times, or events. By using relationspgrsons can be related to e.g.
the places they have been born in, or to their birth times.lihibg ontologies on the
Semantic Web enables people and organizations to use shat@dgies in annotating

e.g. photographs, videos, music, and other types of clibbjacts.

The Semantic Web utilizes formats standardized by the Wafide Web Consortium
(W3C). These include the syntactic layer, namely the ExtensibéekMp Language

5Extensible HyperText Markup Language, see http://wwworg@MarkUp/Activity
8portable Document Format
Yhttp://www.w3.0rg/



(XML) [12], and languages for the semantic layer, namely Resource Description
Framework (RDF) [8], RDF Schema (RDFS) [13] and Web Ontolbggyguage (OWL
2) [40].

RDF is intended to represent knowledge about how diffet@ngs relate to each other.
The representation is done using triples of the fa®P,0>whereSis the subjectP is
the predicate an@ is the object. Atriple is also called an RDF statement, addstcribes
aresource), the resource’s propert], and the value of that propert@j. For example,
RDF triple<geo:Finland,rdf:type,geo:Countrystates thaFinlandis acountry. In RDF
URIs are used to identify resources. URIs consist of a naawefp and a local name.
Prefixes are often used to shorten URIs. For examplgemFinlandthere are two parts,

geofor the prefix of the namespace, afhland for the local name.

4.2 Using Semantic Web Technologies for Modeling Geospa-

tial Semantics

In the geospatial domain, RDF provides means for assigrasgreial geographical prop-
erties to the URIs of the places. These can include e.g. owiss of points or polygonal

boundaries, place type, time span, size, names of the platifearent languages, events
related to regions, and mutual relationships between plaé®r example, Figure 4.1
depicts the triple<geo:Finland,geo:partOf,geo:Europewhich represents the fact that

Finlandis part ofEurope

An example from publicationh gives an idea about using RDF in modeling changes.
Merging of East GermanyndWest Germaniys there modeled as follows using RDF. In
Figure 4.2 the propertpeforerefers to the resourcdsast GermanyndWest Germany

that existed before this changgep:merge4p, and the propertyfter refers to the new

8For more information about namespaces see http://wwwng3.R/1999/REC-xml-names-19990114/.
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geo:partOf
geo:Finland > geo:Europe

Figure 4.1. The partonomy relationship between Finland and Europeesemted using
an RDF triple.

resourceGermanywhich exists after the merge. Publicatibaescribes how these kind
of descriptions of changes were used to produce knowledyat alverlappings between
regions (e.gGermany overlaps East-Germgnoreover, publicationl discusses how
the references to times in this kind of models of changes wsed to infer time spans for

the resources (e.g. timespan 1949-1990 for East Germany).

geo:overlaps

\ change:after
change:merge42 | > geo:Germany
Aa:before
geo:West Germany
D ” geo:overlaps

Figure4.2: An event modeled using RDF. In this evé&rdst GermanyandWest Germany
were merged to fornsermany

4.3 RDF in Modeling Imprecise Time Periods

Representing time in Semantic Web ontologies is not sttiighard because the ques-
tion of when a certain time was or will be is often uncertambjective or vague [61].
For example, it may not be known when exactly a given arcloggodl artifact was man-
ufactured (uncertainty), when "The Middle Ages" was acouaydo opinions of different

historians (subjectivity), or when the spring starts (\e&ugss, imprecision).
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RDF was used in annotating historical cultural heritageteanin publicationVl and
hence there was a need for a model of time in RDF that would@tippprecision. An-
notations were originally made using CIDOC CRM [17] ontolodRDF was used to
model imprecision of both the query times and the annotdimes. We used a combina-
tion of regular expressions and string parsing techniqoeddtermining fuzzy temporal
intervals from the time labels of the query and the annataiimes. The resulting fuzzy

temporal intervals were saved as RDF triples.

We showed in publicatioN'| that modeling imprecision of temporal intervals and using
a combination of graded relevance measures was best in térprecision and recall.
Thus, it was shown that it is worthwhile to model vaguenessiaprecision. Because
the modeling was done using the Semantic Web standards sipassible to publish

resources, i.e. the time periods and the annotations, dadhmantic Web.

4.4 Publishing and Sharing Ontologies

One of the major problems in Semantic Web ontologies is thgdrozations commonly
mint different URIs for the same resources [44]. One posssblution is to build coref-
erence systems that offer mappings between different URIs.the other hand, if or-
ganizations would retrieve URIs directly from commonly disstology library systems
and ontology servers offering a rich set of relationshipsveen the URIs, then the in-
tegration of data sets could be more straightforward. Tlea iabout ontology servers
and libraries has been presented before [18] and ontolaggrsehave been extensively
compared in [1]. However, there is little work done for offey ontology services for
semantic geospatial ontologies where there are specifasrfee disambiguation among
large amount of spatiotemporal instances [41, 56]. The HP$Ratial search engine [46]
provides facilities to find web resources relating to plaedsrred to in a query. The
geo-ontology within this search engine is used for the psgpaf information retrieval

by modeling the geographical terminology and the spatiatsire of places. It supports
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for example query disambiguation by recognizing the vandace names and historical

alternatives.

In order to utilize references (i.e. URIS) to instances dbtyies, these references need
to be shared and published on the Semantic Web using e.dogytdrary systems such
as the ONKI ontology service [43, 82] for this purpose. Thewsing of classes and
instances by using hierarchical and other relationshipgisally provided by ontology
browsers. Other application scenarios of ONKI include aathon (indexing) of content,
disambiguation of concepts, and searching and fetchingrafepts, their related concepts

and properties.

Publicationlll presents ONKI-Geo, an ontology service intended for sigasipatio-
temporal ontologies, and publicatidfi || presents a system that uses a spatio-temporal
ontology to provide a query expansion machinery. Our apgrégto provide a rich set

of spatial and temporal properties for the place instantesder to facilitate the process

of disambiguating between them e.g. for annotation puipose

The Finnish Spatio-Temporal Ontology (SAPO) which was tyed using the methods
described in publicationsand !l has also been publish€dor open access in ONKI.
It has a potential to be widely used across organizatiortsnéned to make references to

historical regions.

http://www.yso.fi/onki/sapo/
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5 Using Spatio-temporal Knowledge in the

Cultural Heritage Domain

5.1 Modeling Cultural Heritage Resources

A large proportion of cultural resources such as museumsiuments, photographs,
videos, artefacts, and books are geographically refecgrared thus should be identified
by search terms that refer to locations [48, 77]. This is beedhe objects are produced,
found or used in the referenced locations, or have some otlaionship to the location
in question. By georeferencing the resources [70], diffespatial queries can be enabled
in order to find interesting connections between places aladed contents. In publica-
tionsll andV we used instances of a spatio-temporal ontology in ge@eéang cultural
heritage resources. The spatio-temporal ontology coammates from different times,

and can thus be used to connect also content from differaesti

Moreover, annotations of cultural heritage content uskeidiht roles for locations. For
example, WLTURESAMPO (publicationslV, VII, andlX) annotations include the fol-

lowing place roles:

- place of discovery the place from where an object was found
- place of manufacture the place where an object was manuéatt

- place of acquirement the place from where an object wasiaou
- place of creation the place where an object was created

- place of photographing the place where a photograph was taitk
- place of subject the place depicted in an object such asnémai
- place of usage the place where an object was/is used

- place of context the place relevant to an object in an unpéavay



The idea about using the place roles in annotations is aepiéh Figure 5.1. For exam-
ple, a hat in the bottom left corner is annotated with Jowiserihe roleplace of usage
while Jaaski is in the same role in an annotation of the hoawshin the bottom right
corner. Two different museum items were manufactured eithienatra (a chair in 1957)
or in an overlapping historical Ruokolahti (a shepherd’sstid in 1920).

Place of manufacture:
Ruokolahti 1920

Place of manufacture
Imatra 1957

Ruokolaht|

Place of usage Russia (USSR until 1991)
Joutseno 1930

Place of usage
& leand Jaaski 1920 P

Figure5.1: An example of annotations using place roles.

Ideally, cultural heritage collections need to represpatis-temporal entities that consist
of not just space but also events and actions happeningtisplaae [20]. For example,
Figure 5.2 depicts the life of Caesar seen as events. Bdthdod death events happen
in some point of space-time, and they are related to a nunflzgher resources, such as
Caesar’s mother, Caesar himself, Brutus, and Brutus’ dadgme is especially impor-
tant for managing historical collections, for example isualizing (see e.g. publication
VII and [72]) them on a timeline. Chronological reasoning [2lai@haeological find-

ings is another important usage for temporal knowledgeaercthitural heritage domain.

There are many metadata metadata schema recommendatidhs émnotation of cul-
tural content. These recommendations include, for ingtahe Functional Requirements
for Bibliographic Records (FRBR) [69], Categories for thedoription of Works of Art
(CDWA) [27], and CIDOC Conceptual Reference Model [19].

20Figure is originally drawn by Jari Vaatainen for publicatie/ .
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Figure5.2: The life of Caesar seen as events. [20]

5.2 Applications Using Digital Cultural Heritage Collections

There is a strong trend of building up more and more locatiare cultural heritage
services [79]. It has been suggested [60] that museumsaipoidlish their activities,
collections, services, and products for the wide use of camties such as travellers.
This can be done by e.g. offering specific points of interB&Ij with related text, nav-
igation points, maps, and content organized by theme [18% gossible to put cultural
heritage collections on a map [55] or provide a search oectbbns. Map visualization
can be enabled for nearby photos of a location [35] or objeicisterest can be recom-
mended in a mobile setting [9, 2, 66]. A related effort is DBReVobile [7] which uses

Wikipedia data with a map-based search of information.

By sharing ontological references (such as geospatiatts)jesemantic interoperability
can be obtained in different cultural heritage collectioasd intelligent end-user ser-
vices such as semantic search, recommendation, browsihgsralization can be facil-
itated [71, 42, 86]. For example, in the semantic portal Mus€inland* [42] a location
partonomy? was used for annotating museum artifacts with metadatatabeyplace of

manufacture and place of usage.

2http://www.museosuomi.fi
22This partonomy is a part-of hierarchy of individuals of tHasses Continent, Country, County, City,
Village, Farm etc.
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In publicationsl |, V, VII, VIII andI X we discuss and present applications that make
use of geospatio-temporal ontologies, and reasoning mesha in order to provide in-
telligent end-user services. These applications are ghaddi as part of the semantic por-
tal CULTURESAMPO—-Finnish Culture on the Semantic Web 2.0. The material used b
the applications consists of heterogeneous cultural comtich comes from collections
of over twenty Finnish museums, libraries, archives, argtiotnemory organizations.
This content was annotated using RDF and references tougamiatologies, such as the
Finnish Spatio-Temporal Ontology (SAPO). The dataset itadwta of over 500,069
collection objects, e.g. artifacts, photographs, mapstipgs, poems, books, folk songs,

videos, and millions of other reference resources suchaaep) times, etc.

23As of writing 2009. However, the number is objects is inciegss new collections are added.
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6 Discussion and Future Work

6.1 Research Questions Revisited

The research questions were originally listed in Sectidn 1.

1. How semantics of changes concerning geospatial regiande modeled and

applied?

(@) How can changes be used in automatic geospatio-tempuot@logy con-

struction?

(b) How can a geospatio-temporal ontology be used in culha@tage applica-

tions, e.g. in recommendation, query expansion and in dateng?

2. How imprecision of time periods can be modeled and applied

(@) How imprecise time period can be used in cultural hegitafpormation re-

trieval?

(b) How does the use of different measures of temporal retevaffect the re-

sults in terms of precision and recall?

Concerning the first research question, we provided an sisabf different kinds of
changes concerning geospatial regions in publicdtiohis analysis yielded different
change types. These change types were used when filling gphlena of changes. First
of all, our focus was in GIS domain and hence change typeshier @omains were not
in the scope of this dissertation. However, while this setlainges aimed at being the
set of changes needed to model changes in administratiszgt did not aim to model

all the changes concerning regions in the GIS domain. Otmenges could include e.g.



changes in land use, vegetation, inhabitation, and so ormoWimg the scope was done
because the intended usage of the changes was to use thahetogih spatial exten-
sions of places in producing spatial overlap-relationsugh reasoning. Other types of
changes would not have served for this purpose and hencevtreyleft out. However, in
some other reasoning and application scenarios other eltgpgs and extensions could

be useful.

The research question 1(a) deals with a reasoning task. Matie question was how
the models of changes could be used to produce knowledge gbospatio-temporal
entities and their relationships to each other. To answerélsearch question, a reasoning
procedure was introduced in publicatibrit was shown how descriptions of changes can
be used to produce quantified overlap-relations betweaaorregPublicatior | showed
how a set of schemas were used in collecting changes, anddsawrces representing

temporal parts of places were created based on the changes.

The research question 1(b) deals with the potential agpitas This question was tar-
geted by building a set of applications using geospatigptaal ontologies. These ap-
plications included recommendation systems based onapreelations, as discussed in
publicationsl | andV, visualization as discussed in publicatighl, query expansion as
discussed in publicatioN'l11, and application in data mining as discussed in publica-
tion1V. In publicationV the usefulness of using the overlap-relations in recom o
was tested with a set of oblique aerial photos. It was showahttie average recall in-
creased without lowering the average precision when ordgdloverlap-relations were
used where the query region overlapped the recommendeanregih value 1.0, i.e.
fully. Using overlap-values with lower values naturallyMered the average precision,
but the recall increased accordingly. In this study we madeassumption that the aerial
photos were evenly distributed. However, a more detailedystould be made where the
actual distribution of the aerial photos is first examined #ren used as a basis for this
study. This was left out in our study because it turned outettvérd and in most of the

cases impossible to find out the exact place where a histaeéceal photo was taken at.
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Another assumption was that the geospatio-temporal agydlecluded all the overlap-

relations that there should be. However, during the proitesame clear that there are
still missing overlap-relations in SAPO due some unmodelathges, and due to the lim-
itations of the reasoning procedure. However, the missiiggeem to be mainly small
areal changes. They would produce overlap-relations afegraear to 0, and are hence
marginal compared to thousands of existing overlap-atatiHence, even though SAPO
does not contain absolutely the complete set of the possitddap-relations, it turned

out to be very useful according to the tests.

The second research question asked how to model the imiprecitime periods. In
publicationVI we presented a model and a method based on fuzzy sets fottingera
with imprecision. We also provided an application scenarithe cultural heritage do-
main, which answered the research question 2(a). It wasrshow the combined mea-
sure performs best in cultural heritage information rgaiewhich answered the research
guestion 2(b). This measure combined weighted overlap lsemess-relations into one
measure. While publicatiovil presented how the individual measures can be calculated,
one could find out other ways of calculating them. Closengssexample, could be

calculated using some other formula than the fuzzy sulbdract

6.2 Research Evaluation

To evaluate the research we will also discuss the work indeyhits 1) significance, 2)
internal validity, 3) external validity, 4) objectivity a@nconfirmability, and 5) reliability

and auditability [14]. The discussion is collected in thielés 6.2, 6.2, 6.2 and 6.2.
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Criteria and relevant queries Evidence in Study

1) Significance

Is there theoretical significance? Methods and schemasigessin publications
| andll are novel and provide a theoretical basis
for modeling spatio-temporal places, and for
reasoning about changes.

Is there practical significance?  Methods were applied tdye the Finnish
Spatio-temporal Ontology SAPO which has been
published for open access. SAPO was also applied
in several practical settings as shown in
publicationd, 1V, V, VII, VIII, andl X, for example

in the recommendation systems af G URESAMPO .

Table 6.1: Significance.
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Criteria and relevant queries Evidence in Study

2) Internal validity
Do the methods work? When presenting the methods we have give
detailed examples so that a reader can try the
methods herself, see publicatidnsl, IV, andVI.
Have rival methods been Publicatidh compares different measures
considered? for calculating the temporal relevance.
Methods presented in publicationandl| are not
easily compared with rival methods, because such
complete methods did not exist before.

Has sufficient evidence been SAPO contains changes congaarong

collected in time period, i.e. years 1865—-2009, and SAPO was
evaluating the applied in real application scenarios.
methods? Concerning the evaluation in publicaion

the evaluations were made by domain experts
and end users. One could have had more

test subject$> 12). However, given that the
evaluation took four hours in average, this was

hard to organize.

Table 6.2: Internal validity.
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Criteria and relevant queries Evidence in Study

3) External validity
Are the findings congruent with  Methods build on existingathes,

prior theory? e.g. the probability theory in publicatigrand

the fuzzy set theory in publicatiovil .
Can the findings be applied Modeling of changes of places islalgm
elsewhere? in many countries, and is a concern in managing,

searching and browsing cultural heritage collections.
However, we did not test the suitability of the methods

for other countries so this cannot be confirmed.

Table 6.3: External validity.

6.3 Limitations and Future Work

The data that was used to construct the Finnish Spatio-texh@mtology SAPO cur-

rently covers Finnish administrative regions 1865-200% partonomy of SAPO is also
restricted to three place type levels: country, provinakrannicipality. There is a need to
go further on into history and to model and instantiate atbeiohistorical place types. A

natural next step would be to add historical and contempmidages and city districts.

Changes that will happen in the future need to also be indudeéSAPO in order to
maintain its usability in a variety of application scenaridn practice, future changes
need to be modelled using the schemas, the presented aatbpratedures need to be

run, and results need to be published for open access.

SAPO is currently limited to Finland, but the models and thethods can be applied to
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4) Objectivity and confirmability
Are the study’s methods described One can try the methodsaiign
in detail? e.g. the procedures of how data was collected

by using the schemas in publicatibin
Are the researchers explicit about  Personality is alwagsemt, when one does research.
personal assumptions, values and  However, the co-openaiib domain experts and
biases? the use of external evaluators aimed to ensure that

the research is objective.

5) Reliability and auditability
Are the research questions clear?  The research questioadisted in Section 1.1.
Are basic constructs clearly The basic constructs of thearet were detailed in

specified? publications I1, 1V, andVI.

Table 6.4: Objectivity/confirmability and reliability/auditably.

35



other countries as well. There are a lot of boundary chargbs tmodelled concerning
different countries. For example in Japan the number of pipaiities declined from
about 71,000 in 1889, to about 1,700 in 2008 [32]. Duringpleisod many old municipal
names were dissolved, and various new names were genehatéapan, from the year
1999 until 2008 a total of 598 municipalities were formed lbgrging existing ones, out of
which 330 kept their existing names and 268 got new namesiré&utork could include
testing the methods and the models for countries such as Japea share the results on

the Geospatio-temporal Semantic Web.

The European Union has defined a three-level hierarchiaakiflcation, the Nomencla-
ture of Territorial Units for Statistics (NUT3) The NUTS subdivides each EU Member
State into a number of regions, each of which is in turn sutddd further. Integrating

the NUTS model with SAPO would serve statistics calculaparmposes.

The calculation of relevance between imprecise time psrady considered a spatially
restricted area in publicatiovil . Future work could include incorporating different cases
of spatial relations, spatial distance, or cultural cotioes into the setting, and to find

out how and what kind of effect they have in relevance catauta

Visualization of polygonal boundaries of historical plaseas done in GLTURESAMPO
as described in publications andVII. The aim of the visualization was to be intuitive;
i.e. a user could select a certain place, and see a histandatontemporary map at the
same time. The user may also select two places from difféiraetperiods, and see how
they overlap. A limitation here was the incompleteness dygunal data, which made
it impossible to provide this functionality for all placeSurrent boundaries also do not
include enclaves i.e. external regions of a municipalitytuife work could hence include
digitalization of more polygonal boundaries and maps, anchore detail. This would
further enable new kinds of applications where the user canpare more places and

browse the content annotated to them and to their histaraatterparts.

2nttp://epp.eurostat.ec.europa.eu/portal/page/paatabn_cities/regional_statistics/nuts_ classifuati
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7 Conclusions

This introduction to the dissertation provided discussatout the relationships of our
contributions w.r.t. to geospatial semantics, spatiopteral modeling, representations of
imprecise time periods, publishing the results on the Séim#veb, and cultural heritage
applications. We examined how ontological knowledge candsal to represent spatio-

temporally referenced data and to enable and enhance seatdrowsing.

Concerning modeling of spatio-temporal regions we disedisspresentations of change,
and their applications to cultural heritage informatiotrieval. These applications can
be used e.g. for teaching where historic regions have bedrhaw they are related
with each other in a partonomy hierarchy, and for retrieviigjorical cultural content
related to the regions. The relationships can be explidatetie user indicating whether
the content has been found, used, manufactured, or locatedpecific spatio-temporal
region. Because one of the main results of this dissertati@nFinnish Spatio-temporal
Ontology (SAPO), is published for open access, it has thentiat to be widely used

across organizations needing references to historicedneg

Imprecision of temporal intervals was modeled using fuzztg and a method was de-
veloped in order to obtain a better match between human actin®interpretations of
periods in information retrieval. This method could be uiseelg. suggesting items from
approximately the same period as the reference query pairalalso for ranking the

relevance of more distant periods of time.
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