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Andrew U. Frank

Dept.of Geoinformation,
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with contributionsfrom Damir MedakandThomasBittner

1.1 Intr oduction

Ontologyandtherelatedterm’semantics’haverecentlyfoundincreasedattentionin
databasediscussions.Early discussionsof ontologyissuesimportantfor databases
[1.124] [1.76] werelost in a seaof paperson technical,mostlyperformanceissues,
despitethefact that textbooksasearlyas[1.132] discussedbriefly therelationship
betweeninformationsystemandreal world. This is different today: for example,
in a recentconference,two of thethreeinvited talkswhereconcernedwith seman-
tics. Ceri discussedthe expressionof semanticsin XML andpossibleextensions
[1.37] andReuterdedicatedhis whole lectureto the discussionof what semantics
a databaseshouldcontainandof how currentdatabasestructureis not sufficiently
flexible to allow advanceduses.His exampleswerediverseandrangedfrom anap-
plication providing guidancefor touristsmoving in the town of Heidelberg to an
applicationfrom science,wherereportsaboutscientificexperimentsin cellularbi-
ology mustbe organized.Reuterstartedwith the assumptionthat the ontological
categoriesof SpaceandTime shouldbe includedandproposedHistory, Topology
andIntensionsascandidatesfor the future,a positionalreadyadvancedby Gadia
andNair in 1993[1.188, ch2].

Informationsystemsandtheir implementationasdatabasesreston ontological
commitments.Decisionsaboutthetypesystemused,how identifiersaremanaged,
andsoon, arederivedfrom a specificview of theworld to which thedatabasere-
lates,in otherwordsfrom a specificontology. Theontologiesof standarddatabase
modelsmakeverylimited assumptionsandthereforethedatamodelis widely appli-
cable.Spatio-temporaldatabasesmustmake strongercommitmentsto capturethe
meaningof spaceandtime.Suchanontologyis necessarilymoreinvolvedandthe
connectionto theapplicationareastronger. Thedesignerof a databaseapplication
hasto reconcilethe ontologicalconceptsfrom theapplicationareawith the ontol-
ogy built into the database.Optimally, a spatio-temporaldatabaseinvolves in its
built-in ontologya minimal commitmenton how spaceandtime is structuredand
is thusmostopenfor applicationspecificrefinements.Exploringtheminimalsetof
ontologicalcommitmentis thegoalof this chapter.

Theontologybuilt into a DBMS canbeinsufficient or it canbetoo restraining.
It is insufficient if the ontologicalcategoriesnecessaryfor numerousapplications
arenot availableandmustbereconstructedfor eachapplicationanew; theresulting
incompatibilitieswill beverycostlyto correctlater[1.79]. It is toorestrainingif the
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ontologycommitsthosewho apply it to assumptionswhich do not hold for novel
applications.Spatio-temporaldatabasesare typically constructedto integratethe
knowledgeof many agentsand facethe problemof heterogeneousenvironments,
a point alreadyraisedby Wiederholdet al. [1.188, ch.22]. Currentdatabasesdo
not allow usto modeljoint beliefsof groupsof agentswhich do not correspondto
similar beliefsof othergroupsof agents;for example,Reuterworkswith groupsof
scientists,who manageterabytesof reportsof resultsfrom experimentsin cellular
biology, wherethevalidity of theresultsandtheir interpretationaredebatedamong
thegroups.Currentontologicalinvestigationsrelatedto databasesandinformation
systemshave beenextendedinto the spatialdomain[1.34, 1.35, 1.60, 1.61, 1.63,
1.158, 1.186], but theirextensioninto thespatio-temporaldomain[1.42, 1.95, 1.96,
1.118, 1.137] hasprovedmoredifficult thanexpected[1.84] [1.180]. An overview
of Time Ontologyfor computersciencewaspublishedby [1.168]; Montanariand
Pernicidiscussthedifferentproposalsfor temporalreasoning[1.188, ch.21].

I will investigatethequestionswhich arisewheninformationsystemsarebuilt
for purposesinvolving the representationof real spaceand time. Examplesfrom
thedomainof GeographicInformationSystemsdemonstratetheissues.Geographic
Information Systemsare especiallysuited for our purposesbecausethey model
real-world situationsincludingtheir spatialandtemporalaspects.Their application
areais very broadandextendsfrom the administrative and legal rulesgoverning
landownershipandregistration[1.52] to systemsbuilt for environmentalpurposes
[1.109] andfor researchinto globalchange[1.143]. Thesituationis notsubstantially
differentfor otherspatio-temporalsystems,like systemsfor motor traffic monitor-
ing or trackingairplanes.Spatio-temporaldatabasesareoftenbuilt from datafrom
many differentsources,which is notoriouslydifficult [1.101, 1.197]. Datato bein-
tegrateddiffer in their semanticsandrepresentation,anda meaningfulcombination
requiresbridgingthegapcreatedby ontologicalassumptionsaswell astranslations
betweentherepresentationsoncetheirmeaningis in thesamecontext. But evenfor
databaseswhereall dataarefrom the samesource,the gapbetweenthe ontology
of the datacollectorsandthe ontologicalassumptionsof the designerof the GIS
softwareandlatertheusersmustbebridged.

I proposea multi-tier ontology, wheredifferentrulesapply to eachtier (table
1.1). The approachusedhereis empiricalandstartswith the observationof phys-
ical propertiesfor specificlocationsand instants.Objectsare formed asareasof
uniform propertieswhich endurethroughtime as identical.Cultural conventions
link namesto objectsandconstructobjectsof ’socialreality’ [1.10, 1.170], which
aremeaningfulwithin a setof culture-dependentrules.For example,the legal sys-
tem of a countrygivesa meaningto conceptslike ’parcel’ and ’ownership’.But
the correspondingobjectsdo not have physicalexistence;they aresocialartifacts.
Agents– humanbeingsor organizationswhich behave like personswith respectto
theaspectsconsideredhere– make all observations.Agentsderivedecisionsabout
actionsfrom theknowledgethey haveacquired.An agent’sknowledgeevolvesover
time andspatio-temporaldatabasesmust thereforedocumentthe temporalevolu-
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OntologicalTier 0: PhysicalReality:� theexistenceof a singlephysicalreality,� determinedpropertiesfor every point in time andspace,� spaceandtime asfundamentaldimensionsof this reality.

OntologicalTier 1: ObservableReality:� propertiesareobservablenow ata point in space,� realobservationsareincomplete,impreciseandapproximate.

OntologicalTier 2: ObjectWorld:� objectsaredefinedby uniformpropertiesfor regionsin spaceandtime,� objectscontinuein time.

OntologicalTier 3: SocialReality:� socialprocessesconstructexternalnames,� socialrulescreatefactsandrelationshipsbetweenthem,� socialfactsarevalid within thesocialcontext only.

OntologicalTier 4: Cognitive Agents:� agentsusetheir knowledgeto derive otherfactsandmake decisions,� knowledgeis acquiredgraduallyandlagsbehindreality,� reconstructionof previousstatesof theknowledgebaseis requiredin legal
andadministrative processes.

Table 1.1.Thefive tiersof ontology

tion of anagent’s knowledge.Thehistoricalstateof anagent’s knowledgemustbe
consideredto makea fair assessmentof anagent’sactions.

Theproposedtiersareorderedfrom datafor whichdatacollectionsfrom multi-
ple sourcesaremorelikely to agreeto datafor which disagreementis morelikely;
they helpwith the integrationof datafrom differentsourcesto understandthepro-
cesseswhich result in agreementor disagreementbetweendata.Debateson the
lengthof a yeararelimited to scientificdiscussionson the 12thdecimal,themea-
suredheightof mountaintopsmay differ betweencountriesby a few meters;but
debatesaboutthelocationof boundarylinesoccuroccasionally, thelimits of areas
with economicproblemsaredebatedin parliamentsandthejudgmenton desirable
areasfor vacationsis mostlya questionof personalpreference.This leadsto sepa-
rationof physicalreality, objectreality andsociallyconstructedreality in different
tiersof anontology.

A multi-tier ontologyallowsto integratedifferentphilosophicalstances,from an
extremerealistor positivist view to thecurrentpost-modernpositions.Themultiple
tiers recognizethat variousapproachescontribute to our understandingof certain
aspectsof the world aroundus andtake the philosophicallyunusualposition that
noneis universal[1.162].

Thegoalof this chapteris to investigatewhattheminimal ontologicalcommit-
mentsfor spatio-temporaldatabasesare.To thisend,theconceptof ontologyin the
context of databasedesignis clarifiedfirst andthenan’observation-based’,empiri-
cally justifiedminimalontologyis designed.Theontologyis designedto facilitatea
computationalmodel.Theapproachowesmuchto theefforts in formalontologyby
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Guarino[1.105, 1.173, 1.176, 1.181] andrelatedresearchers[1.69, 1.68, 1.199]. It
connects,however, their findingswith theconceptof ’socialreality’ introducedby
Searle[1.170], which givesa foundationto mostof thesemanticsof administrative
dataprocessing.Multi-agent theory[1.73, 1.201] providesa framework to justify
thetwo-timeperspectivesusedin temporaldatabases[1.185].

1.1.1 Ontology to Dri ve Inf ormation SystemDesign

Guarino[1.107] andEgenhofer[1.74] promotetheterm’ontology driveninforma-
tion systemdesign’andexperimentsaboundto formalizeontologydescriptionlan-
guages– evenanXML-basedversionis reported[1.48, 1.183]. This is thecontin-
uationof the observation that applicationprogramsincorporatevariousproperties
of the objectshandled,propertieswhich arecodedmany times in the application
code– and not always consistently. Databaseschemata,originally usedonly for
the structuringof storageof data,weresoondiscoveredto be useful for the gen-
erationof reports(e.g. the reportgenerationlanguageof CODASYL [1.41]) and
lateralsofor theautomaticgenerationof data.Theseapplication-independentprop-
ertiesof theobjectrepresentedin a programcanbedescribedasontology. If such
ontologicalpropertiesof the objectsareconcentratedin oneplaceandif they can
be usedby variousprograms,simplificationof the softwaredevelopmentprocess
canbe achieved andapplicationsmay even gain in usability asmoreconsistency
in the operationsis achieved [1.79]. Thereis todaysubstantial– evencommercial
– interestin shareableontologies(ESPRITProject[1.70], Prot́eǵeProject[1.157]),
andtherearecompanieswhich constructandsell ontologies(CYC [1.51] or On-
tek [1.149]). Several internationalstandardizationbodies,from ISO (ISO/TC211)
[1.120] to OMG [1.148] andOGC[1.147], standardizespatialandtemporalaspects
of ontology.

1.1.2 Ontological Problemsof GeographicInf ormation Systemsand other
Spatio-Temporal Inf ormation Systems

GeographicInformationSystemshaveto reflecttruthfully thestateof theworld; in-
formationsystemswhichdonotprovidereliableandcorrectinformationareuseless.
This correspondencebetweenreality andinformationsystemwill beusedthrough-
outthischapterto defineontologyandto explainits rolein thedesignof information
systems.Thehighcostof collectingandmaintainingspatialdatahasledto morede-
mandfor datasharing:datashouldbe collectedandmaintainedonceandusedby
many [1.101, 1.197]. This forcesdifferencesin the ontologicalcommitmentsinto
theopen:

– thecontinuousnatureof reality comparedto thediscreteapproximationof space
andtime in adatabase[1.92] (chapter4 in thisvolume);

– thefactthattheworld changescontinuouslyandthedatabaselagsbehind;
– differentiationbetween’valid time’ and’ transactiontime’ in temporaldatabases

is anontologicaldifferentiation[1.184];
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– theclosedworld assumption[1.160], whichisconvenientlyassumedin databases,
is notvalid for spatio-temporaldatabases[1.79, 1.178];

– theinteroperabilityproblem,which is theinability of comparablesystemsto co-
operate[1.24];

– the internalhierarchicalstructuresfor space,time andcategories[1.93], andthe
consequentstratificationin theontologicalcategories[1.23];

– thedifficulty to combinesolutionsdevelopedfor differentapplications(compos-
ability in linguistic terminology[1.121]);

– the difficulty of describingdataand the quality of data:the so-calledmetadata
discussion[1.36, 1.142, 1.165];

– the differencesin classificationfound acrosscultural boundaries[1.30, 1.111,
1.141].

1.1.3 Structur eof the Chapter

The chapterdiscussesthe meaningof the notion of ontology in section1.2. The
following section1.3 introducestypical applicationdomainsfor spatio-temporal
databases,which areusedasexamplesin later sections.Section1.4 discussesthe
fundamentalaspectsof informationsystemsandshowshow they relateto ontology.
The next section1.5 givesan overview of the five tiers of ontology. Section1.6
discussesthe languageswhich could be usedto describean ontology. The major
part of the chapteris formedby sections1.7 to 1.11,which treat tier in detail.A
summarysection1.12lists theontologicalcommitmentsencountered.Conclusions
andfuturework arediscussedin thefinal section1.13.

1.2 The Notion of Ontology

Ontologydescribeswhatis; it is ”the metaphysicalstudyof thenatureof beingand
existence”[1.72]. In a näıve view, thereshouldbe only oneontology, as thereis
only oneworld. In practice,weobservedifferentconceptualizationsof theworld by
differentpeople.Ontology, especiallyif thetermis usedin its plural form,describes
a conceptualizationof theworld andis closelyrelatedto softwareengineeringac-
tivities like conceptualanalysis,domainmodeling,etc.[1.106].

1.2.1 ClassicalView

The notion of ontology is borrowed in ComputerSciencefrom philosophy. The
Greekphilosophers,especiallyAristotle in hisMetaphysics,inquiredwhattheprop-
ertiesof theworld andtheobjectsin it areandhow weperceivethem[1.177, 1.181].
Philosophyusesthetermontologyto describethatwhichis (ontos,Greek,to be;on-
tology, therefore:thescienceof whatis) andin thissense,it is usedasasynonymfor
’metaphysics’.Ontologyis often usedin contradistinctionto epistemology, which
is ”the field of philosophy, which dealswith the natureandsourceof knowledge”
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[1.146]. Quotedafter[1.105] epistemologyin brief is a ’ theoryof knowledge’.It is
difficult for us living in theworld to separatethedescriptionof theworld from our
knowledgeof the world andhow it is expressedin language.Strictly speaking,if
thereis only onereality, theremustalsobeonly oneontology, andthehumanviews
or conceptualizationsof this world arenot ontologiesin the strict sense.We need
anothertermfor the”theorywhatpeoplebelievetheworld is like”; onecouldcall it
’projectedontologies’or ’epistemologicalontologies’[1.153].

Ontologiesaremodeledafterscientifictheories(or thenäıvecounterpartsthereof),
especiallyphysics[1.114] andgeography[1.64], andthey generalizetherulesfound
there.Recently, philosophicalontologistshave begun to studypracticalproblems
from law, engineeringandcommerce[1.177] andthey have startedto identify the
limits of ontologiesbasedonempiricalobservationsof physicalobjects.

Augustineintroducedtherelatednotion ’universeof discourse’.As far asa ra-
tional discussionis concerned,thenotionsof ontologyor universeof discourseare
relatedto theconceptof a closedsystemandits boundary. In this sensecomputer
sciencehasborrowedthetermontologyto list whatisconsideredwithin adiscussion
or an informationsystem[1.114]; databasespecialiststalk aboutdatabaseschema,
often with the samemeaning.Davis [1.53] separatesthreelevels in the analysis
of a microworld: a level of definition of a domainmodel,a level of formalization
with typesandaxioms,andan implementationlevel (Figure1.1). In this chapter,
this approachis extendedfor spatio-temporaldatabaseswhich mustsupportmulti-
ple applicationsandthereforemultiple domainmodelswhich fit in a singlegeneric
model.

Ontology
�

Formal Language Data Structures

Ontology
�

Axioms
�

Procedures

Formal
Semantics
� Definition

�

Justified
	

by

 Justified

	
by



Justified
	

by



Domain Model Axiomatic System
�

Implementation

Fig. 1.1.Themodelingof a singleapplicationafter[1.53, p.7]

1.2.2 SocialReality

Ontologydescribeswhat is independentof an observer, what exists for every ob-
server. The ontologydescribesthe commonreality. The discussionin the pasthas
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concentratedon physicalreality: on physicalobjectsin the real world. The appli-
cability of this ontology for mostof the informationsystemsin administrationis
doubtful.Muchof whatis collectedin databasesarefactsnot aboutphysicalreality
(e.g.,thepositionof a building in coordinatespace),but ratherabouthumanagree-
ments(contracts),aboutclassificationaccordingto someculturallyfixedrules(e.g.,
who is an adult) andaboutsocialarrangements(ownershiprights).Thesearenot
physicalbut neverthelessvery ’real’.Many importantaspectsof ourdaily life fall in
this category:neithermoney normarriageor companiesarephysicallyexistingand
canbetouched.They arerelatedto physicalobjectsandspecificrelationsbetween
thembut they existsthemselvesnot physicalin nature.

Thephysicalontologycanonly describethephysicalpartof reality; thingslike
money,ownership,socialstatus,etc.,arenotrealin thesamewayasis light, physical
objects,etc.Multiple observersmayseethesameobjects(e.g.,piecesof paper)but
may not agreeon their value,becausefor someobservers and contexts someof
the piecesof paperrepresentmoney but not for otherobserversin othercontexts.
Sociologistshave pointedout that part of what seemsreal to us is constructedby
society[1.10], andSearle[1.170] hasprovided a succinctanalysisof the kind of
reality behindmoney, propertyof land,marriages,etc.,which is extremelyhelpful
to avoid someof theconfusingtanglesof ontologicaldiscussion.

Agentscreatesocialreality; they canbesingleindividuals(persons)or aggrega-
tionsof personsin agenciesor organizations.Someagents– in general,theagencies
of thestate– havethepower to makeotheragentsobservethesamerulesregarding
theobjectsthey create.Thestandardexampleis money, whichphysicallyis nothing
elsethanprintedpaper;giventhatall membersof a grouptreatmoney in thesame
way, it functionsto facilitatecommerce,despitethefactthatthefiction thatonecan
exchangepapermoney into goldhasbeendroppeda long timeago.

Socialreality, like languagesymbols,is meaningfulonly in a context. The law
of a countrycreatesa (local) context in which institutionalreality asa part of so-
cial reality is defined.We will find it helpful to useherethe exampleof the land-
registrationprocessto demonstratehow socialreality is created,becauseit demon-
stratesspatialandtemporalaspects[1.1, 1.14, 1.77, 1.144]. Ownershipof landre-
quiresspatialdelimitation, i.e., boundaries,and is, in somecountries,createdby
registrationin somesortof informationsystem(cadastre,landregistry).

Muchof socialinteractionis basedonunderstandingandspeculatingwhatother
agentsthink. Socialrulesof fairnessdictatethatagentsarenot responsiblefor not
knowing factswhichthey hadnopossibilityto learn.To judgetheeffectsof actions,
onemustthereforebeableto reconstructwhat theagentshave known at a specific
time. In othercircumstancespostingsomefactspublicly is crucial to their being
establishedsocially. For example,ownershipof landmustusuallyberegisteredin a
public registerto beenforceableagainstothers;many westernmoviesdescribethe
racebetweentwo gold diggersin orderto registertheir claimsfirst.
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1.3 Application Domains

Ontologiesare influencedby the examplesthe designeruses.Classicalontology
studies,from Aristotleonwards,arebasedonmaterialobjects,preferablysolidbod-
ies, the humanbody or animals,aswell as the actionsandeventsin which such
objectsareengaged.Hayeshasstudiedthe ontologyof liquids andfound it to be
verycomplicated[1.113]. Differentdomainshavedifferentontologicalfoundations.

Threequite differentapplicationdomainsareusedasexampleshereto assure
that the ontologicalbasefor spatio-temporaldatabasesdoesnot includecommit-
mentswhich will excludetheapplicationto otherdomains:

– a table-topsituation,with solidandliquid materialobjects,asthey arecustomar-
ily foundon a dinnertable;theseobjectsaremovedaroundby humans;

– a city environment,wherepersonsor carsmove betweenbuildings and along
streets(similar to examplesfoundlater, for example,in chapter4.

– a geographicsituation,with plots of rural land, forest, roadsand rivers,where
peopleandanimalscanmove unrestrictedacrossthe land (somewhat relatedto
theski resortexample(chapter5 in this book).

The different examplesshoulddemonstratethe breadthof the realm of applica-
tions requiringspatio-temporaldatabasesand the differencesin their conceptual-
ization of reality. I have recommendedthatparticularontologiesbe developedfor
specificapplicationareas[1.79]. For example,an ontology for farming is highly
desirableto connectthe rulesfor datacollection,calculationof agriculturalsubsi-
diesin theEuropeanUnion andthe integrationof theresultingdatabasefor policy
[1.80]. Bernasconihasdocumentedanontologyfor thesewersystemsof acommune
[1.11]. Furtherwe urgentlyneedconcreteontologiesfor land registrationto build
thebasesoftwareusablein severalcountrieswith differentlegislation[1.14, 1.144].
Last but not least,an ontologyof traffic, privateandpublic, would be very useful
in the exchangeof databetweendifferenttraffic guidancesystems,transportation
scheduleservicesandcarnavigationaids.Thefoundationontologyincorporatedin
thespatio-temporaldatabasemustbeopento allow eachof theseontologies,indeed
it mustbepossibleto integratemorethanoneof them.

1.3.1 Table-top Situation

A well-researchedabstractionof thesituationon a dinnertablewasoneof thefirst
examplesof a computerscienceontology: the blocks world [1.8]. It consistsof
solidblocks,whichcanbestackedontopof eachother. Thishasservedasafruitful
exampleto discussthe meaningof ontologies[1.104] and to discussthe formal
definition of the semanticsof spatialrelations[1.90, 1.118]. More complex is an
environmentwhich includesliquids in bottlesor cups[1.113]. Liquids do not have
a fixedform, but fill theholesin otherobjects(only specifickindsof holescanbe
usedto containliquids [1.34]). Liquids canbepouredandmixed,but it is generally
impossibleto separatetwo piecesof a liquid oncethey aremerged[1.137, 1.138].
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Fig. 1.2.Table-topsituationwith solidobjectsandliquids

Theobjectson a tableareundercontrolof a personmanipulatingthem(Figure
1.2). Possessionof an objectby a personmay signal legal ownershipandwe see
herea closeconnectionbetweenphysicalpossessionandownership.

Onecanseethatobjectsareconceived in sucha way that importantinvariants
aremaintained.Theregularlawsof conservationof matterapplyandmaterialprop-
erties,for example,color, specificweight, remaininvariantundera large number
of operations.Solid objectson a tablemaintaintheir size,volumeandform. More
complex ontologiesapplyfor cooking,wherelessinvariantsaremaintained:neither
form, color, or volume,norweightis preserved.

1.3.2 Cityscape

A city containsbuildings and streets(Figure 1.3). We can understandthe build-
ingsascontainerswhich arefurthersubdividedinto rooms.Personscanbein these
rooms.Doorsbetweentheroomsallow peopleto movebetweentheroomsor leave
thebuildings.Streetsareformedby theemptyspaceavailablefor movement.Streets
andplazascan,again,be seenascontainers,but for navigation in a city, a linear
conceptionof astreetasapathbetweendoorsis amoreeffectiveconceptualization.
For mostpurposes,thedetailsof themovementof a personin a streetis irrelevant,
importantis only thatthepersonfollowsthestreetfrom intersectionto intersection.

But notonly acontaineranda linearmodelof spaceareapplicable,wefind also
anarealone:Consideringthe rainfall on buildings, theamountof rain runningoff
a roof is proportionalto thearea.Therunoff thenfollows thestreetsandin modern
citiesdisappearsin thesewernetwork (againa linear, graphlike,structure)[1.29].

Buildings,streets,plants,etc.,donotmovefrom their locationandtheprocesses
of creationtake much time. Persons,carsand other vehiclesmove amongthem
rapidly; theirmovementis restrictedto certainpathways.
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Fig. 1.3.City situationwith buildings,streetsandpeople

This exampleshows how differenttasksleadto differentconceptualizationsof
space:the samecityscapeis seenin termsof volumes,areasand lines. But even
within a single type of geometry, for example,the linear network structureof a
streetnetwork, different levels of detail areused,dependingon the specifictask:
planninga trip usesa lessdetailedrepresentationof the streetnetwork than the
descriptionof a pathto take, whereevery intersectionmustbe mentioned.Finally
driving in lanesandchangingbetweenlanesis yet a third level of detail in a street
graph[1.192]. A hierarchyof containersis alsousefulto navigatein acity environ-
mentandto producemapsat differentlevelsof cartographicgeneralizationfor this
purpose[1.191].

Physicalpossessionis not sufficient to indicateownershipof land.Legal insti-
tutions,oftencalledlandtenure,arenecessaryto transferandpublicizeownership
andotherrights in land.Theregistry of deedsor a registry of title aremaintaining
public knowledgeabouttheserights.

1.3.3 GeographicLandscape

The first objectof the geographicworld is the surfaceof the world and its form
(Figure1.4).Thelandscapeis seenasanundulatedsurface(a two-dimensionalge-
ometricalobject)embeddedin three-dimensionalspace.The geologicalprocesses
createthis surface,most importantly througherosioncausedby water flow. The
generalimportanceof water andwaterflow for our lives leadsto the conceptof
heightmeasuredaspotentialwith respectto a referencepotentialassumedas’sea
level’.

Water flows under the force of gravity over surfacesand forms rivers at the
bottomof valleys.Streamsform alinearnetworkandwatershedsform afunctionally
definedsubdivision of space– for every point alonga streetnetwork thereexistsa
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Fig. 1.4.Landscapewith hills andvalleys

correspondingwatershed(namelyall theareafrom which waterflows to this point)
[1.88, 1.150, 1.151].

Couclelishaspointedout the contradictionbetweenobjectsandfields: ”peo-
ple manipulateobjectsbut cultivatefields” [1.46]. The surfaceof the earthis di-
vided into parcels,which aremanipulatedlike objects,boughtandsold like books
or shoes.Fencesdivide thefieldsandstreetslink fieldsto populatedplaces.

Remotesensingallows observationof largeareasandpermitstheclassification
of actuallanduse.Areasof uniform use,for example,forestarea,do not automati-
cally correspondto theareasof landownership.Themapsin planningofficesshow
the intendeduseof somearea,but this doesnot automaticallycorrespondto actual
use.

All objectsin the geographicworld changeandmove, but somemove much
fasterthanothers.Most geographicprocessesaresomuchslower thanthemajority
of humanactivities thatgeographyseemsto bethe’stable’backdropagainstwhich
otherprocessesareplayedout.Mountainsandriversdonotmove,peoplemovebe-
tweenthem.Consideringa geologicalscale,mountainsrise andareeroded,rivers
changetheircourses;changesin landusearerelatively rapidandwoodscanappear
or disappearwithin a few decades.Movementsof geographicobjectsarequalita-
tively differentfrom themovementof personsalongastreetor acrossafield [1.89],
like theairplanesin chapter4 of this volume.

Man-madeobjectsin the landscapearesharplydelimited,but mostnaturalob-
jectsdo not have sharpboundaries.Variousmethodshave beendiscussed– from
fuzzylogic to qualitativereasoning– to dealwith objectswith undeterminedbound-
aries,from foreststo geographicregionslike ’ theNorthSea’[1.26, 1.25].
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1.4 Model of Inf ormation Systems

Informationsystemsareadvancedformsof symbolmanipulation,but this point of
view is not sufficient to understandthe relationbetweenreality and the informa-
tion thesystemprovides.Informationsystemsareusedto makementalexperiments
whenrealexperimentsareundesirable,tooexpensive,etc.They areusefulandvalu-
ableonly if theinformationthey representcorrespondsto thestateof therealworld.
This correspondencebetweenreality andinformationsystemis usedto definefor-
mally themeaningof ontologyin a model.

1.4.1 Inf ormation SystemsasVehiclesof ExchangebetweenMultiple Agents

The simplestsituationin which ontological issuesbecomeimportantrequiresat
least two cognitive subjects,both of which considerreality possibly in different
ways, and both of which communicateaboutthis reality. The cognitive subjects
herewill becalled’agents’to stressthatwe includesinglepersonsaswell asmulti-
personorganizations,for example,stateagencies,companies,etc.A practicalex-
ampleis the collectionof streetinformationby oneagent,which is thenprovided
to anotheragentto help him find his way; this is done,for example,by national
mappingagencies,which collect topographicinformationanddistribute this infor-
mationto thepublic in theform of maps;but it is alsoencounteredwhensomebody
informsa friendhow to find his wayhome[1.83].

Fig. 1.5.An agentproducinga mapandanotheragentusinga mapfor navigation[1.83]

The basicsituationis sketchedin Figure1.5: a personobservesthe world and
buildsadatabaseof hisobservation(’beliefs’ in theterminologyof [1.53]). Hegives
thisdescriptionof theworld, which is asmalldatabase,to anotherperson,whouses
it to find his way to a goal.The datain the databaseareonly useful to this other
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personif hisplannedpathis effectiveandbringshim to thedesiredlocation.For this
it is necessarythat the informationgainedfrom queryingthe databaseis the same
informationasthattheagentwould gainif hewould inspecttheworld directly. For
examplethe lengthbetweenthe two streetintersectionsmustbe predictablefrom
thedatabasewith sufficientprecisionto selecttheshortestpath.

Abstractingfrom the particularsof Figure1.5 we arrive at Figure 1.6, which
shows reality andthemodelof reality in theinformationsystemandtheoperations
which enablepersonsto interactwith the informationsystemandreality:

�
stands

for thereality, � for therealmof thedatarepresentation, for themappingbetween
the dataandreality. An operation��� carriedout on the datamusthave the same
effect as the correspondingoperation��� carriedout in reality; mathematicallya
homomorphismmustexist betweenrealworld anddata[1.99, 1.104, 1.116]:����������������������������������� (1.1)
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Fig. 1.6.Homomorphism[1.76,p.18]

1.4.2 Corr ectnessof Inf ormation SystemRelatedto Observations

Thecorrectnessof aninformationsystemis expressedasahomomorphismbetween
theinformationsystemandsomeportionof reality. Themappingbetweendatarep-
resentationandreality is basedon observations.A genericobserve operationlinks
reality to adatavalue.Observationprovidesahomomorphismfor all operationsde-
finedin theinformationsystem:theprogrammedmethodwhich returnstheshortest
pathbetweentwo nodesin anavigationsystemandtheshortestpathtraveledin the
city mustcorrespond(otherwisethe informationsystemdoesnot properly inform
abouttheportionof reality it pretendsto model).
For all objectsin  in

�
andall !#" in

�
and !#"%$ in �!�&('*)+ -,.)/!#"0�1 ��2�3!#" $ �4!�&('*)* -,5)/ �� (1.2)

Theapproachsuggestedhereis relatedto thecorrespondencetheoryof truth intro-
ducedby Aristotle and reformulatedby Tarski [1.189]. It goes,however, beyond
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the regular correspondencebetweenconceptsandreality, but links all conceptsto
observationsof reality and operationsto actionsappliedto the objectsin reality
(Figure1.7).Theobjects1 and2 areobserved,operation� appliedto objects1 and
2 resultsin object3 – for example,the shortestpathbetweentwo locations1 and
2 requiresturn 3 at location1. Carryingout theaction’ turn 3’ completesthe loop
from theobservationof theworld to actingon theworld andobservingtheresults
of theaction:6.798 ��!#" $ �4!�&:'+)* -,.)5�4 -;+�9<=!�&('*)+ -,.).�1 +>-���?�� 6.798 ��!#" $ �4� ; <=� > ����3!#"0� 6.798 ��� ; �9< 657(8 �4� > �?��3!#"0�1 ; <? > � (1.3)

with 657(8 �@!�&('*)* -,5)�A ; and 6.798 �4!#"B$C�4 ����D�@!#"/� 6.798  E� (correspondingto equation
1.2).

perceive

act

Agent
F

in

Environment

Fig. 1.7.Observationandactionform a closedloop

Observationslink reality to dataandactionslink datato reality. In this closed
loop,theconnectionbetweentheobservationoperationandtheontologyappliedby
theobservingagentcanbecomparedto theactionandtheontologyit implies.

1.4.3 Semanticsfor Terms in Inf ormation Systems

The meaningof the symbolsin an informationsystemare linked by conventions
with the objectsin reality at the level of individual instancesor tokens;Saussure
alreadyhaspointedout that words are only meaningfulin the context of a lan-
guage[1.166]. Individualsin realitycorrespondto entitiesin thedatabase.Database
booksasearlyas1978[1.132] describedperceptionandcodificationconventions,
which connecttherealworld in which humanslive to the informationsystem.The
databaseschemalists the typesof objects,usuallydescribingthemwith common
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nouns.Softwareengineeringtoolsequallyrely on naturallanguageanda common
understandingof words[1.21, 1.45].

It is, however, well known thatnaturallanguagetermshave multiple meanings,
andevencommonterms,like ’roadwidth’, mayhavemultiple,slightly differing in-
terpretationsin differentcontexts [1.38]. Definingthenaturallanguagetermsusing
othernaturallanguagetermsleadsto infinite recursion.Somelinguiststry to iden-
tify asmallnumberof basewordsfrom whichall otherscanbedefined;it is claimed
thata list of about100basewordsoccurringin all naturallanguagesis sufficient for
this [1.202]. Easilyaccessibleis the Wordnetproject,which defineswordsby sets
of synonymsandcoverscurrentlyover150’000Englishwords[1.72].

The specificationof semanticsis a deepproblem,which makes it difficult or
impossibleto link different databases[1.101, 1.197] to producecomprehensive
databasescoveringa largearea.It hasprovenvery difficult to constructdatabases
coveringtheEuropeanUnion,dueto differencesin theinterpretationof terms.Take
the simpleconceptof dividing a populationin minorsandadults;Europeancoun-
triesusedifferentagethresholdsfor adulthoodandthereforeto establishthenumber
of Europeanadultsis a questionableproject.However, to make statisticscovering
eachagegroup,definedby numericalage,is muchlesserror prone,asthesecon-
ceptsaremorelikely useduniformly. Thecustomaryapproachfor databaseintegra-
tion is basedon thecomparisonof somestaticpropertiesof thedatabaseschemata,
but the importantdecisionsare left to the teamof databasedesignersto establish
links wherepossible[1.55].

1.4.4 Grounding of Semanticsin PhysicalOperations

Cognitive linguists,in particularLakoff andJohnson,suggestthat the meaningof
wordsis relatedto thebodily experienceof humanswith theworld [1.122, 1.128].
Thepossiblebaseinteractionsof humansin the world aresimpleandlimited, and
theirmeaningis capturedin so-called’imageschemata’.An incompletelist is given
in (Table1.2)andthecloseconnectionto thelist preparedby Wierzbicka[1.202] is
striking,despitethecompletelydifferentapproachesfollowed.

Container Balance Full-Empty Iteration Compulsion
Blockage Counterforce Process Surface RestraintRemoval
Enablement Attraction Matching Part-Whole Mass-Count
Path Link Collection Contact Center-Periphery
Cycle Splitting Merging Object Scale
Near-Far Superimposition

Table 1.2. imageschemata(after[1.122])

Thespecificationsof the imageschematarelateto operationshumanscanper-
form and their results.The semanticsof closely relatedtermsare describedin a
cluster. For example,thecontainerimageschemais describedby operationsof put-
in, take-out,the effectsof which canbeobservedby testingwhethersomethingis
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in thecontaineror not (table1.3).Thedefinitionof themeaningof symbolsin the
informationsystemmustbesuchthatanisomorphismbetweeninformationsystem
andreality obtains[1.90]. This overcomesmostof theclassicalproblemswith the
definition of words,at leastfor the meaningof wordsusedto describethe physi-
cal, spatialandtemporalworld. Thecomplex, abstractconceptshumansarecapa-
ble of arecombinedfrom thesebaseconceptsby transformation(Lakoff callsthem
metaphoricalmappingin [1.130, 1.128], FauconnierandTurnerusetheterm’blend’
[1.71, 1.195]). Goguenhasshown how to formalizesuchblends[1.99].

Operations: G9HJI5K�L MNM O%P
Q O(RSHJI5K�L MNM O%PUTWVYX:X+ZO Q�[ G MNM O%PUT]\E^_KI.`5K MNM PUTaO%PUTaObP

Q O#\E^ MNM PUTaO%PUTWVYX:X+Z
Axioms:Q O(RSHJI5K�Ldc1G9HeI5KCL�f g hji:`_G
Q O9RkHJI5K�LdclI.`�K#c�P m O:fnf g opP�ZqO(GO Q�[ G�c1G9HJI5K�L�f g rO Q�[ G�clI5`5K#c�P m O:fnf g s/tuO Q4[ GEc4O(fQ O#\E^vc�P m G9HJI5K�L�f g opP�ZqO(G
Q O#\E^wc�P m I.`5K=c�x m O:fnf g

if

Pegyx
then

hji:`_G
else

Q O#\E^wc�P m O(f
Table 1.3.AlgebraContainer
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1.5 The FiveTiers of the Ontology

1.5.1 PhysicalReality Seenasan Ontology of a Four-DimensionalField

The physicallaws which describethe behavior of the macroscopicworld can be
expressedasdifferentialequations,which describethe interactionof a numberof
propertiesin space– seenasformingacontinuum.For eachpoint in spaceandtime
a numberof propertiescanbe observed: color, the forcesactingat that point, the
materialandits properties,like mass,meltingtemperatureat thatpoint,etc.Move-
mentof objectscanbedescribedaschangesin theseproperties;eventhemovement
of solid objectscanbe describedas the result of the cohesive forcesin the body
maintainingits shape.Thedescriptionof reality by differentialequations(e.g.,the
descriptionof forceson a plateundera load p) is widely usedin mechanicaland
civil engineering,geology, etc.Modelsof mechanismsor building structuresarede-
scribedandtheirreactionundervariousappliedforcesis analyzed.Thisview is also
quitenaturalfor moststudiesundertheheadingof ’global systems’[1.143].

A field model canbe observed at every point in spaceand time for different
properties:
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��1{v<?|}<?~%< 8 ��� 6 (1.4)

Abstractingfrom thetemporaleffects,a snapshotof theworld canbedescribedby
theformulawhich Goodchildcalled’geographicreality’ [1.100].��1{v<?|}<?~.��� 6 (1.5)

The processesoccurringin this physicalreality have spatialand temporalexten-
sions:someare purely local and happenvery fast; othersare very slow and af-
fect very large regions.The processesof objectsmoving on the tabletopare fast
(m/sec)andthe spatialextent is small (m); movementof personsin cities is again
fast (m/sec)andthe movementsof the buildings very slow (mm/annum);geolog-
ical processesarevery slow (mm/annum)andaffect largeareas(1000 �.� > ). One
canthusassociatedifferentprocesseswith differentfrequenciesin spaceandtime
[1.93]. Eachscienceis concernedwith processesin a specificspectrumof space
andtime,which interactstrongly;otherprocesses,not includedin this science,ap-
pearthento beeithersoslow or sofastthatthey canbeconsideredconstant.Space
andtime togetherform a four-dimensionalspacein which otherpropertiesareor-
ganized.Giving spaceandtime a specialtreatmentresultsin simplerformulations
of thephysicallaws thatareof particularinterestto humans.For example,theme-
chanicsof solid bodies,e.g.,themovementof objectson a tabletop,is explainable
by Newtonianmechanicallaws, which relatephenomenawhich areeasilyobserv-
ablefor humansin a simpleform ( '���, 8 , etc.).Othersciences,e.g.,astrophysics,
preferothercoordinatesystemsin which massis included.

However, theassumptionthat theformula 6 ����1{v<?|}<?~%< 8 � describesa regular
functionwhich yieldsonly a singlevalue,is equivalentto theassumptionthatthere
is only one single space-timeworld and excludes’parallel universes’as partsof
reality.

1.5.2 Observation of PhysicalReality

Agentscan– with their sensesor with technicalinstruments– observe thephysical
reality at thecurrenttime, the’now’. Resultsof observationsaremeasurementval-
ueson somemeasurementscale[1.187], which maybe quantitative or qualitative.
Suchobservationsareassumedin laterchaptersof this bookto describe,for exam-
ple, themovementof airplanes.Observationwith a technicalmeasurementsystem
comesverycloseto anobjective,human-independentobservationof reality. A sub-
set of the phenomenain reality is objectively observed. Many technicalsystems
allow thesynchronousobservationsof anextentof spaceat thesametime, for ex-
ample,remotesensingof geographicspacefrom satellite(figure 1.8). Typically a
regulargrid is usedandthepropertiesobservedareenergy reflectedin somebands
of wavelength(thevisiblespectrumplussomepartof infrared).

Thesamekind of observationassamplingin a regulargrid canbeusedin any
othersituation,theblocksworld on my tableaswell asthecity, includingmoving
objects.They canbesampledanddescribedasaraster. Suchobservationsaremainly
usedfor robots,whereTV cameraswhichsamplethefield in a regulargrid areused
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Fig. 1.8.Remotesensingimage

to construct’vision’ systemsto guidetherobot’s in manipulatingobjectson a table
or moving throughbuildings[1.127].

1.5.3 Operationsand Ontology of Indi viduals

Our cognitive systemis so effective because,from the array of sensedvalues,it
formsindividuals,whichareusuallycalledobjects,andreasonswith them.Thinking
of tablesandbooksandpeopleis muchmoreeffectivethanseeingtheworld ascon-
sistingof datavaluesfor setsof regularly subdividedcells (i.e., three-dimensional
cells,oftencalledvoxels).It is economicalto storepropertiesof objectsandnotdeal
with individual rastercells.As JohnMcCarthyandPatrickHayeshavepointedout:

...supposea pair of Martiansobserve thesituationin a room.OneMartian
analyzesit asa collectionof interactingpeopleaswe do, but the second
Martian groupsall the headstogetherinto onesubautomatonandall the
bodiesinto another. ...How is thefirst Martianto convincethesecondthat
his representationis to bepreferred?...hewould arguethat theinteraction
betweentheheadandthebodyof thesamepersonis closerthantheinter-
actionbetweenthedifferentheads.... whenthemeetingis over, theheads
will stopinteractingwith eachotherbut will continueto interactwith their
respectivebodies.[1.135, p.33]

Our experiencein interactingwith theworld hastaughtusthattheappropriatesub-
division of continuousreality is that into specifictypesof individuals.Insteadof
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reasoningwith arraysof connectedcells(asis done,for example,in computersim-
ulationsof strainanalysisor oil spill movements),we selectthe shorterandmore
directreasoningwith individuals:Theelementson thetabletoparedividedinto ob-
jectsat theboundarieswherecohesionbetweencells is low; a spoonconsistsof all
thematerialwhichmoveswith theobjectwhenI pick it upandmoveit to adifferent
location.This is obviouslymoreeffectivethanindividualefforts to reasonaboutthe
contentof eachcell. Animalsandmostplantsform individualsin a naturalway.

The cognitive systemis very fast in identifying objectswith respectto typical
interactions.Weseethingsaschairsor cupsif they arepresentedin situationswhere
sitting or drinking are of potential interest(underother circumstances,the same
physicalobjectsmaybeseenasa box or a vase).Thedetectionof ’affordances’of
objectsis immediateandnot conscious.Theidentificationof affordancesimpliesa
breakupof theworld into objects:theobjectsarewhatwe caninteractwith [1.98].
Cognitivesciencehasdemonstratedthateveninfantsattheearlyageof threemonths
haveatendency togroupwhatthey observein termsof objectsandto reasonin terms
of objects.It hasbeenshown thatanimalsdo the same.Most of the efforts of our
cognitivesystemto structuretheworld into objectsareunconsciousandsoit is not
possiblefor usto scrutinizethem.Therearea numberof well-known effectswhere
a rasterimageis interpretedin oneor theotherway; for example,Figure1.9canbe
seenascubeor a corner, but not bothat once.In Figure1.10the decisionwhat is
foregroundandwhatis backgroundis arbitrary, but wecanalternatively seethetwo
facesor thevase,not bothat thesametime.

Fig. 1.9.A cubeor a corner?

Efforts to explain thecategorizationof phenomenain termsof commonnouns
basedonafixedsetof properties,asinitiatedby Aristotle,occasionallyleadto con-
tradictions.Dogsareoften definedas’barking’, ’having four legs,etc.’; but from
suchasetof attributesit doesnot follow thatmy neighbor’sdog,which losta leg in
anaccident,is no longeradog.Modernlinguisticsassumesgenerallythatprototype
effectsmake someexemplarsbetterexamplesfor a classthanothers.A robin is a
betterexamplefor abird thanapenguinoranostrich[1.163, 1.164]. Linguisticanal-
ysis suggeststhat the waysobjectsarestructuredarecloselyrelatedto operations
onecanperformwith them,andempiricaldatasupportthis [1.72, 1.121].

Humanshave a limited setof interactionswith theenvironment– thesensesto
perceiveit andsomeoperationslikewalking,pickingup,etc.– andtheseoperations
arecommonto all humans.Thereforetheobjectstructure,at leastat thelevel of di-
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Fig. 1.10.Two facesor a vase?

rectinteraction,is commonto all humans,andit providesthefoundationonwhichto
build thesemanticsof commonterms[1.129]. In general,thewayindividualobjects
andobjecttypesareformedvarieswith thecontext, but is not arbitrarily. Dif ferent
from theviewpointof physics,humansexperiencespaceandtimenot justasdiffer-
entdimensionsof a continuum.Time is experiencedby all biologicalsystemsasa
vectorandprocessesarenot reversible– energy is usedanddissipated,andentropy
increasesby thelawsof thermodynamics[1.47]. All observationof theworld is lim-
ited to theobservationat thetime ’now’. ’Now’ is not only a difficult philosophical
problem[1.75] but alsoa tricky problemfor temporalquerylanguages.

Humanexperienceof time contrastswith space,which is isotropic: it hasthe
samepropertiesin all directions.Humansexperiencethedirectionof gravity asmost
salient’up-down’ axis,which leavestheplaneorthogonalto gravity asspacewhich
is experiencedisotropically– what is in front of me is behindme if I turn around
[1.196]. Objectscanmove,nearlywithouteffort, in thisplaneandthesemovements
are reversible.The geometryof the object– especiallythe distancebetweentwo
pointson theobjector angles– remainsthesame,independentof movement.

Pointsin spaceseemnatural,despitethe fact that they areabstractions,which
cannotbematerialized.Similarly, time-points,calledinstants,areimportantto mark
boundariesbetweenintervals [1.95]. Spatial objectshave boundaries,which are
lines andsurfaceswhich boundvolumes.The objectsof the tabletoparemodeled
as solid volumes,most of them with fixed form (except for liquids andsimilar).
Their surfacescantouch,but the volumescannotoverlap.Euler hasdescribedthe
rules for the manipulationof polyhedrons,so-calledEuler operators,for merging
and splitting of solid objectsand theserules were usedto constructan ontology
for ComputerAided Designsystems[1.56]. Themovementof solid objectscanbe
representedasa translationof thecenterof gravity anda rotationaroundthis point.

An agent– and its database– may abstractspacein oneof several ways,for
example,a regular rasterof observationsor anobjectconcept,or mayusethemin
combination.Thelinkagebetweentheseviewsposesdifficult theoreticalproblems,
whichareaddressedin thespatialreasoningcommunity. Thequestion”what is spe-
cial aboutspatial?”hasbeenaskedby severalauthors,but no generallysatisfactory
answerhasbeengiven[1.57, 1.139].
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1.5.4 SocialOntology

Humanbeingsaresocialanimals;languageallowsustocommunicateandto achieve
high levelsof socialorganizationanddivisionof labor. Thesesocialinstitutionsare
stable,evolveslowly andarenotstronglyobserverdependent.Conventionallyfixed
namesfor objects,but alsomuchmorecomplex arrangementswhich arepartially
modeledaccordingto biological properties,for example,the kin system,or prop-
erty rights derived from physicalpossession,canbe refinedandelaboratedto the
complex legalsystemof today’ssociety.

Names. Thecommonnamesin languageareclearly theresultof a socialprocess:
wordsasnamesfor individuals.Thisgivesidentifiersfor objects,whicharedifferent
from predicatesto selectanindividualbasedonsomeuniquesetof properties.Nev-
ertheless,sociallyagreedidentifiersseemto bepartof theindividual,becausethey
exist outsideof theobservingagent.Pointingout that’chien’, ’Hund’ and’cane’are
equallygoodwordsto describewhatin Englishis calleda dogshouldmake it clear
thatnoneof thesenamesis morenaturalthanany other. Examplesfor propernames
andsimilar identifiersreachfrom namesfor personsandcitiesto licenseplatesfor
cars;therearealsoshort-livednamescreated,like ’my fork’, duringa dinner.

Institutions. Socialsystemsconstructrulesfor their internalorganization[1.10],
for example,laws,rulesof conductandmanners,ethics,etc.Suchrulesarenotonly
procedural(”thou shaltnotkill”), but oftencreatenew conceptualobjects(e.g.,mar-
riagein contradistinctionto cohabitationwithoutsocialstatus,adultpersonasalegal
definition andnot a biological criterion,etc.).Institutionsareextremelyimportant
in our daily life andappearto usasreal(who would deny thereality of companies,
for example,Microsoft Corporation).

Much of what administrationandthereforeadministrative databasesdealwith
arefactsof law - theclassificationof realityin termsof thecategoriesof thelaw. The
ontologyof theseobjectsis definedby the legal systemandis only looselyrelated
to theontologyof physicalobjects;for example,legalparcelsbehave in someways
similar to liquids: onecanmerge thembut it is not possibleto recreatethe exact
sameparcelsagain(without theagreementof themortgageholders)[1.137, 1.138].

1.5.5 Ontology of CognitiveAgents

Cognitiveagents– personsandorganizations– have incompleteandpartialknowl-
edgeof reality, but they usethisknowledgeto deduceotherfactsandmakedecisions
basedon suchdeductions.Agentsareawareof thelimitationsof theknowledgeof
otheragents;socialgames,socialinteractionandbusinessareto avery largedegree
basedonthereciprocallimitationsof knowledge.Gametheoryexploresrulesfor be-
havior underconditionsof incompleteknowledge[1.6, 1.54, 1.145]. Theknowledge
of a personor an organizationincreasesover time, but the knowledgenecessarily
lagsbehindthechangesin reality. Decisionsaremadebasedon this ’not quite’ up-
to-dateknowledge.Socialfairnessdictatesthattheactionsof agentsarejudgednot
with respectto perfectknowledgeavailablelater, but with respectto theincomplete
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knowledgetheagenthador shouldhave hadif hehadshown duediligence.Some-
timesthelaw protectspersonswhohavenoknowledgeof certainfacts.Thepopular
sayingis ’Hindsight is 20/20’ or ’afterwards,everybodyis wiser’. A fundamental
aspectof modernadministrationis theconceptof anaudit:administrativeactsmust
beopento inspectionto beableto assesswhetherthey wereperformedaccordingto
therulesandregulationsor not.Auditsmustbebasedontheknowledgeavailableto
theagent,notonthefactsdiscoveredlater. For auditsit mustthereforebepossibleto
reconstructtheknowledgewhich anagent,for example,in a public administration,
hadat acertaintime.

1.6 The Languageto Describethe Ontology

Someformal languageis necessaryfor the descriptionof an ontology. Database
schema,for example,aredescribedin theDataDescriptionLanguage[1.3]. Thede-
scriptionof ontologiesusinglogic or the useof datadescriptionlanguagesresting
on the relationaldatamodel to describethe schemaof a databaseis (barely)suf-
ficient to capturethemeaningof the termsfor a snapshot,ana-temporaldatabase.
Numerouspracticalexperiencesshow thatdescribingspatialdatatypeswith these
meansis verydifficult [1.85, 1.92, 1.167], andtheproblemsencounteredwheninte-
gratingdatafrom differentsourcesaresofarnot resolved[1.55]. Thedescriptionof
ontologiesfor spatial-temporaldatabasesis even moredemanding.In this section
we proposeto usealgebras,which are not restrictedto static relations,but per-
mit to describeobjectsandoperationsin the samecontext andthusbettercapture
temporalaspects.Practicalproposalsfor the descriptionof conceptualmodelsfor
spatio-temporalapplicationsfollow laterin this book(chapter3).
Thelanguageusedto describeanontologyshouldhavethefollowing properties:

– formal, independentof subjective interpretation,i.e., it mustbe describedasan
algebrawith (abstract)types,operationsand axiomsfixing the behavior up to
isomorphism[1.65];

– declarativeandindependentof implementation;
– typed,to avoid thedifficult logical tanglesof untypedlanguages:Russell’s anti-

nomy with setscontainingthemselvesandGoedel’s undecidabilityproblemare
not existing in a typeduniverse;

– automatedmethodsto checktheconsistency of ontologiesmustexist [1.86]; it is
not humanlypossible,to write substantive formal systemswithout error [1.50],
quotedafter[1.82, 1.154].

– executable,at leastasa prototype:it is very difficult to assessif a given formal
descriptioncapturesthecorrectintuition abouttheworld; however, humanbeings
arevery goodin judgingif a modelis a correctdescriptionof their experienceif
onecanexecuteit [1.86].

Many aretemptedto inventanew languageto describeontologicalmodels[1.131],
but this is not necessary. Ontologiesaretraditionally investigatedusinglogic, pri-
marily first-orderpredicatecalculus,wherethevariablesrangeover theindividuals
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(instancesor tuplesin thedatabasejargon) [1.33]. This approachis very usefulto
constructrulesto capturethefoundationclassesfor reusableontologies[1.107]. The
differentiationbetweenan extensionaland intensionalinterpretationis important,
i.e., possibleworld semantics[1.125] mustbe considered.Ontologiesfor spatio-
temporalsystemscanbeformulatedin temporallogics,or in situationcalculusin-
troducedby McCarthy, andextendedto a usefulformalizationfor actionsby Reiter
[1.161]. Mereology[1.171] andmereotopology[1.175] extendontologicalstudies
to thespatialdomain.Theformalismof simplelogic formulaeis easyto understand,
but whenthenumeroustechnicalrestrictionsareaddedto dealwith timeandspace,
the resultingdiscussionsare very difficult to follow. Further, the useof logic is
veryoftenleadingto formalizationswhicharenotconstructiveandthusnotdirectly
translatableinto implementations.For example,thewidely referencedRCCcalcu-
lus usesnon-constructive axioms[1.159] and is therefore”not suitablefor direct
implementationin a reasoningsystem”[1.22, p.2].

An alternative with equallygoodmathematicalpedigreeis algebra.Heretech-
nically, by ’algebra’ we understanduniversalalgebras(specificallyheterogeneous
or multi-sortedalgebra)asintroducedby Birkhoff [1.12, 1.13, 1.134]. An algebra
is a triple, namelya setof carriers,a set of operationswith signaturesand a set
of axiomswhich definetheoperations[1.134]. An algebradescribessomeabstract
behavior of asetof objects,calledthecarrier, which is not furtherspecified.Hetero-
geneousalgebrasallow multiplecarriersfor theirobjects,whichcorrespondroughly
to thenotionof typein computerscience[1.32]. Theremayexist severalrealizations
for an algebra,often calledmodelsor implementations(for example,in chapter4
of this book),which cannotbeseparatedwith themethodsincludedin thealgebra.
Onesaysthatanalgebradefinesobjectsandtheir behavior up to an isomorphism;
all modelsof thealgebraareisomorphic,they show thesamebehavior with respect
to the observationspossiblewithin the algebra.Technically, the world andthe in-
formationsystemarethenmodelsfor theabstractbehavior describedalgebraically.
The definition of structureup to isomorphismis exactly what is desirablefor an
ontologyusedfor thedesignof informationsystems:theontologyshoulddescribe
thebehavior of realityandinformationsystemequally. Therulesobservedin reality
and the rulesusedin the informationsystemmustbe structurallythe same(they
cannotbe the samerules,asthe former apply to physicalobjectsandthe latter to
thedataobjectsrepresentingthesein thedatabase).As anexample,we useherethe
familiar naturalnumbersN (equations1.6-1.11).The axiomsfor naturalnumbers
areasgivenby Peano[1.136]:

�e�D�
(1.6)� � ����� � $ �1� $ ��� �(<�� $ is calledthesuccessorof m.) (1.7)� � ��� � $��� �

(1 hasnopredecessor). (1.8)�u<?� �D� <�� $ ��� $%� ����� (1.9)��� � � � � � providedthatthefollowing conditionshold:�U� �
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� � � < � � $ � � � (1.10)

Addition:�u<#� �D� <d��� �J�q���� $ < � �4�����d� � ����� $ ���4�����b� $ (1.11)

For naturalnumberstherearemany differentrealizations– asArabic numbers,
Romannumerals,apples,sheepsin a flock or binary numbers(figure 1.11).In all
cases,the rulesfor additionhold the sameway. ���5���3�5�y����  is the sameas¡ ��¢£��¤ .

+ =

+ =

+ =

Fig. 1.11.Differentrealizationsof thenaturalnumbers

The essenceof an algebra,completelyabstractingfrom the representation,is
capturedin categorytheory[1.5, 1.9, 1.155]. Thiscanbeappliedto querylanguages
[1.115] or to algebraicspecifications[1.66, 1.133].

1.6.1 Toolsto Implement Ontologies

Thealgebraicapproachfor thedefinitionof ontologiesfor spatio-temporaldatabases
canusemodernfunctionalprogramminglanguagesastoolsfor formalizationandto
build executablemodels.Universalalgebraandthedevelopmentof functionalpro-
gramminglanguagesrestonthesamemathematicalfoundations:categorytheory. In
category theorypropertiesof operationsarediscussedin completeabstractionfrom
theapplicationof theoperationonobjects[1.5].

Functionalprogramminglanguagescanbe implementedtodaycloseto math-
ematicalconceptsandserve astools to apply the correspondingtheoriesto prac-
tical problems.Haskell is the result of a decadeof experimentationand is the
unification of different proposals.It is a standardizedand widely usedlanguage
[1.152, 1.154, 1.190]. It is a non-strict (lazy) purely functional languagewith
classes.In Haskell algebrasaredescribedasclasses(abstractdatatypes)andsimple
modelsconstructedfor testing.In orderto createexecutablemodels,caremustbe
takento includeonly constructiveaxioms;otheraxiomscanbeincludedastestsfor
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the modelandexcludenon-intendedinterpretations.The following codegivesthe
exampleof Peano’salgebrain Haskell with theexecutedexamplet5 = 2 + 3 = 5.

class PeanoNum n where
suc :: n -> n
eq :: n -> n -> Bool
plus :: n -> n -> n

data Nat = One | Suc Nat

instance PeanoNum Nat where
suc = Suc
eq One One = True
eq (Suc m) (Suc n) = eq m n
eq _ _ = False
plus m One = Suc m
plus m (Suc n) = Suc (plus m n)

t5 = plus (Suc (One)) (Suc ( Suc (One)))
result: Suc (Suc (Suc (Suc One)))

In afunctionallanguage,everythingisafunctionwhichyieldsavalue.Haskell is
a second-orderlanguage,which allows variableswhich arefunctions.Most current
programminglanguagesarefirst-orderlanguagesandpermitvariablesonly to range
overconstantvalues,e.g.,naturalnumbers,floatingpointnumbers,etc.;in asecond-
orderlanguage,a variablecanalsobea function,e.g., 7 !�' or 6 &('*!E¥1¦ 8 )E� 6 ¥4¦B) . Re-
searchin databaseformalizationhaspreviously identifieda needfor second-order
languages[1.110].

Haskell is a stronglytypedlanguage[1.31] extendingtheHindley-Millner type
inferencesystemsfurther. In a typedlanguage,every valuehasa type andopera-
tions areapplicableonly to valuesof the correcttype; the type systemusedhere
assumestype inference,i.e., the type checker infers typesfor expressionswhich
arenot explicitly typedfrom the typesof inputsandoutputs.Haskell hasclasses
andallows parametricpolymorphicapplicationof operationsdefinedin classesto
all elementsfor which the classhasbeeninstantiated.This covers what is usu-
ally called’multiple inheritance’in a consistentandrigorousframework, in which
the algebra,an abstractdata type, is parameterizedand the instantiationssepa-
ratelydescribehow anoperationis appliedto a specificrepresentation(datatype).
In this framework, operationswhich apply to an elementin a datastructureare
then polymorphicallyextendedto apply to the data type; this is called ’ lifting’.
Second-orderformalizationsareextremelyusefulto dealwith spatio-temporaldata
types.A datatype ��!-,�§��}�_¨�!-§�� 8 can be seenas a function, sometimescalled a
’fluent’, which for every point in time (i.e., instant) yields a point in space.In
a second-orderlanguage,suchfunctionsareproperly typed(they have a type de-
scribedas ��!-,�§��}�_¨�!-§�� 8£©ª© ���v' 8«6 � 8 �¬ ! 7:6�8 §n!-� ). Operationscanbe appliedto
such’function types’,for example,two movementscanbeadded;in apolymorphic
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languagelikeHaskell, theoperation’+’ canbelifted to extendto thisnew datatype��!-,�§��}�_¨�!-§C� 8 andthusit becomespossibleto addtwo movementssimplywith the
operation’+’. Theresultis definedasvector-additionfor eachinstant.

As an example,we show how from time-varying values’moving points’ are
constructedin Haskell. We assumefloating-pointnumberswith theoperations’+’,
’–’, ’*’, squareandsquareroot,whichareimplementedfor a datatypeFloat1.

class Number a where
(+), (-), (*) :: a -> a -> a
sqr, sqrt :: a -> a
sqr a = a * a

A type’Moving a’ for any typeais usedto representafamily of timevariabletypes;
for thisparameterizedtypetheoperationsof theclass

� ¦B��&()+ areimplementedas
synchronous– ’+’ appliedto two moving valuesproducesa moving value,which
is for eachtime point the sumof the valuesat this time point. This lifting of the
operationsfrom valuesto time-varyingvaluespermitsto operatewith time-varying
valuesassimply asweoperatewith constantvalues.

type Moving v = Time -> v
instance Number v => Number (Moving v) where

(+) a b = \t -> (a t) + (b t)
(-) a b = \t -> (a t) - (b t)
(*) a b = \t -> (a t) * (b t)
sqrt a = \t -> sqrt (a t)

Pointsaredefinedwith operationsto combinethe two coordinatevaluesand the
projectionoperations{ and | andtheoperatorto calculatethedistancebetweentwo
points.We alsolift theoperations’+’ and’-’ to applyto pointsastheregularvector
additionandsubtraction.

class Number s => Points p s where
x, y :: p s -> s
xy :: s -> s -> p s
--
dist :: p s -> p s -> s
dist a b = sqrt (sqr ((x a) - (x b)) +

sqr ((y a) - (y b)))

data Point f = Point f f

instance Number v => Points Point v where®
In Haskell, classesdefineabstractalgebrasandinstancesgive the implementationfor a
specificdatatype.Implementationcan be parametrizedand the parametersrestrictedto
instancesof certainclasses– hereusedfor theoperationson Points.Functionapplication
is writtenwithoutparameters,i.e. f (x) is writtenasf x. Thelambdaconstructionis written
as ¯:° TaP ° , defininga functionf (x) = a(x).
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x (Point x1 y1) = x1
y (Point x1 y1) = y1
xy x1 y1 = Point x1 y1

instance Number v => (Point v) where
(+) a b = xy (x a + x b) (y a + y b)
(-) a b = xy (x a - x b) (y a - y b)

Moving pointsarecreatedaspointswith moving valuesascoordinatesandfor such
moving points,thecodenecessaryto calculatedistancesbetweenpointsis derived
automatically. Wecandefinetwo points �_" � ,�_"B¢ andcalculatethedistancebetween
thesetwo moving pointsasa moving value; �±!-,5§��}�.�²§«' 8 � ¢ is the distanceasa
function(which couldbepassedasanargumentto a function to find its minimum
or maximumvalue)and ��§«' 8 658 � is thevalueof thedistancefunctionfor time 1.0
– this is all thecodenecessaryto execute!

np1, np2 :: Point (Moving Float)
np1 = xy (\t -> 4.0 + 0.5 * t) (\t -> 4.0 - 0.5 * t)
np2 = xy (\t -> 0.0 + 1.0 * t) (\t -> 0.0 - 1.0 * t)
movingDist_1_2 = dist np1 np2
dist_at_1 = movingDist_1_2 1.0

1.6.2 Multi-Agent Systemsand Formalization of DatabaseOntologies

The framework in which spatio-temporaldatabasesmust be discussed,shown in
Figure1.5,is quitesimilarto thelogical framework usedfor thediscussionof multi-
agentsystems[1.73, 1.201]. Indeed,themulti-agentsystemprovidesthetheoretical
framework, in which ontologicaldiscussionscanbe groundedfollowing the idea
expressedin Figure1.10(andanattemptto createsucha view is alreadypresentin
[1.107]).

A databaserepresentsbeliefs(in theterminologyof [1.53]) someagenthascol-
lectedaboutthe world. Agentscan,by definition,have only a partialandapproxi-
mateknowledgeof theworld (theobservationsof tier 2). Theknowledgestoredin
thedatabaseis likely incomplete,incorrectandapproximate.

An agentin a multi-agentframework canbe a singleactivity [1.140], a single
living entity with somecognitiveabilities(ananimalor a humanbeing)or a larger
organizationalunit, for example,an agency, a ministry or a company. For build-
ing ontologies,singlepersonsandorganizations(from smallcompaniesor research
groupsto wholenations)areconsideredasagents.

In amulti-agentsystem,a formaldiscussionof thecorrespondencebetweenthe
simulatedrealityandthesimulateddatabasecontentis possible.In mostdiscussions
of ontologythenon-formalizedreality is contrastedwith theformalizedmodelin an
informaldiscussion.Here,weposita formally constructedfigmentof reality, which
is thenconnectedwith themodel.This allows us to constructformal modelsof an
ontologyin which thetheoreticalissuescanbediscussedandthenecessarytheories
constructed.Suchsystemsarenotdirectlyusefulasinformationsystems,but useful
to designontologiesand to demonstratehow differentdomainontologiescan be
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Fig. 1.12.Agentsin theworld

integrated.For example,thesituationdescribedin subsection1.4.1andFigure1.5
hasbeentranslatedto anexecutablemodel[1.83].

1.7 Ontological Tier 0: Ontology of the Physical Reality

Ontology, in a näıve view, shoulddescribewhat is. In this section,the necessary
minimal assumptionsaboutphysicalreality aredescribed.We assumethat

– physicalreality exists,
– it hasdeterminedpropertiesatany point in spaceandtime,
– differenttypesof propertiesexist.

This givesa minimal ontologyof pointsin spaceandtime.Propertyvaluesat each
point in spaceandtimearequantitativeor qualitativevalues.

Thissectionis necessarilyverybrief becausethereis little weknow objectively
aboutthephysicalreality. Evenfrom millions of empiricalobservationsno deduc-
tiveknowledgeabouttheworld everfollows.It is oftenoverlookedthatall weknow
abouttheworld is basedon observation;a databaserepresentsthe beliefsof some
agentsaboutthe world, never the physicalworld directly. This sectiontalks about
theassumptionnecessarythat the inductionsin thefollowing sections,which have
led to thetheoreticalsciences,arepossible.
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1.7.1 Properties

Propertiesof theworld combineapoint in timeandspacewith avalueexpressedon
a continuousscale,representedby realnumbers.Somepropertiescanbeobserved
andthepropertyvaluesaretransformedby theobservationprocessin measurement
values.

Therearedifferentpropertiesat every point of reality. Thepropertiesat a point
in time andspacearedetermined,i.e., multiple observationswill alwaysstartwith
the samepropertyvalue (but may yield different results,due to imperfectionsin
theobservationprocess,seesubsection1.8.1).Thesamepropertieshaveatdifferent
pointsin timeandspacedifferentvalues.Typingrulesavoidsnonsensicaloperations
(Figure1.13).

Fig. 1.13.Billboard foundin New Cuyama,California

1.7.2 PhysicalSpace-Time Field

For the abstract(non-constructive) level of ontology, points in spaceandtime are
describedwith coordinatevaluesof realnumbersto establishcontinuoustime and
space.This is the classicalmodelof spaceandtime of physics,whereboth real-
world spaceandtime is mappedto ann-cubewith realnumberaxes.This physical
abstractfield model is describedwith a function.An observation at a given point
in spaceand time yields a singlevalue.The temporalandspatialcoordinatesare
formally equivalent.Thereis no specialtreatmentof naturalconstants– they are
understoodasvarying in time andspace,andmost of the ’natural constants’are
indeedvaryingin timeor space(seesubsection1.5.2).Theworld is implementedas
a function.

This formal modelof reality asa function (1.12)expressesthe ontologicalas-
sumptionof asinglerealityasobservableby a(single-valued)functionreality(com-
parableto ��1{/<�|}<?~%< 8 ��� 6 ); if wehadallowedmulti-valuedfunctionshere,thenwe
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wouldpermit’parallel’ universes,asmadefamousby Asimov in Living Space[1.4].
With sucha single-valuedfunction the situationsshown in Figure1.2,Figure1.3,
andFigure1.4canberepresented. -) 6 ¥1§ 8 | ©ª©5´ !- E¥4� � "b E!#"B)+ 8 | � '?" 6.7 )-¨�!-§�� 8 �8 §��±)-¨�!-§�� 8 � , 6 ¥1¦}) (1.12)

1.8 Ontological Tier 1: Our Limited Knowledgeof the World
through Observationsof Reality

Observationsof reality arenecessarilylimited: we canonly know a (very small)
subsetof reality, with very limited precision.We canonly observe at specificloca-
tionsandatspecifictimes,andhumanobserversarerestrictedto observationsof the
propertiesfor themoment’now’. Continuousobservationsareactuallyrapidsam-
plesat discretepoints.Measurementsareobservedwith unavoidableerrorandare
expressedwith limited resolution;sometimesthis is all subsumedunderthenotion
’discretization’[1.100]. Theselimitationsaremodeledin tier 1.

1.8.1 Observations

Observationstranslatethevalueof a propertyat a specificpoint in time andspace
into a measurementvalue.Observationsarerealizedasphysicalprocesseswhich
translatetheintensityof somepropertyintoanobservationvalue,expressedonsome
measurementscale;observationsarealwaysmadeat thepresenttime (’now’):!�&('*)+ -, 658 §�!-� ©µ©5´ !- E¥4� � !�&('*)+ -, 658 §�!-��¶Y|*"B)E' �¥4! 7(658 §n!-� � , 6 ¥1¦}) (1.13)

Thedomainof this functionis composedof:

– theworld observed;
– the typesof observation agents(humans,with or without technicalmeans)are

capableof different methodsto observe the samequantity are not necessarily
equivalent;

– the location on the earth; it is finite space,but unbounded,empty spaceis
isotropic.

Therangeof thefunctionarevalueson somemeasurementscale.

Measurement values. Measurementvaluesdescribethe resultof the observation
process.Valuesare formal, i.e., mathematicalobjects,introducedhereto capture
the outcomeof the observation. Valuesaredefinedasalgebras,andare typically
describedasderivedalgebrasusingsomebase(given)fundamentalalgebra.For ex-
ample,integersareusedto constructvaluesof typeMoney. Thealgebrasfor values
mustconnectthevaluesto theoutsideworld. All valueshaveoperationsto translate
from andto a humanreadableform.
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For example,the naturalnumbersare definedby the axiom systemgiven by
Peano(seeequations1.6-1.11).From naturalnumbersrational and real numbers
andothernumbersystemscanbedefinedsimilarly; for example,rationalnumbers
canbedefinedaspairsof integers.

Stevens,in a landmarkarticle[1.187], hasshown thefundamentalpropertiesof
themeasurementscales.He listedfour measurementscales,namelythe

– Nominalscale:only theequalitybetweenvaluescanbe tested(example:names
of persons);

– Ordinalscale:valuesareordered(example:gradesin school,rankin a race);
– Interval scale:differencesbetweenvaluesaremeaningful(example:temperature

in degreeCelsius,heightabovesealevel);
– Ratio scale:ratiosbetweenvaluescanbe computedandan absolutezeroexists

(example:temperaturein degreeKelvin, populationcounts,money in a bankac-
count).

Thesemeasurementscalescorrespondto algebras;we oftenfind theroughlycorre-
spondingalgebrasof equality( � , �� ), order( · , ¸ , ¹ , º ), integral ( � , » ) andfrac-
tional ( � , » , ¼ , ½ ). Othermeasurementscalesexist but arenot asprominentor well
researched[1.39, 1.77]. The nominaland the ordinal scaleareoften calledqual-
itative, especiallywhenthe numberof differentvaluesis small. For example,the
sizeof a garmentcanbeexpressedon anordinal,qualitative scalewith thevalues
’small’, ’medium’, ’ large’, ’extra large’.

Observation Err or. All observationsare imperfectrealizationsand imply error.
This is in the limit a fundamentalconsequenceof Heisenberg’s uncertaintyprinci-
ple,but mostpracticalobservationsarefarremovedin precisionfrom thefundamen-
tal limits. Measurementsbetterthan1 part in a million aregenerallydifficult (i.e.,
distancemeasurementswith an error of 1 mm per kilometerarevery demanding,
few centimetersperkilometerarestandardperformanceof surveyorstoday)andthe
bestobservationsarefor time intervals,where

�+¾ ;«¿ is achieved,but thetheoretical
limit would be

�+¾ >=À . Partsof theerrorof realobservationsaretheresultof random
effectsandcanbemodeledstatistically. Surveyorsreportmeasuredcoordinatesof-
tenwith theassociatedstandarddeviation,whichrepresents– with somereasonable
assumption– aninterval with approximately60%chanceto containthetruevalue.
Error propagatesthroughthe computation.TheGaussianlaw of error propagation
approximatesthe propagationof randomandnon-correlatederror; it saysthat the
error propagateswith the first derivationof the function of interest.Given a value6 ����C&-< 7 � andrandomerrorsfor & and 7 estimatedas )EÁ and )EÂ (standarddevia-
tions),then,following Gauss,theerroron 6 is:

)-ÃU� Ä �n�.& ) > Á � �n� 7 ) > Â (1.14)

A numbersystemcanbeextendedin sucha way thateveryvalueis associatedwith
anerrorestimation.Numericoperationsonvaluesarelifted to calculatenotonly the
resultbut alsotheestimatederrorin theresultusingGauss’s formula[1.81].
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data Efloat = EF Float Float
instance Num Efloat where

(EF v’ s’) + (EF v2 s2) =
EF (v’ + v2) (sqrt (sqr s’ + sqr s2))

Resolutionand Finite Approximation. Theresultsof observationsareexpressed
asfinite approximationto realnumbers(oftencalledfloatingpointnumbers).Geog-
raphersoftenusetheterm’resolution’to describethesmallestdiscernibledifference
betweentwo intensities,not necessarilyoneunit of the lastdecimal.For example,
distancemeasurementsareoftenreadout to mm,but theerror(onestandarddevia-
tion) is muchlarger:1 cm+ 1mm/km.

Constructingsoftware for geometricalcalculationusing the finite approxima-
tionsavailablein computersis difficult [1.92]. Somesolutionshavebeendeveloped
recently[1.103, 1.117, 1.167].

1.8.2 MeasurementUnits

Measurementsdescribethequantityor intensityof somepropertiesat a givenpoint
in comparisonwith the intensityat someother, standard,point or standardsitua-
tion. Well known is theformermeterstandard,definedasthedistancebetweentwo
marksonaphysicalobjectmanufacturedfrom preciousmetalandkeptin Paris(it is
supersededtodayby a new definition,which links to a physicalprocessthatcanbe
reproducedatany location).Thetemperatureof meltingice is usedasthereference
point for the°Cscale[1.67].

length: meter m
mass: kilogram kg
time: second s
electriccurrent: ampere A
thermodynamictemperature: kelvin K
amountof substance: mole mol
luminousintensity: candela cd

Table 1.4.SI units

Observationsystemsarecalibratedby comparingtheir resultswith thestandard.
They areexpressedasa quantitytimesa unit, 3 m, 517daysor 21°C.TheSysteme
Internationald’Unites (SI) is foundedon sevenSI baseunits for sevenbasequan-
tities assumedto be mutually independent(Table1.8.2).Before,peopleusedthe
cgs-system(centimeter-kilogram-second).For example,the unit of gravity in the
cgs-systemwasGal, namedafterGalilei (1 Gal = 1 Â�ÅÆ«Ç ), but newer booksrefer to
theSI standard( ÅÆ Ç ).

For the samekind of observation differentunits areused,most importantthe
metricunitsandtheAnglo-Saxonunits(whichcomein imperialandU.S.variants).
Thefundamentalphysicaldimensions(length,mass,etc.)areeasilyconverted,but
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practicallyerrorsoccuroften.Mostspectacularwastherecentlossof aprobeto land
onMarsdueto a lackof conversionbetweenmetricandAnglo-Saxonmeasurement
units of length.Practically, conversionsarea problem,not for the differentmea-
surementunits,but for the differencesin the observationmethods,which result in
somewhatdifferentpropertiesobserved,evenwhenexpressedon thesamephysical
scale(for example,noiselevel measuredin dB). Conversioncanbeachieved,asthe
two observationmethodscanbeappliedat thesamelocationandtime, andthere-
sultscanbecompared.Fromsufficiently well comparableobservationsaconversion
formulacanbededuced.

1.8.3 Classificationof Values

In daily life andin mostapplications,the resultsof observationsareexpressedon
qualitative scales,i.e., scaleswith only a few values.Peopleareclassifiedin small,
medium,tall andvery tall; daysarehot or cold; etc.Theseclassificationscapture
sufficient informationfor thetaskat hand[1.94]. For example,to meeta personat
an airport,a descriptionusingadjectiveslike ’gray, tall, bespectacled,50ishmale’
is usuallysufficient to identify theperson.

Classificationtranslatesobservationsfrom a largersetof valuesto a smallerset
of values(discretizationcanbeseenasa specialcaseof classification).Theageof
a personis mappedto thesetchild, adultwith therule

classify :: valueType_1 -> valueType_2
classify age = if age > 20 then adult else child

Roadsfor mapsareclassifiedfrom thewidth (measuredin m with two decimals)to
roadclassesfirst order, secondorder, andthird order:

classify roadwidth = if width > 5.50 then firstOrder else
if width > 4.0 then secondOrder
else thirdOrder

Thesetwo examplesclearly demonstratethe difficulties involved in classification
andtheuseof classifieddata.Seldomdo theclassificationsfor two differenttasks
correspond:How to computethenumberof adultsin Europe?Thereexistsno uni-
form conceptof adulthood,as agelimits vary. A road map which shows a road
changingin classificationat theborder(Figure1.14)allows two interpretations:ei-
thertheroadchangesits width at theborderor theclassificationschemefor roadsis
differentin thetwo countries.

1.8.4 SpecialObservations: Points in Spaceand Time

Descartesdiscoveredthatcalculationwith coordinatevaluescansimulategeometric
constructions.Surveyorsandengineersmake extensive useof analyticalgeometry.
The algebraof vectorspace,constructedfrom the field of real numberswith op-
erationsfor scalarmultiplication, vectoradditionandmultiplication, is extremely
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Road class A
È
Road class B

Fig. 1.14.Apparentchangesof roadclassificationacrossborder

convenient.Orthogonalityof vectors,etc.,canbetestedandareasof figurescalcu-
latedwith simplearithmeticoperations.

Thesecomputationswith lengthmeasurementsandthe positionsof pointsare
expressedasdistancesfrom aconvenientlyselectedpointof origin.No physicalpro-
cesscanmeasureabsolutetime or pointsin space;only relative measurementsare
possible.Distancemeasures(in spaceor time)arealwaysrelativeto otherpointsand
no directcoordinatemeasurementsarepossible.Relative measuresaretacitly con-
vertedinto coordinatesassuminga conventionalorigin. Thesecomputationsmake
statisticaldescriptionsof errorsin thecoordinatevaluesdifficult.

Buyong describesa methodto representlocationsby relative measurements
andusescoordinatesonly for computation[1.27, 1.28]. A databasewould contain
asoriginal determinationof locationthe relative measurementsandnew measure-
mentscan be addedfreely. Coordinatesare calculatedfrom measurementsusing
adjustmentcalculation[1.126], eitherwhenneededandimmediatelydiscarded,or
storedandrecalculatedaftereachadditionof new measurements.In thetraditional
coordinate-basedsystem,location informationdeterioratesover time with the in-
tegration of new point locationsand occasionallya completenew survey of all
locationsmustbe made(typically every 30 to 50 years).In a measurement-based
system,the quality of the determinationof locationimproveswith the additionof
new measurements.

Continuoustime: instantsand time measurementvalues. Wemeasuretimewith
respectto a timescalewith aconventionallyselectedorigin. ThecustomaryGrego-
rian calendarhastheorigin relatedto thebirth of JesusChrist (andotherreligions
selectorigins relatedto the history of their religion). The conventionaltime mea-
surementscalehassomeinterestingparticularities;for example,thereis no year
0, after year1 BC follows 1 AD; the way the durationis commerciallycalculated
betweentwo datesdependsif youborrow or lend,etc.[1.78].

Continuous space:points and coordinates. Every countryhasselecteda promi-
nentpointasanorigin for thenationalgrid of coordinatevalues.Two globalsystems



1. Ontology 35

areused:the well known systemof geographiclongitudeandlatitude,wheredis-
tancesaremeasuredby anglesandtheorigin is the intersectionof themeridianof
the astronomicalobservatory in Greenwich(exactly the optical centerof the old
passageinstrument)with theequator(figure1.15);whereasthemodernsystemuses
threeorthogonalaxis,situatedin thecenterof theearthmass.

Fig. 1.15.Geographiccoordinatesystems

For eachcoordinatesystem,origin pointanddirectionof theaxesmustbefixed.
In practice,theorigin of thecoordinatesystemis of no relevanceasthecoordinate
systemis realizedby thetotality of all pointsfor whichcoordinatevaluesaredeter-
mined,andwhich canbeusedto measuredistancesanddirectionsto new points.

Most surveying systemsseparatethepositionin the planefrom theheightand
introduceaseparatezeropoint for theheightmeasurement.Theconventionalorigin
at sealevel hasnoprecisedefinitionandleadsto confusingdifferencesbetweenthe
heightsof pointsexpressedin differentnationalsystems;well known is theappar-
entheightdifferenceof severalmetersbetweenGermany andBelgium.Heightcan
bemeasuredasthepotentialfrom anassumedzeropotentialsurfaceor canbemea-
suredasadistancefrom thissamesurface(figure1.16);preciseheightmeasurement
systemsarenot a completelyresolvedtopic in geodesy.

1.8.5 ApproximateLocation

Points(in time andspace)aremathematicallywithout extension.Realobservations
identify small extentswhich areall mappedto the samevalue.Thedissertationof
Bittner [1.15] showed how operationswith suchapproximationsarepossible(the
recentpaperby SmithandBrogaardexploitssomesimilar ideas[1.179]).

Bittner andStell describethe locationof spatialobjectswithin setsof regions
of space(cells)that form regionalpartitions(figure1.17and1.18).Thelocationof
spatialobjectsis characterizedby setsof relationshipsto partitioncells.Thefigure
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earth surface

ellipsoid

h h’

Fig. 1.16.Differencesin heightmeasurements

(1.17)shows theapproximationof a non-regularshapedregion,  , with respectto a
raster-shapedregionalpartition.Theraster-shapedpartitionsimplifiestheexample;
in generalarbitrarypartitionsof 2-D spacearepossible.BittnerandStelldistinguish
threerelationsbetweentheregion,  , anda partitioncell, � �ÊÉ : (1) Full-overlap,
i.e.,  containsor is equalto � (Cell K in Figure1.17).(2) Partial-overlap,i.e.,  and� shareparts,but do not fully overlap.(All partition cells except

�
, Ë , � , and Ì ).

(3) Non-overlap,i.e.,  and � do not even overlappartially. (Cells Ë , � , and Ì ).
Therearecoarserandfiner distinctionspossible(see[1.17] for details).Formally,
the approximatelocation of the region  within the partition

É
as a mappingof

signature �4Í0Î*� © É �ÐÏ . The mapping( Í0Î ) returnsfor every partition element� �ÑÉ therelationbetween andg, i.e., }! for full-overlap,"%! for partial-overlap,
or �w! for non-overlap.

A B C D

E F G H

I J K L

M N O P

Fig. 1.17.A region approximatedby aregularpartition

Approximationsrepresentsetsof regions,i.e., all thoseregionsthat arerepre-
sentedby thesameapproximationmapping.Bittner andStell [1.17] definedunion
and intersectionoperationson approximationmappings,suchthat their outcome
constrainsthepossibleoutcomeof unionandintersectionsoperationsbetweenthe
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approximatedregions.Moreover, they derived setsof possiblerelationsbetween
spatialregions,given their approximations[1.18]. Bittner [1.16] showed how ap-
proximatespatialreasoningcanbeappliedto thetemporaldomain.

Consider, for example,theapproximationsof a waterreservoir anda pollution
areawith respectto anunderlyingsoil-classification-partition.Assumebothapprox-
imationsarebasedon independentobservationsin differentmomentsof time. Bit-
tnerandStell [1.17] derivewhichrelationscanholdbetweenthewaterreservoir and
theareaof pollution from theknowledgeabouttheirapproximatelocation.Thiscan
beused,for example,to determineif it is possiblethatbothobjectsoverlapor it is
certainthatthey do (or do not)overlap.

Yellowstone N. Park (YNP)
(YNP)

Grand Teton N. Park(GTNP)

Zion National Park (ZNP)

Idaho Wyoming

Montana

Utah

Fig. 1.18.Thepositionof NationalParkswith respectto somewesternstatesof theUSA

1.8.6 Discretization and Sampling

An observationyieldsdifferentvalues,dependingwhereandwhenwe observe re-
ality. Someprocesseschangerapidly (in time or in space),othersvary very slowly:
Observingthe heightof a mountaintopis (nearly) independentof the time as the
valuechangesonly very slowly. Observingthe positionof a car is highly depen-
denton thelengthof time we observethecar. Measuringgravity givesvery similar
results,independentof timeor location.

The limitation of the representationenforcessomecarefuloptimizationwhen
building modelsof partsof reality – the model is necessarilylimited and an ap-
proximation.Informationsystemsconcentrateonsomeprocessesin reality, e.g.,the
movementof carsonhighways,developmentof citiesor theweather. Eachof these
processes(or complex of processes)hasa certain’scale’.Spaceand time canbe
treatedequally:somepropertieschangequickly if we move in space(e.g.,eleva-
tion) andotherschangeveryslowly (e.g.geology).Onecanspeakof atemporaland
spatialfrequency of events[1.93]. For example,geologicalprocessestypically have
a resolutionof 10 to 100meterin spaceandthousandto millions of yearsin time.
Movementof carson highwayshasa spatialresolutionof several m in spaceand
secondsto minutesin time.
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If we observea process,thenour observationsmusthavea minimumdensityto
avoid misleading’aliasing’. A processcanbedescribedwith a frequency of change
(in spaceandtime). The samplingtheoremstatesthat observationsmustbe made
with at leasttwice thefrequency of thehighestfrequency in theprocessof interest.
To avoid erroneousobservations,so-calledaliasing,frequencieshigherthanhalf the
samplingfrequency mustbefilteredout beforethesignalis sampled(Figure1.19).

samplingÒ
signal observedÒ

apparent
signalÒ

Fig. 1.19.A low frequency signalemergesfrom ahighfrequency signalnotcorrectlysampled

Thepracticallyveryimportantmethodof datacollectionby remotesensing(Fig-
ure1.8)takestheaveragevalueovertheareaof thepixelandthusappliesatthesame
timeafilter whicheliminatestoohigh(spatial)frequencies.If pointsamplingis em-
ployed,thenthehigh frequenciespresentin thesignalcanleadto significanterrors
in areaestimates;this is particularlydangerousin areaswith regularstructures,e.g.,
theroadnetwork in theU.S.Midwest.

1.8.7 Virtual Datasets:Validity of Values

It is convenientto organizelarge numbersof observationsin sucha way that a
comprehensive model of reality emerges.It is possibleto link datasetsavailable
on differentcomputersinternallyandto provide an interfacewhich givesthesame
functionalityastherealobservationof theworld (equation1.12):Ó &('-� 6 ¥1¦}) ©µ© � 658«6_Ô�8 !- E) � ¥�! 7(658 §n!-� �8 §���) � !�&:'+)* -, 6�8 §n!-��¶k|-"B) � , 6 ¥4¦B) (1.15)

Vckovskihaslabeledsuchdatasetsas’virtual’ anddiscussedtheirproperties[1.198].
Unlike the observation function of reality in subsection1.8.1,the observationsof
virtual datasetsarepartial - not for every combinationof input valuesa result is
available;oftenthevalueis unknown.Valuesresultingfrom simulatedobservations
from adatasetandnot directobservationof theworld mustbequalified:
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– Boundedknowledgein time and space:the datacollectedalways covers only
somelimited time spanandsomearea.For positionsandtimesoutsidethis area,
theresultis unknown.

– Valuesfor pointsotherthanthoseobservedmustbeinterpolated.Theselectionof
appropriateinterpolationmethodsis adifficult problem[1.49].

– Valuesweremeasuredwith limited precision.The usermustbe madeawareof
theerror resultingfrom measurementandtheerror resultingfrom interpolation.
Theeffectsof classificationor differentobservationmethodsmustbetrackedand
valuesconvertedasfaraspossible.

Observationoperationsto theinformationsystemarepartial:requestsfor valuesfor
pointsin timeor space,beforethefirst or afterthelastvalueavailable(or outsideof
thespatiallimit), mustnot returna regularvalue.Computationwith total functions
is simpler. Wrappingthe resultvaluein a datatype Ì 6 |d&9) allows us to transform
thepartialto atotal functionandlift operationsto thisdatatype( Ì 6 |_&() is amonad
[1.200], but this is not importanthere).

data Maybe a = Just a | Nothing
obsValue :: dataStore -> location -> time ->

observationType -> Maybe value
class Number a => Number (Maybe a) where

(Just a) + (Just b) = Just (a + b)
_ + _ = Nothing

For virtual datasets,timeseries,coverages[1.39] or rasterimages,theregularoper-
ationscanbeapplied(’ lifted’). It is possibleto addtwo time series,to applymath-
ematicalformulaeto valuesof correspondingcells,etc.Tomlin hasshown how this
’map algebra’canbeextendedwith operationsusefulfor planning[1.194, 1.193].

1.9 Ontological Tier 2: Representation– World of Indi vidual
Objects

Humanshave the ability to seeobjects– and they usevery different criteria in
the way they carve reality into objects:objectsare formed accordingto the cur-
rent needs,i.e., the task a humanagenttries to completeat a given instance.An
ordinarytreestompcanbe seenasa table,a seator platform to standon. Thehu-
maninteractionswith theenvironment,especiallywith solid bodiesasincludedin
the table-topenvironment,areubiquitousandprobablyprototypicalfor our under-
standingof objects.But thereis alsothelargeclassof geographicobjects,whichare
typically unmovableandnot physicalthemselves,but madeup from otherphysical
objects(a roador a forestis anareaof space,not a physicalobject).Humans’see’
objectswith respectto their interactionwith them.Gibsoncalled thesepotentials
for interaction’affordance’[1.98].

Physicalobjectsareextremelyrealfor thehumancognition.But insteadof fol-
lowing the philosophicaltradition, which assumesa preexisting understandingof



40 Frank

objects,averypragmaticapproachis followed:objectsaredefinedby uniformprop-
erties.Thepropertieswhich mustbeuniform for anobjectarerelatedto thepossi-
blewaysof interactionwith anobject.Dependingontheproperty, whichis uniform,
verydifferenttypesof objectsareformedandtheseobjectsthenfollow differenton-
tologicalrules(whichwecall lifestyles,seesubsection1.9.5).Theproperties,which
arefixedto determineuniformity, canbeusedto defineatopological,morphological
or functionalunity [1.107].

Objectspreserve invariantsin time andarethereforea methodof humancogni-
tion to reducethecomplexity of theworld, by groupingareasof uniformproperties
with respectto potentialinteractions.The most salientexamplearesolid bodies,
which preserve form, volume,material,weight, color, etc. Thereare transforma-
tions from point observationsto observationsof objects,typically integratingspe-
cific properties(e.g.,specificweight)overthevolumeof theobject.Representations
for objectsarebestselectedto respectthe invariants;thegeometricform of anob-
ject is bestexpressedin acoordinatesystemfixedwith theobjectandavectorwhich
indicatesthelocationof theobjectandanangleof rotation;from thiscoordinatesin
anexterior systemcanbededuced.

The approachselectedhere– namelyto defineobjectssimply asareasof uni-
form observableproperties– avoids thedifficultiesphilosophershave found in the
foundationclassesof ontologies,wherethemostfundamentalclassesof entity, ob-
ject,etc.,aredefined.Guarinoandhiscolleagueshavecomparedseveralontologies
andhavefoundconflictsandhiddenassumptions,whichmadecomparisonbetween
theontologiesandtransferof knowledgeintegratedin oneontologyto anotheron-
tologydifficult [1.108].

Theobjectconceptusedhereis restrictedto ’physicalobjects’(which contains
asa subsetthe ’materialobjects’but is muchlarger), i.e. thingswhich exist in the
physicalworld andcanbe observedby observationmethods.This is not the most
generalconceptof anobject,asit is oftenusedin philosophyor softwareengineer-
ing; specifically, constructionslike abstractideas,socialconstructions,etc.,arenot
includedandwill bediscussedin thenext sections.

1.9.1 Objects areDefinedby Uniform Properties

Objectsaredefinedasspatio-temporalregionsof someuniform property. Theuni-
formity canbein thematerialtype,in whatmovesjointly, etc.Table-topobjectsare
typically delimitedby whatformsa solid body, but otherpropertiesareoftenused,
for example,color, texture,etc.,is typically usedto identify objectsonphotographs,
includingremotesensingimages.More complex properties,like ’sameDNA’ for a
living animalbody, arealsopossible.

Examplesfor objectson the tabletoparethe cup,knife, pieceof bread,etc. In
thecityscape,objectsarebuildings,personsor cars.In thelandscape,forests,lakes,
mountainsandroadsareall objectswith boundariesof varying degreesof sharp-
ness[1.26]. In orderfor thingsto have uniform properties,the propertiesmustbe
classifiedand small variationsin reality, or by the errorsin the observation pro-
cess,eliminated.Theclassificationscanbeappliedto valueswhicharetheresultof



1. Ontology 41

somecomputations,combiningmultiple values;for example,to detectareaswhich
areconnected,onecanobserve directionandspeedof movement(thesameresult
canbe achievedwith a staticanalysisof the resistanceto stressandstrain,which
indicateswherea collectionof materialbodieswill separate).Ultimately, theclas-
sificationresultsin a binaryresult– a point in spaceor time is partof or is not part
of anobject.

1.9.2 Geometryof Objects

Thegeometryof objectsresultsfrom a classificationof somepropertyvalues.De-
limiting areasof uniform value have somedesirablegeometricproperties:They
form a partition, i.e., they are jointly exhaustive andpairwisedisjoint (seefigure
1.20).

Road

Open space
Õ
Buildings

Fig. 1.20.Classificationof a partof theremotesensingimagefrom Figure1.8

Spatial objectshave a geometry. Spatialobjectshave boundaries.In many cases,
specificobservationsystemsareorganizedto find theboundarypositionsdirectly in
the terrainandnot from the point-wiseobservationof theenvironment.Surveyors
go out andmeasurethe boundaryof the forestby detailedobservation in the field
andthenmeasurethelocationof theboundary.

If theclassificationis appliedto acollectionof rastervalues,thenthediscretiza-
tion effectsof the observation stepshows. The smallestobjectwhich is certainly
detectablemusthave an areaof at leastfour timesthe cell size(follows from the
samplingtheorem,seesubsection1.8.6.

Geometric objectsrelateto other objects. For spatialobjects,thelocationof the
centroidandtheboundaryof theobjectscanbededuced:

getObjBoundary :: env -> spatobj -> boundary
centroid :: env -> spatobj -> point

Both theboundaryreturnedandthecentroidpoint areobjectsandhave properties.
For example,the positionof a point canbe asked, the lengthof the boundaryor
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theareadelimitedcanbefound,anda complementarysetof geometricoperations
for point, line andareaareprovidedin mostGeographicInformationSystems.The
OpenGIS Consortiumworks towardsstandardizationin conjunctionwith the ISO
standardfor extensionof thequerylanguageSQL.

position :: point -> env -> coordinate
area:: boundary -> env -> areaValue
length :: boundary -> env -> lengthValue

Boundariescanbeapproximatedby a sequenceof straightlinesandthecornersof
a boundaryarea setof points:

corners:: boundary -> env -> [points]

The object-objectrelationsarenecessaryto documentthat the boundaryof parcel
A is aswell the boundaryfor the parcelB (Figure 1.21).An inversefunction to�_) 8 Ó &�Ö�×�!-¦%�w� 6  -| retrievesfor a boundaryline the two areaswhich arebounded
by this line:

getBoundedArea :: boundary -> env -> [object]

Theobject-objectrelationsarealsonecessaryto modelcontainmentof objectswith
differentgranularity. Oneobjectmaybepartof a largerobjectandthelargerobject
maycontaina numberof smallerobjects.

contains :: obj -> env -> [objs]
contained:: obj -> env -> obj

Containmentrelationsmayform hierarchies,for example,for thepolitical subdivi-
sion of a continentin countries,regions,provinces,communes,etc. (for example,
theEuropeanNUTS subdivision formsa hierarchyof partitions,whereeachhigher
level formsarefinementof thepreviousone).Timpf hasinvestigatedhow suchcon-
tainmenthierarchiesareformed,how they relateto otherhierarchies(for example,
functional),andhow they areusedfor cartographicgeneralization[1.191].

Objects resulting fr om classification form topological complexes.The bound-
ariesof a setof objectscomingfrom a singleclassificationform a complex [1.97];
eachboundaryboundsan arealobjecton eachside.All the objectsform a parti-
tion, i.e.,they jointly exhaustthespaceandaremutuallydisjoint (oftendescribedas
JEPD,jointly exhaustive,pairwisedisjoint). In theextremeof abinaryrule forming
a singleobject,theobjectformedandthebackgroundtogetherareJEPD.

Givena classificationto determinewhatis a ’uniform’ objectonecanaskfor a
list of all objectswithin anarea.

For geometricobjectsin a complex, operationscan can the boundariyof the
objector theco-boundary. For acell or simplicialcomplex (figure1.21),theseoper-
ationsform algebraswith well-definedproperties.Theboundaryof anareaarethe
lines, the boundaryof a line arethe two boundingpoints.The co-boundaryis the
converseoperation;the co-boundaryof the line arethe two areasboundedby this
line, andthe co-boundaryof a point arethe setof lines startingor endingin this
point.
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Fig. 1.21. Simplicial complex of nodes,edgesand areaswith boundaryand co-boundary
relations

A spatialdatabasefor which objectshave theseor comparableoperationsis
oftencalledatopologicalGISor a topologicaldatastructure.Thesepropertieswere
identifiedvery early in the historyof GIS andusedfor checkingfor errorsin data
freshlyinput [1.44].

The topologicalrelationsbetweenobjectsare usually describedby the set of
topologicalrelations,which wereproposedby Egenhoferin his dissertation[1.62].
They area generalizationof Allen’s relationsfor temporalintervals for two (and
higher)dimensionalregions.They aresimilar (but differentlydefined)to the rela-
tionstheRCCcalculusproposes[1.43].

1.9.3 Propertiesof Objects

Somepropertiesof theobjectsarerelatedto theproblemof identifying regionsof
uniformproperties.Otherpropertiesof objectscanberelatedto thepropertiesof the
observable(andsometimesnonobservable)physicalpropertiesof thefield ontology
[1.59]. For example,the weight of an object is the integral over the weight of its
material.The effort necessaryto move alonga path is relatedto the accumulated
heightdifferencesalongthepath.

Operationsto integrateobservationsfor a geometrycanbedefinedasanexten-
sion of point observations:integratealonga path,integrateover an areafor some
property(if thepropertyis time-variant,the movementin time mustbeprovided).
From suchintegrations,propertiesof objectsfollow: the length or the areaof a
geometryby integratingover theconstantfunction1, but it canalsobeusedto de-
terminetheheightdifferencealongapath,theannualrainfall overanarea,etc.

1.9.4 GeographicObjects arenot Solid Bodies

Theclassicalconceptof objectis a generalizationfrom thephysicalobjectson the
tabletop;suchmaterialobjectsareexclusive: whereoneobject is, no otherobject
canbe.This is correctonly for solid bodyobjectsandnot thecasefor otherphysi-
cally observableobjects:in mostapplications,morethanoneclassificationis possi-
ble [1.179]. In thecity environmenttheclassificationcanbebasedon a pedestrian
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viewpoint or a legal-ownershipviewpoint: a pedestrianis interestedin the areas
which areuniformly ’not obstructed’,whereasa bankis interestedin seeingwhat
areashaveanuniform ownership.

This givesmorethanoneobjectat a singlelocation.Similar differencesin the
classificationof land for planningpurposescanbeobserved:Classificationsbased
on naturalhabitat,cartraffic, pedestriantraffic, residentialconstructions,all areex-
amplesof objectsof differenttypeswhichoverlapandcoexist (figure1.22).

Subdivision of
space in:

free

buildings

traffic area

ownership

Fig. 1.22.Subdivision of spacein building objectsandownershipobjectswhich overlap

This is afundamentalproblemfor any objectontology:thedivisionof theworld
into objectsis not uniqueanddependson theobserverandhis intentions.A special
caseis givenif a classificationis finer thananother[1.91] (Figure1.23).There,the
objectsform a lattice[1.136].

Fig. 1.23.Threedifferentclassificationsfor urbanlanduse(with 4, 7 and24 classes)

1.9.5 Objects Endure in Time

Objects,especiallyphysicalobjects,endurein time. Physicalobjectshave individ-
ualproperties,whichdifferentiatethemfrom otherobjectswhich look similar, even
if thesedifferencesare often not relevant and not noticedby humanobservers.
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Objectsin reality maintaintheir identity from begin to end– even a grain of salt
hasan identity, which is lost whenit is dissolved in thesoup.Objectsare”worms
in four-dimensionalspace”.Worboys andPigot exploredthe mathematicsof such
constructions[1.156, 1.203], referringbackto classicalgeographicconceptionsof
space-timediagrams[1.112].

Theconceptof physicallyobservableobjectsis a generalizationof materialob-
jects,from which we know from experiencethat they endurein time: thepieceof
breadon my tablenow (Figure1.2) will remaina pieceof breadevenfive seconds
later. Many of its propertiesremainthesame;they areinvariantwith respectto short
intervalsof time.

Thestableidentity of objectsis modeledin a databasewith a (stable)identifier,
which replacesthecombinationof numerouspropertieswhich make eachindivid-
ual physicalobject different from all others.Identifiersare nominal values;they
supportonly theoperation)-Û-¦ 6 ¥1§ 8 | (for performancereasons,it is usefulto make
internaluseof lexigraphicalorderin the identifiers,but this mustnot beconstrued
asmeaningful).

Objectscanbeseenasfunctionsfrom anidentifier, anobservationtypeandtime
to a value(formula1.16).Objectsareformedsuchthatmany importantproperties
remaininvariant,primarily with respectto advancingtime but alsowith respectto
otheroperations.!�&('*)+ -, 658 §�!-� ©µ© §n� � 8 §��±) � !�&(' � , 6 ¥1¦}) (1.16)

Object Lifestyles. The changesof objectscanbe continuousor catastrophic:an
objectcanmove or it canbe destroyed andceasesto exist. Catastrophicchanges
areaffectingthe ’existence’of theobjectandthesechangesfollow differentrules:
Thesolidson thedesktopcanbegluedtogethersuchthat two objectsbecomeone
andlaterthisconnectioncanbebrokenagainandthetwo originalobjectsreemerge.
If we pour the water from oneglassinto the wine in the otherglass,the two liq-
uid objectswaterbodyandwine bodyceaseto exist anda new ’water-wine-body’
emerges.This operationcannotbeundone;thetwo original liquids cannotberesti-
tuted.Consideringthe life of an object in time, we observe that differentobjects
have different’ life styles’.Solidscanbe gluedtogetherandreemerge,but the liq-
uidsmixedcannotbeseparatedagain.

Definition of lifestyles. In therealworld objectsareperceivedashaving their life
– a spanof timeboundingtheexistenceof objectsasseparableidentifiableentities.
In a spatio-temporaldatabaseobjectsaremodeledin thesamemanner, i.e., a span
of time boundingthe existenceof object identifiers in the databasebetweenthe
two fundamentalevents:creationanddestruction.Thewayobjectsemergeandlater
changethe modusof their existencediffers for differentcategoriesof objects.For
example,a liquid objectwhile flowing into acontainerandoverflowing it, givesrise
to two new liquid objects:thefirst oneremainsin thecontainer, andthesecondone
spills on theground[1.113]. This behavior is completelydifferentfrom theblocks
world: solid objectson a tablecanbepiled oneupontheother, but their identities
arepreserved.
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Fig. 1.24.Thesubsumption-graphof lifestyles

Lifestylesaresetsof special,identity changingoperationsapplicableto object
identifiersof differentkindsof objects(figure1.24).Thesespecialoperationsform
a finite set.Combinedtogetherthey describea large numberof objectcategories.
Besidethe inevitablecreationof anobjectidentifier, possibledestruction,thecon-
ceptof temporarylossof identity for anobject,hasbeenintroducedwith operations
suspendandresumewith the samemeaningaskill andreincarnatein [1.40]. An
objectmaychangeits identifierkeepingtrackof its predecessorthroughevolution,
modeledasacompositionof a creationandadeletion.Complex lifestylesarecom-
posedfrom simpler ones.Thus,of aggregation the partsare suspended,whereas
the meltingof objectsis describedasfusion (partsaredestroyed).The fundamen-
tal differenceis that the inverseof the former process(segregation) is reversible
while the inverseof thelatter (fission)is not: thecontentsof a glassof wateranda
glassof wine pouredinto a carafecannotbe restituted.Examplesof lifestylesde-
scribedin [1.137] rangefrom physicalreality like simplemovableobjects(stones,
blocks), immovables(man-madebuildings andbonafide objectslike valleys and
mountains),living beings,containers,liquids, to abstractconceptslike ownership
rights,marriages,andpartnerships.

The conceptof lifestylesallows the designerof a spatio-temporaldatabaseto
usethesameclassesof operationsfor apparentlydifferentkindsof objects.In mod-
eling abstractobjects,onecanbenefitfrom alreadyachievedmodelsof thesimpler
physicalrealm.For example,legalcadastralparcelsfollow the’ lifestyle’ of liquids:
two parcelswhicharemergedarenot re-emergingafterasplit [1.87].
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Lifestyles describethe changein object identifiers: an object exists in the
databaseor doesnotexist (or it is suspended).A possibleextensionis thechangein
objecttypes:a liquid objectcanevaporatechangingits appearance.Melting of solid
objectsinto a liquid stateis animportanttransitionaswell. Thechangeof identity
in objectsproducesmany sideeffects:topologicalrelations,for example,areof the
greatestimportancein spatialdomain.Thus,the investigationrelateslifestylesand
thechangein topologyof emergingobjects[1.118].

Moving and changing objects. Objectshave permanencein time andcanmove
their positionor changeshape.The observation of movementor changeof shape
for table-topobjectswhich areunderour permanentscrutiny is easy. Solid objects
move but maintaintheir shape,otherobjectson the tablemay changeform asthe
resultof actions.

The recognitionof moving andchangingobjectsin geographicspaceis more
difficult. Whatcanbestatedaboutthesanddunesof (Figure1.25),wherewe have
observationswhich arehalf a yearapart?Onemight concludethatthesandduneX
in spring1999is theeffect of merging the two dunesA andB from fall 1998,but
this is not necessarilythe correctinterpretation.Thequestionis generalizedto the
problem:Given two observationsof snapshotspatialobjects §�; at 8 ; and §�> at 8 > ;
constructa timevaryingobject ! , suchthat ! at 8 ; is §«; and ! at 8 > is §n> .

!_� 8 ; ����§ ;�Ý !_� 8 > �2�Þ§ > (1.17)

In thiscase,wearejustifiedto labelthetwo observednon-temporalobjectswith the
sameidentifierandconsiderthemasprojectionsof thesingleobject.Thedetailed
rulesdependon theparticularsof theapplication.

B

A
ß X

à

Fall ’98 Spring ’99
á

A X ?
B X ?
A+B X ?

Fig. 1.25.Wanderingsanddunes
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Time-varying geometry. If we allow for time-varying valuesasthe resultof de-
terminationof objectproperty, thenthegeometricoperationscanall be appliedto
moving objects.For moving objects,they returna time-varyingvaluefor the loca-
tion of thecentroid,for thelengthof theboundary, etc.Theoperationapplicableto
fixed valuescanbe lifted to apply to time-varying values(caremustbe taken for
functionslike minimumor maximum)(seechapter4 in this volume).For example,
the distancebetweentwo moving objectsis a changingfloating-pointvalue (see
subsection1.6.1).

1.9.6 Temporal, but A-Spatial Objects

The sameprinciplesof identificationof areawith uniform propertieswhich were
usinga fixedtime point canbe inversedto identify temporalregionswith uniform
propertiesfor a fixed location.To form objectsasregionsfrom a snapshot(fixed
time) is morecommon,but sequencesin time with uniform propertiescanbecon-
sideredas’ temporalobjects’aswell [1.172]. Exampleswould be my summerva-
cationperiod,anemployeessicknessleave or thepresidency of Bill Clinton. Such
temporalobjectshaveastartandanendandonecanaskfor their duration,they are
time intervals:

ObjStart :: id -> time
ObjEnd :: id -> time

Allen definedtopologicalrelationsbetweentime intervals[1.2].

1.10 Ontological Tier 3: SociallyConstructed Reality

In the last sectionobjectswereconstructedwith respectto the humaninteraction
with theworld. Thisphysicalreality includesa largenumberof thethingswe inter-
actregularlywith, from fruits andothersmallobjectsto land,lakesandweather.

Unfortunately,mostof whatanadministrativespatio-temporaldatabasecontains
arenot thephysicalpropertiesof theworld, but thelegal andadministrativeclassi-
fication of the world, classifiedandnamedwithin the context of social,especially
institutional,rules.In the city, building lots, streetnames,andbuilding zonesare
administrative facts;in thelandscape,countyboundaries,right of way andareasof
natureparksareadministratively constructedfacts.Theseareascreatedby adminis-
trative rulesarefurthersimplificationsof thecomplexity of reality to therestricted
view of the law. Theseadministrative constructsarevalid only within a legal con-
text.

1.10.1 SocialReality is Realwithin a Context

A concentrationon the ontologyof physicalthingsleavesout a very large part of
the reality humansperceive. Namingthingsandusingthe namesto communicate
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with othersis oneof themostimportantculturalachievements.Societyconsistsof a
complex webof relationshipsbetweenpeopleandthings,which needto bedefined
andnamed.Elementsof socialreality thusnamedappearasrealasphysicalreality
to us.Thereis a strangebelief – manifestin witchcraft– thatanobjecthasa direct
andnaturallink to its name;pointingoutthat’Hund’, nor’chien’ or ’cane’describes
the samespeciesastheEnglish’dog’, revealsthe contextual natureof thenaming
conventions.Socialconstructs,from marriageto ownership,all appearasrealto us
asphysicalforcesor electricity, but aremeaningfulonly in thesocialcontext.

Socialreality includesall theobjectsandrelationswhich arecreatedby social
interactions.Humanbeingsaresocialanimalsandsocial interactionis extremely
important.The reasonto separatephysicalreality, objectreality andsocially con-
structedreality is thepotentialfor differencesin observations:within errorsof ob-
servations,the resultsof observationsof the samepoint in time andspaceshould
bethesame.Theconstructionof objectscanbebasedon theuniformity of various
properties,andthusobjectsmaybeformeddifferently– for example,thedefinition
of forestcanbebasedon variouscriteriaandthusleadsto differentextensionsof a
’forest’ (indeedoneshouldspeakof differentkindsof forest:legal forest,land-use
forest, forestasphysicalpresenceof trees,etc.); differencesfor object formation
canbetracedbackto differentmethodsin classificationif enoughcareis appliedto
thedomain-specificinterestsandprocedures.

For sociallyconstructedreality, agreementbetweendifferentagentsfrom differ-
entcontextsin theconstructionis not to beexpected.Objectsarenamedwith differ-
entnamesin differentlanguagesandonly näıvepersonsassumethatthereareexact
translationsbetweenterms.Not evencountriesusingthe’same’language,applythe
sametermswith correspondingmeaning;well known is themotto”Englandandthe
UnitedStatesareseparatedby a commonlanguage”basedon variousexamplesof
differencesin vocabulary; the sameappliesto Germany, SwitzerlandandAustria.
Eachcountry, specificallyeachculturalsystem,createsits own ’conceptualization’
of theculturalorganization.Theresultsarequitedifferentconceptualsystems,and
onemustnot expectthat thesameconceptin differentcultureswill have thesame
meaning.Thereis a Europeanattemptto extendthe WordNetdictionarywith five
Europeanlanguagesto make it multi-lingual.

Thenamesandtheconceptsareonly meaningfulwithin thedefiningsocialcon-
text. They arenot bindingoutsideof this context. Whatis quiteeasyto acceptwith
regardto differentlanguagesis moredifficult to understandwith respectto smaller
cultural communities:public agencies,administrations,etc.; eachcreatesits own
vocabulary and logical organizationof the part of reality and cultural institution
it is concernedwith. It is surprisingto seehow different the terminologyandthe
conceptsof law in Austria,SwitzerlandandGermany are;neitherdo thetermscor-
respond,nordothey havethe(exact)samemeaning.WhatAustrianscall ’Kataster’,
amapandalist of theparcels,is the’Liegenschaftskarte’in Germany. Evensmaller
communitiescreatetheir own terminology:the laws for urbanplanningarein the
competenceof the Bundesland(federalstate)in Austria; thereforetherearenine
laws,eachcreatingits own setof termswhichhavemeaningwithin thissetof rules.
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Termsin oneBundeslandbut donotcorrespondto thesameor to othertermsusedin
anotherBundesland.Nobodyassumesthatthedifferentbranchesin theadministra-
tion of a town relatethesameconceptto theword ’building’; theprototypicalcase,
a singlefamily dwelling,maybeincludedeverywhere,but thetreatmentof special
cases– verysmallutility constructions,undergroundconstructions,etc.– will vary.
Usingtheconceptof radialcategory [1.164], onecansaythatagenciescreateradial
categories,whichpartiallyoverlap.Thismakestheconstructionof databases,or the
integrationof databasesfrom differentorigin, very difficult. Thesmallestcommon
denominatorsmustbefoundby humanspecialists;attemptsof automaticdatabase
schemaintegrationat bestprovidehelpful tools[1.55].

1.10.2 Names

Objectshave names– especiallypersons– andthesenamesareperceivedas’real’
propertiesof the things.The proponentsof remotesensingimagesof the environ-
mentalwaysneedto beremindedthatremotesensingcannotseethenamesof towns
[1.124], nor the boundariesof countries.Sometimesphysicalphenomenaindicate
whereboundariesare,sometimesnot; townscanbe seen,but not their names,be-
causeall theseelementsarenot partof thephysicalreality (which we analyzedin
theprevioustwo sections).

It is culturallyassumedthatnamesof thingsarestable.It is improperto change
one’s name(except for womenwhen they marry in most of westernEurope)or
usemultiple names(only criminalsandartistsdo this). Everybodyhasto have a
name(including ’ theartist formerly known asPrince’).Cultureassumesfor many
importantthings(but notall) thatthereexistsfunctions

getname :: obj -> name
findObj :: name -> env -> obj

Namesareclearlyasocialconstructin thesenseof Searle[1.170]. Namescancome
in many forms:asstringsof characters,asnumbers(e.g.,thenamesof thedaysof a
month)or asarbitrarystrings(socialsecuritynumbers,licenseplatesof cars,serial
numbers,etc.).Namesarealwaysonanominalscale– only comparisonfor equality
is arelevantoperation– andoftenalexicographicorderingis exploitedfor searching
(e.g.,in telephonedirectories).Somenames,especiallysurnames,arestructuredin
sucha way that they hint to relationshipsbetweenpeople:PeterSmith maybethe
fatherof PaulSmith(or hisbrother, or completelyunrelated).

Many usesof namesrely onasmallcontext, in which thenameis likely unique.
The bestexampleis the useof Christiannamesto identify people,therearethou-
sandsof ’Rudi’ living in Vienna,but within thecontext of my department,’Rudi’ is
unique(notsofor ’Martin’). Usuallythecontext of asituationis sufficientto disam-
biguateastatementandidentify theperson.Oneshouldnotbetemptedto think that
the usualcombinationof Christiannameandfamily nameis the person:thereare
threepersonswith the samename’Martin Staudinger’listed in the Viennaphone
directory!
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1.10.3 Institutional Reality

Much of whatseemsvery real is, at a secondglance,far from real.Neitherstatus,
honoror marriage,nor ownershiparephysicallyreal.A large numberof the con-
structionsof social reality are relatedto institutions,especiallythe legal system.
We concentratehereon legal concepts,asthey arethemostimportantfor thecon-
structionof spatio-temporaldatabases,for example,aboutlandownershipandthe
planningof theuseof space.

Administrationandlaw hasa needto simplify the infinitely complex world to
generalruleswhichcanbeappliedgenerallyanduniformly. Thecomplex judgment
if a child is matureenoughto act as an adult personis replacedby a summary
rule which links the ageof the personto its classificationasa minor, not capable
of making legally binding decisions,or an adult. Suchrulesare importantfor an
efficient functioningof our modernworld, wherewe dealwith a large numberof
strangersandregulateour interactionsbasedon few, typically quickly observable,
properties:instructionsgiven by a personin a police uniform are followed when
we drive a car, but thesamesignsmadeby a non-uniformedpersonwill go mostly
unobserved.

Searleobservedthatsomespeechactsarenotdescriptiveof reality like ’ thefor-
estis green’which canbetrueor not dependingon thecolor of the forest,but are
constitutive – they createthedescribedfact.Themostfamousexampleis certainly
”I declareyouhusbandandwife”, which,if spokenby aduly authorizedpersonand
aftertheproperinterrogations,createsthefact’marriage’[1.169]. Ofteninstitutions
associatespecifictreatments– fixedin rulesandlaws – with suchconstitutiveacts.
Incorporationof a company, marriageor submittinga letter of resignationconsti-
tutelegal facts;theselegal factshavewell-definedconsequenceswhich areevident,
whentheconstitutiveact is made.Theinstitutionstypically keepregistriesof these
constitutive facts,a registry of deedsis anexample,or provide a documentasevi-
denceof thefact,for example,adriver’slicenseor amarriagecertificate.Confusing
are’birth certificates’,wherethecertificatedoesnot constitutethe fact that some-
bodywasborn– this is anontologicalproblemof tier 3 – but constitutesthe legal
acceptancethat birth wasgiven at a specificlocationand time, which hasconse-
quenceslike conferringnationality– for example,a birth certificatefrom an U.S.
registry is sufficient for entryinto theUSA.

Searlein his theoryof institutionalfactsstartswith the observation that paper
money is nothingelsethanprintedpaper, but that this specialkind of printedpa-
per hasa particularfunction within the context of a society. He seesthat ’special
printedpaper’servesas’money’ in thecontext of anationaleconomy. In thetheory
provided by Searleto explain institutional facts,the formula ’x servesasy in the
context of z’ is very important,but not likely to cover all aspectsof socialreality
[1.182]. This ’x countsasy’ assignsto thephysicalobjectx (from ontologicaltier
3) a specificfunctiony. Themeaningof thefunctiony andtherule thatx countsas
y arebothpartof thecontext, for example,thelegal institution.Thefunctiony, for
example,’ownership’,is thendefinedin thecontext of thelegal system:ownership
links a personto a pieceof land,theownerof a pieceof landcansell this landor
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canuseit to secureadebt,etc.Themeaningof ownershipis fully definedwithin the
legal systemof a country. TheGermanGrundgesetzsays”ownershipis guaranteed
within the limits of the law...”, clearly pointing out the socialandlegal context in
which thetermmustbeunderstood.On theotherhand,someReformCountryhas
definednew institutions,avoiding the term ’ownership’for land; in theopinionof
experts,if a pieceof landcanbeowned,sold,inheritedandmortgaged,thereis no
substantialdifferenceto ’ownership’(in themeaningof thecontext of Europeanor
Americanlaw), independentof theword thatthiscountryuses[1.119].

Importantfor theapplicationof spatio-temporaldatabasesto landregistrationis
theseparationbetweenthephysicalpropertiesof thingsin theworld, for example,
boundarymarkers,buildings,streetsandrivers,andthelegal facts.Competentsur-
veyorscanmeasurethepositionsof boundarymarkers.Thereshouldnot because
for debateaboutthe result.Similarly, the reconstructionof a boundaryusing the
documentedmeasurementsin the registry is a (mostly) physicalprocessand not
dependenton a legalcontext.

Smithhasseparatedfiat andbonafideboundaries[1.174]. Bonafideboundaries
exist in reality: they maybenaturalboundaries,likethoseenjoyedby anisland,wa-
tersheds,or clearlymonumentedartifact;thephysicalreality constitutesthebound-
ary, the registry only pointsout that thesephysicalelementsaretheboundaryand
maycontainmeasurementsor otherobservationvalues,whichcanbeusedto recon-
structtheboundary.For fiat boundaries,theregistrygivestheexactlocationin terms
of observation,andcompetentsurveyorsarerequiredto indicatethelocationof the
boundaryin therealworld. In thiscase,theregistryconstitutestheboundaryandits
location.Practically, thisdifferenceis importantwhenthelocationof aboundaryin
theregistry andtheboundaryin reality do not correspond– which oneis theruling
one?In mostcountries,for bonafide boundaries,reality wins; for fiat boundaries,
theregistrywins.

Confusionin databasesof institutionalfactsmayarisefrom anincompletesep-
arationwhatarerecordingsof constitutionalfacts,which cannotbewrongby def-
inition, and which are factsbasedon observation of physicalreality, which can,
obviously, be incorrectdescriptionsof reality. One can demonstratethat a value
doesnot describea realpropertycorrectly– by inspectionof theappropriateplace;
onecannotdemonstratethata constitutive registrationis wrong.However, onecan
provethattheprocessthatleadsto its constitutionwasnot following theprescribed
rulesandthereforetheregistrationshouldbevoid.

1.11 Ontological Tier 4: Modeling CognitiveAgents

Agentsacquireand constructknowledgeaboutthe world – the physicaland the
socialworld – in which they exist. Theknowledgethey constructis not necessarily
andautomaticallycorrespondingto reality. Cognitive agentsusethe accumulated
knowledgeto derive new knowledgefrom the accumulatedknowledgeandmake
decisionsusingderivedknowledgeaboutactions.
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Thecognitivesystemof humanbeingsis verysimilarto theaggregatedcognitive
behavior of organizations:They collectively acquireknowledge,which is subjectto
similar effectswhich resultin only partialcorrespondencebetweenreality andthe
knowledgeaccumulated.The treatmenthere,which dealsmostly with the effects
anddoesnot concentrateon the processesandthe influenceson processeswhich
leadto non-conformanceof accumulatedknowledge,needthereforenot differen-
tiate betweensingle cognitive agents– mostly humans,but to somedegreealso
animals– andorganizationsseenascognitiveagents.

1.11.1 Logical Deduction

Cognitiveagentsarecapableof logicaldeduction.Fromtheknowledgeaccumulated
otherfactsarededucedandusedto guidetheactionsof theagent.Logicaldeduction
canbeverysimple;for example,adatabaselookupto checkif apersonis aclientof
a bankor to find out how many yearsa studentis alreadyenrolledin theuniversity,
which is a simplecalculationstartingwith the yearof his first enrollment.More
complex deductionsarechecksif a studentcangraduate,which must considera
numberof requirements.

The rulesusedfor deductionarebuilt into applicationprogramsanddatabase
querylanguages.Thelatterusuallyfollow theaxiomspointedoutby Reiter[1.160]:

– thedomainclosureassumption
– theuniquenameassumption
– theclosedworld assumption

Theseaxiomsareclosedto assumptionsbuilt into legal rulesandregulationsand
administrative customs– they arenot universallyapplicable.For example,for spa-
tial databases,theclosedworld assumptionis usuallynotvalid: from theabsenceof
knowledgethatatreeor abuilding exist onaparcelonemustnotconcludethatthere
areno treesor buildingson theparcel;it is possiblethata treehasgrown sincethe
lastobservationor thatabuilding hasbeenerectedwithout informingtheauthorities
(figure1.26).Thedetailsaboutanownerof aparceldonotdemonstratethatthisper-
sonis still alive.Spatialinformationsystemsrequiremorecomplex reasoningthan
ordinaryadministrativeprocessing[1.58].

1.11.2 Two Time Perspectives

A cognitive agentmustseparatetwo time perspectives:Thereis the time in which
theworld evolves:treessprout,buildingsareconstructed,andpeopledie at certain
points in time. Second,thereis the time at which thesefactsareenteredinto the
database:Treesareobservedandenteredinto thedatabase,buildingsaresurveyed
andshown on maps,deathrecordsarefiled; theseactsof ’knowledgeacquisition’
occur at a certainpoint in time – measuredalong the sametime line, but differ-
ent instants:for eachevent, two instantsarerelevant: whenit occurredandwhen
knowledgewasacquired.
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The map does not show all: missing trees, footpaths

Fig. 1.26.Themapdoesnot show all!

Fromanagent’sperspective, thedatabase(or his own collectionof knowledge)
is a time-varyingvalue– changingin discretestepsat eachtransaction.Therefore,
thesemanticsof a temporaldatabasecanbeunderstoodasafunctionfrom timeto a
snapshotdatabase,’as of time t’ queriescanbeexpressedasa-temporalqueriesto
thesnapshotdatabasevalid at t.� 658«6 & 6 '*) � 8 §��±) � '+� 6 "}'-âb! 8 � 6�8«6 & 6 '*) (1.18)

Therearea numberof difficulties arisingfrom the combinationof a time-varying
collectionof factswith a deductionsystem:

The resultof a deductionfrom a snapshotdatabaseis – sounddeductionrules
assumed– a single result. The result becomestime varying for a time-varying
database:dependingwhat dataarecollected,a deductionyields a differentresult:
therequestto withdraw $500from my accountis deniedtoday(balanceonly $150),
but after I received a $1000reimbursementfrom a company, the samerequestto
withdraw $500is granted.

If the resultsof deductionsarestored,thena fact acquiredlater canmake the
resultinvalid andthestoredresultof thedeductionmustbeidentifiedandcorrected
(monotonicityof the logic; usually not given). This is usually describedas ’be-
lief maintenanceproblem’,whenagentsdeducebeliefsfrom their knowledgeand
knowledgeaddedlaterrequiresa revisionof thesebeliefs.Fromsimpleobservation
in anenvironmentonemaydeducethatgreenfruits areunripeandnot edible,and
redfruits areripeandsweet;thisempiricalrulemustberevisedaftertastingof ripe,
greenfigs or grapes,anda moresophisticatedrule for ripenessmust replacethe
simpleone[1.102].

Social fairnessoften leadsto ruleswherenot the dateof a fact, but whenan
agentlearnedaboutit, is important.Thesocialsystemdoesnot punishhonest’not-
knowing’ if theagenthasmadeall reasonableefforts to discover thefacts.For ex-
ample,the knowledgeof the law is assumed,but only after it hasbeenofficially
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published.A casecanbe broughtbeforea court within a certaindeadlineandthe
deadlineis countednot from the offendingact,but from the time the plaintiff has
learned(or couldhave learnedif diligent) of theact.

In otherinstances,legal rulesdependon having knowledgeor not; in European
cadastrallaw, the’bonafide’ buyeris protected,evenif hebuysfrom a non-owner.
In all suchcases,it is crucial how muchan agentknew, whena fact becametrue
andwhenan agentlearnedaboutit. The registry of deedsor the cadastreis one
of the legal domainswheremostdetailedrulesweredevelopedover the centuries
[1.78]. Enteringa legal fact in a registry oftencreatesthe assumptionthatall par-
ties concerneddo know aboutthe fact,becausethey canaccessthe informationif
interested.

1.11.3 Sourcesof Knowledge

Agentsacquiremuchknowledgethroughcommunicationwith otheragentsandnot
from direct observations.This knowledgeis ’hearsay’in legal terminology[1.19]
andconsideredof muchlower reliability thanwhatis directly andimmediatelyob-
servedby anagent.Humanbeingsareextremelywell equippedto keepinformation
from differentsourcesseparatedandmaintainamentallink from theinformationto
thesource.Reuterhaspointedout thatdatabasesarenot preparedto keeptrackof
collectionsof factswhich form areasof consistency, but arenot overall consistent
[1.204].

1.12 Summary: Ontological Commitments necessaryfor a
Spatio-Temporal Database

Using a spatio-temporaldatabaseimplies the acceptanceof the ontologicalcom-
mitmentsbuilt into it. Theprevioussectionsdiscussedthesecommitmentsin detail.
Theconclusionsaresummarizedhere:

1.12.1 Existenceof a SingleReality

We assume– asgenerallyis the casein the positivist philosophyof scienceand
engineering– that thereis a single reality in which we live, and which we gain
knowledgeof. This assumptionresultsform empiricalevidencethat I andevery-
bodyelseliveandinteractwith thesameobjects,following thesamephysicallaws.
Effectsof theactionsof anotherpersoncanbeseenandotherscanseetheeffectsof
my actions.

1.12.2 Valuesfor Propertiescanbe Observed

Ourknowledgeof theworld is throughtheobservationof valuesof observableprop-
erties.Modelsmaylink observablevaluesto assumedproperties,which arenot di-
rectly observable.Observationsarelinkedto thepoint in time andspacewhenthey
weremade.
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1.12.3 AssumeSpaceand Time

The notion of spaceand time were the object of extensive philosophicaldebate.
Humanlife is in spaceandtime andour bodily functionsleadto spaceandtime as
two fundamentalcategoriesof our experience.Time is unidirectionalandobserved
processesare,in general,not reversiblein time. Spaceis characterized– herewe
canfollow the famousdefinition of geometryby Hilbert – by invariantproperties
for groupsof transformations[1.20].

1.12.4 ObservationsareNecessarilyLimited

Observationsarenecessarilywith limited precisionin the observed valueaswell
asin thepoint in time andspacethey arerelatedto. This is a physicalfundamental
limit (Heisenberg’suncertaintyprinciple),but in all practicalcases,theuncertainties
aremuchlarger thanthephysicallimits anddueto imprecisepracticalobservation
processes.Most of the datacollectedarejust preciseenoughfor the purpose,and
therefore,in absoluteterms,quiteimprecise.

1.12.5 ProcessesDetermineObjects

Humansdonotusuallyconsidertheworld asconsistingof datavaluesfor individual
pointobservations.For economyof cognitiveprocesses,setsof similarobservations
aregroupedto form objects.Theseobjectshave propertieswhich remaininvariant
undercommonoperations.Theinvarianceof form of objectsthroughtranslationand
rotation(which form agroup)is fundamentalfor ourunderstandingof solidbodies,
i.e., for mostof theobjectsof our daily life. Objectsseemto be’real’, but onemust
always rememberthat they dependon the classificationusedfor their formation
andthereforealternative waysof ’carving’ theworld in objectsarepossible.Some
classificationsareextremelycloselyrelatedto fundamentaloperationsof thehuman
body andare thereforelikely ’universals’(i.e., the samefor all humancultures);
othersarenot.Objectsendurein timeandhaveanidentitywhich links observations
of anearliertimewith observationsata latertime.Evenwhenwearenotwatching,
our car parked in the roadkeepsits color (it actuallyfadesslowly) andthe height
of the Himalayanmountainsremainsthe same(it actually raisesslowly). Object
identity is usuallyrepresentedwith identifiersin thedatacollection.

1.12.6 Namesof Objects

To keeptrackof theidentityof objects,variousmethodsfor namingareusedby the
socialsystem.Peoplehave namesandcarshave manufacturernumbersandlicense
platesto makethemuniqueandto makeit easyto find thesameobjectagainwithout
constantsupervision.Unnamedobjects,like the fork you areeatingwith, remain
only ’your fork’ aslong asyou constantlykeeptrackof its locationto differentiate
it from otherforks.
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1.12.7 Social,EspeciallyInstitutionally ConstructedReality

The socialsystemconstructsrelationsbetweenobjects,which arevery important
for humanliving andseemvery real,but arenot partof physicalreality: marriage
(asopposedto parenthood)or ownership(asopposedto physicalpossession)are
socialconceptsandonly relatedto physicalreality. Much datausedfor modernad-
ministrationconcernsuchsocially– especiallyinstitutionally– constructedreality
[1.170].

1.12.8 Knowledgeof an Agent is Changing in Time

Theknowledgeanagent,a singlehumanbeing,or anorganizationmaintains,can-
notbeatrueandperfectmodelof reality. Agentsusetheirknowledgeto makedeci-
sionsaboutactions.Therepresentationof realityis notonly of limited precision(see
above),but alsovariesin time.Factsin theworld arelaterrepresentedin theknowl-
edgebase.With eachfact thetime of occurrenceandtime of entry into theknowl-
edgecollectionis associated.This is often called’valid time’ and’databasetime’
[1.185]. A specificdecisionwascorrectyesterday, but with the additionalknowl-
edgegainedsince,is wrongtoday. Socialfairnessdictatesthatdecisionsof agents
arejudgedwith respectto what they couldhave known, not theperfectknowledge
availablelater.

1.13 Conclusionand Future Work

For spatio-temporaldatabasesa careful review of the ontologicalbaseson which
programsrestis necessary. Theassumptionsbuilt in mustbedocumentedcarefully.

Integrationof datafrom differentsourcesis oneof the dominantproblemsof
today’spracticaluseof spatialandspatio-temporaldatabases.Investigationinto the
ontologicalbasesof suchdatacollectionsis a researchdirection from which es-
sentialcontributionsto solve the real and immediateproblemsareexpected.This
is demonstratedby thecommercialinterestin ontologies.Thedivision of ontology
into tiers in this chapteridentifiesdifferent levels of commitmentandagreement
betweendifferentdatacollections.Observationof physicalreality is morelikely to
besimilar for similardatasources;theconstructionsof socialrealityarenecessarily
context dependent,andwill differ for collectionsoriginating in differentsources.
Thetiersselectedreflectthesedifferencesin expectedagreement,respectively dis-
agreement,betweendatasources.The descriptionof the tiers point to methodsto
overcomethe differencesand to integratedifferentdatasourceswithin the limits
of their ontologicalcommonbase.The multi-tier ontologyextendsthe difference
betweenontologyandepistemologyphilosophershavearguedfor centuries.

Progressin the Chorochronosproject in this respectevolved aroundthe move
from a first-orderlogic basedinvestigationto a second-orderarchitecture[1.110].
In this framework, time-varying ’moving’ valuesandpointscan be manipulated,
andareproperlytyped.It appearsthatmany of theontologicalproblemsdiscussed
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currently[1.107] arerelatedto theconceptof typeandthetypesystemsof program-
minglanguagesarenotexactlythetypesystemsnecessaryfor databases.A typesys-
temfor aprogramminglanguageis generallydefinedasasetof typeclasses.Object
instanceshave a specifictype,which meansthat theoperationsdefinedin thetype
classareapplicableto the object instance[1.32]. Type systemsfor programming
languagearedevelopedwith thegoal to allow certaincheckson theprogramcode
suchthata largeclassof errorscanbedetectedstatically(i.e., duringcompilation)
andstaticerrorscannotoccurduringtheexecutionof aprogram.Typesin thesense
of programminglanguagesarestatic.Objectinstancescannotchangetheir typedur-
ing execution(unlessthey gothroughaspecific’ typeconversion’operation)[1.31].
This conceptof type is suitablefor theshortdurationof a programrun, but is not
suitablefor a temporaldatabase,wherelong-termrepresentationis the objective.
It clasheswith anontologicaltypeconcept:with graduationa studentbecomesan
alumniandsometimesanemployee– but his identity asa humanbeingcontinues.
A numberof extensionsof a typesystemwith ’mix-ins’ etc.,havebeenproposedto
dealwith suchcases[1.7]. But nonecoversall the cases.A review of the five-tier
ontologywith a powerful typesystem,for example,basedon Hindley-Millner type
inferenceandclasses[1.123], is likely to yield valuableinsightsinto theconnection
betweentypesystemandontology.

Linguistsusethe conceptof ’ontological categories’ to describetypes(in the
senseof applicableoperations)which cannotbe changed:a solid bodycannotbe-
comean event; a parcel(a pieceof land) cannotbecomea materialor a point. A
boundarypoint,however, canceaseto beaboundarypoint,but continuesasapoint:
it canneverbecomeanevent.

The ontologypresentedhereis designedwith the constructionof a computa-
tional model in mind, following the suggestionsin section1.4. The contribution
possiblefrom a stronglytypedlanguageandpolymorphismbasedon a classstruc-
turewill beexploredthen.
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