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1.1 Intr oduction

Ontologyandtherelatedterm’semanticshave recentlyfoundincreasedttentionin
databaseliscussionsEarly discussion®f ontologyissuesmportantfor databases
[1.124 [1.76] werelostin a seaof papersontechnicalmostly performancéssues,
despitethe factthattextbooksasearly as[1.137 discussedriefly the relationship
betweeninformation systemand real world. This is differenttoday:for example,
in arecentconferencetwo of the threeinvited talkswhereconcernedvith seman-
tics. Ceri discussedhe expressionof semanticin XML and possibleextensions
[1.37] andReuterdedicatecdhis whole lectureto the discussiorof what semantics
a databasehouldcontainandof how currentdatabasetructureis not sufficiently
flexible to allow advanceduses His exampleswerediverseandrangedfrom anap-
plication providing guidancefor touristsmoving in the town of Heidelbeg to an
applicationfrom sciencewherereportsaboutscientificexperimentsn cellular bi-
ology mustbe organized.Reuterstartedwith the assumptiorthat the ontological
catggoriesof Spaceand Time shouldbe includedand proposedHistory, Topology
and Intensionsas candidatedor the future, a positionalreadyadvancedby Gadia
andNairin 1993[1.188 ch2].

Informationsystemsandtheir implementatioras databasegeston ontological
commitmentsDecisionsaboutthe type systemused,how identifiersare managed,
andso on, arederivedfrom a specificview of the world to which the databasee-
lates,in otherwordsfrom a specificontology The ontologiesof standardlatabase
modelsmalke very limited assumptionandthereforehedatamodelis widely appli-
cable.Spatio-temporatiatabasesmust make strongercommitmentgo capturethe
meaningof spaceandtime. Suchanontologyis necessarilymoreinvolvedandthe
connectiornto the applicationareastronger The designerof a databaseapplication
hasto reconcilethe ontologicalconceptsrom the applicationareawith the ontol-
ogy built into the databaseOptimally, a spatio-temporatiatabasenvolvesin its
built-in ontologya minimal commitmenton how spaceandtime is structuredand
is thusmostopenfor applicationspecificrefinementsExploring the minimal setof
ontologicalcommitmentis the goalof this chapter

Theontologybuilt into a DBMS canbeinsufficient or it canbetoo restraining.
It is insufficient if the ontologicalcateyoriesnecessaryor numerousapplications
arenot availableandmustbereconstructedor eachapplicationanev; theresulting
incompatibilitieswill bevery costlyto correctlater[1.79]. It is toorestrainingf the
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ontology commitsthosewho apply it to assumptionsvhich do not hold for novel

applications.Spatio-temporatiatabasesre typically constructedo integratethe
knowledgeof mary agentsandfacethe problemof heterogeneousrvironments,
a point alreadyraisedby Wiederholdet al. [1.188 ch.22]. Currentdatabaseslo
not allow usto modeljoint beliefsof groupsof agentswvhich do not correspondo

similar beliefsof othergroupsof agentsfor example,Reuterworkswith groupsof

scientistswho manageerabytesof reportsof resultsfrom experimentsin cellular
biology, wherethevalidity of theresultsandtheirinterpretatioraredebatecamong
the groups.Currentontologicalinvestigationselatedto databaseandinformation
systemshave beenextendedinto the spatialdomain[1.34, 1.35 1.6Q 1.61, 1.63

1.158 1.184, but their extensioninto the spatio-temporatiomain[1.42, 1.95 1.96

1.118 1.137 hasproved moredifficult thanexpected1.84] [1.18(. An overview
of Time Ontologyfor computersciencewaspublishedby [1.16§; Montanariand
Pernicidiscusghe differentproposaldor temporalreasonind1.188 ch.21].

I will investigatethe questionswvhich arisewheninformationsystemsare built
for purposesnvolving the representatiomf real spaceandtime. Examplesfrom
thedomainof GeographidnformationSystemslemonstrat¢heissuesGeographic
Information Systemsare especiallysuited for our purposesbecausehey model
real-world situationsincludingtheir spatialandtemporalaspectsTheir application
areais very broadand extendsfrom the administratve andlegal rules governing
land ownershipandregistration[1.52] to systemsbuilt for ervironmentalpurposes
[1.109 andfor researclinto globalchangg1.143. Thesituationis notsubstantially
differentfor otherspatio-temporasystems|ik e systemgor motortraffic monitor
ing or trackingairplanes Spatio-temporatiatabaseareoften built from datafrom
mary differentsourceswhichis notoriouslydifficult [1.101, 1.197. Datato bein-
tegrateddiffer in their semanticandrepresentatioranda meaningfulcombination
requiresbridgingthegapcreatedoy ontologicalassumptiongsiswell astranslations
betweertherepresentationsncetheir meanings in the samecontext. But evenfor
databasesvhereall dataare from the samesource the gap betweenthe ontology
of the datacollectorsandthe ontologicalassumption®f the designerof the GIS
softwareandlaterthe usersmustbebridged.

| proposea multi-tier ontology wheredifferentrulesapply to eachtier (table
1.1). The approachusedhereis empiricaland startswith the obsenation of phys-
ical propertiesfor specificlocationsandinstants.Objectsare formed as areasof
uniform propertieswhich endurethroughtime asidentical. Cultural corventions
link namesto objectsand constructobjectsof 'socialreality’ [1.10, 1.17Q, which
aremeaningfulwithin a setof culture-dependentles.For example,thelegal sys-
tem of a country givesa meaningto conceptdike 'parcel’ and’ownership’. But
the correspondingbjectsdo not have physicalexistence;they aresocialartifacts.
Agents— humanbeingsor organizationsvhich behae lik e personswith respecto
the aspectsonsideredere— male all obsenations.Agentsderive decisionsabout
actionsfrom theknowledgethey have acquired An agents knowledgeevolvesover
time and spatio-temporatiatabasesust thereforedocumentthe temporalevolu-
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OntologicalTier 0: PhysicalReality:

o the existenceof a singlephysicalreality;

e determinecpropertiesfor every pointin time andspace,

e spaceandtime asfundamentatimensionf this reality.
OntologicalTier 1: ObserableReality:

e propertiesareobsenablenow ata pointin space,

e realobsenationsareincompletejmpreciseandapproximate.
OntologicalTier 2: ObjectWorld:

e objectsaredefinedby uniform propertiesfor regionsin spaceandtime,
e objectscontinuein time.

OntologicalTier 3: SocialReality:

e socialprocessesonstructexternalnames,

e socialrulescreatefactsandrelationshipbetweerthem,

e socialfactsarevalid within the socialcontext only.
OntologicalTier 4: Cognitive Agents:

e agentsusetheir knowvledgeto derive otherfactsandmake decisions,

e knowledgeis acquiredgraduallyandlagsbehindreality,

o reconstructiorof previous statesof the knowledgebasés requiredin legal
andadministratve processes.

Table 1.1. Thefive tiers of ontology

tion of anagents knowledge.The historicalstateof anagents knowledgemustbe
consideredo make afair assessmerf anagents actions.

Theproposediersareorderedirom datafor which datacollectionsfrom multi-
ple sourcesaremorelik ely to agreeto datafor which disagreemeris morelikely;
they helpwith the integrationof datafrom differentsourcedo understandhe pro-
cessesvhich resultin agreemenbr disagreemenbetweendata. Debateson the
lengthof a yeararelimited to scientificdiscussion®n the 12th decimal,the mea-
suredheightof mountaintops may differ betweencountriesby a few meters;but
debatesboutthelocationof boundarylines occuroccasionallythelimits of areas
with economicproblemsaredebatedn parliamentsandthe judgmenton desirable
areador vacationds mostly a questionof personapreferenceThis leadsto sepa-
ration of physicalreality, objectreality andsocially constructedeality in different
tiersof anontology

A multi-tier ontologyallowsto integratedifferentphilosophicaktancesfrom an
extremerealistor positivist view to the currentpost-moderipositions.Themultiple
tiers recognizethat variousapproachesontribute to our understandingf certain
aspectof the world aroundus andtake the philosophicallyunusualpositionthat
noneis universal[1.167.

Thegoalof this chapteiis to investigatevhatthe minimal ontologicalcommit-
mentsfor spatio-temporatiatabaseare.To this end,the conceptof ontologyin the
contet of databaselesignis clarifiedfirst andthenan’obsenation-based’empiri-
cally justifiedminimal ontologyis designedTheontologyis designedo facilitatea
computationamodel. Theapproaclowesmuchto the effortsin formal ontologyby
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Guarino[1.105 1.173 1.176 1.18] andrelatedresearcherfl.69, 1.68 1.199. It
connectshowever, their findingswith the conceptof 'socialreality’ introducedby
Searlgf1.170, which givesafoundationto mostof the semanticof administratve
dataprocessingMulti-agenttheory[1.73, 1.20] providesa framework to justify
thetwo-time perspectiesusedin temporaldatabaseflL.185.

1.1.1 Ontology to Drive Information SystemDesign

Guarino[1.107 andEgenhofef1.74] promotethe term’ontology driveninforma-
tion systemdesign’andexperimentsaaboundo formalizeontologydescriptionan-
guages- evenan XML-basedversionis reported/1.48, 1.183. Thisis the contin-
uation of the obsenation that applicationprogramsincorporatevariousproperties
of the objectshandled,propertieswhich are codedmary timesin the application
code— and not always consistently Databaseschematapriginally usedonly for
the structuringof storageof data,were soondiscoveredto be usefulfor the gen-
erationof reports(e.g.the reportgenerationanguageof CODASYL [1.41]) and
lateralsofor theautomatiogeneratiorof data.Theseapplication-independeipirop-
ertiesof the objectrepresenteéh a programcanbe describedasontology If such
ontologicalpropertiesof the objectsare concentratedn oneplaceandif they can
be usedby variousprograms simplification of the software developmentprocess
canbe achieved and applicationsmay even gain in usability as more consisteng
in the operationds achieved[1.79]. Thereis today substantial- even commercial
—interestin shareabl@ntologie ESPRITProject[1.70], Pro€&ge Project[1.157),
andthereare companiesvhich constructand sell ontologies(CYC [1.5]] or On-
tek [1.149). Severalinternationalstandardizatiomodies,from ISO (ISO/TC211)
[1.12(0 to OMG [1.148 andOGCJ[1.147, standardizepatialandtemporalaspects
of ontology

1.1.2 Ontological Problemsof GeographicInformation Systemsand other
Spatio-Temporal Information Systems

GeographidnformationSystemdave to reflecttruthfully the stateof theworld; in-
formationsystemavhichdonotprovidereliableandcorrectinformationareuseless.
This correspondencieetweerreality andinformationsystemwill be usedthrough-
outthis chapteto defineontologyandto explainits role in thedesignof information
systemsThehigh costof collectingandmaintainingspatialdatahasled to morede-
mandfor datasharing:datashouldbe collectedand maintainedonceandusedby
mary [1.101, 1.197. This forcesdifferencesdn the ontologicalcommitmentsnto
theopen:

— thecontinuousatureof reality comparedo the discreteapproximatiorof space
andtimein adatabas¢l.92] (chapter4 in thisvolume);

— thefactthattheworld changesontinuouslyandthe databaséagsbehind;

— differentiationbetweenvalid time’ and’ transactiortime’ in temporaldatabases
is anontologicaldifferentiation[1.184;
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— theclosedworld assumptiorfil.16Q, whichis corvenientlyassumedh databases,
is notvalid for spatio-temporatiatabasefl.79, 1.179;

— theinteroperabilityproblem,which is theinability of comparablesystemso co-
operatdq1.24);

— theinternalhierarchicalstructuredor spacetime andcateyories[1.93, andthe
consequengtratificationin the ontologicalcateyories[1.23];

— thedifficulty to combinesolutionsdevelopedfor differentapplicationgcompos-
ability in linguistic terminology[1.121]);

— thedifficulty of describingdataandthe quality of data:the so-calledmetadata
discussiorj1.36,1.142 1.1685;

— the differencesin classificationfound acrosscultural boundarieq1.30, 1.111
1.141.

1.1.3 Structur e of the Chapter

The chapterdiscusseshe meaningof the notion of ontologyin section1.2. The
following section1.3 introducestypical applicationdomainsfor spatio-temporal
databasesyhich are usedas examplesin later sections.Sectionl.4 discusseshe
fundamentahspect®f informationsystemsandshavs how they relateto ontology
The next sectionl.5 givesan overview of the five tiers of ontology Section1.6
discusseshe languagesvhich could be usedto describean ontology. The major
part of the chapteris formedby sectionsl.7 to 1.11, which treattier in detail. A
summarysectionl.12lists the ontologicalcommitmentencounteredConclusions
andfuturework arediscussedh thefinal sectionl.13.

1.2 The Notion of Ontology

Ontologydescribesvhatis; it is "the metaphysicastudyof the natureof beingand
existence”[1.72). In a ndive view, thereshouldbe only one ontology asthereis
only oneworld. In practice we obsene differentconceptualizationsf theworld by
differentpeople Ontology especiallyif thetermis usedin its pluralform, describes
a conceptualizatiomf the world andis closelyrelatedto softwareengineeringac-
tivities like conceptuabnalysisdomainmodeling,etc.[1.10§.

1.2.1 ClassicalView

The notion of ontology is borroved in ComputerSciencefrom philosophy The
GreekphilosophersgspeciallyAristotle in his Metaphysicsinquiredwhattheprop-
ertiesof theworld andtheobjectsin it areandhow we percevethem[1.177, 1.181.
Philosophyuseghetermontologyto describehatwhichis (ontos,Greek to be;on-
tology, thereforethescienceof whatis) andin this senseit is usedasa synorym for
'metaphysics’.Ontologyis often usedin contradistinctiorto epistemologywhich
is "the field of philosophy which dealswith the natureand sourceof knowledge”
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[1.144. Quotedafter[1.109 epistemologyin briefis a’theoryof knowledge’.lt is
difficult for usliving in theworld to separatéhe descriptionof the world from our
knowledgeof the world andhow it is expressedn language Strictly speakingf
thereis only onereality, theremustalsobe only oneontology andthe humanviews
or conceptualizationsf this world are not ontologiesin the strict senseWe need
anothertermfor the”theory whatpeoplebelieve theworld is like”; onecouldcall it
'projectedontologies’or 'epistemologicabntologies’[1.153.

Ontologiesaremodeledafterscientifictheorieqor thenaive counterpartthereof),
especiallyphysicq1.114 andgeographyl.64], andthey generalize¢herulesfound
there.Recently philosophicalontologistshave begun to study practicalproblems
from law, engineeringandcommercg1.177 andthey have startedto identify the
limits of ontologieshasedn empiricalobsenationsof physicalobjects.

Augustineintroducedthe relatednotion’universeof discourse’ As far asara-
tional discussioris concernedthe notionsof ontologyor universeof discourseare
relatedto the conceptof a closedsystemandits boundaryIn this sensecomputer
sciencehasborrovedthetermontologyto list whatis consideredvithin adiscussion
or aninformationsystem[1.114]; databasepecialistdalk aboutdatabaseschema,
often with the samemeaning.Davis [1.53] separateshreelevels in the analysis
of a microworld: a level of definition of a domainmodel,a level of formalization
with typesandaxioms,andan implementatiorievel (Figure 1.1). In this chaptey
this approaclis extendedfor spatio-temporatlatabasewhich mustsupportmulti-
ple applicationsandthereforemultiple domainmodelswhich it in a singlegeneric
model.

| Domain Model } I Axiomatic System } I Implementation }
I | I

w 1 w 1 w l
! | ! | ! I
! I ! I ! I
‘ Ontolo Fomal | | £omal Language [+Definiion--—  Data Structures !
} gy | Semantics } guag | } |
! 1 w 1 w l
! | ! | ! |
! I ! I ! |
! I ! I ! |
! | ! | ! |
! I ! I ! |
! I ! I ! |
! | ! | ! |
| | ! I I
| Justified | . Justified 1 |
! Ontology = by 1| Axioms e by 1| Procedures !
I | i | i |
| |

Justified
by

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

1.2.2 SocialReality

Ontology describesvhatis independenbdf an obsenrer, what exists for every ob-
sener. The ontologydescribeghe commonreality. The discussiorin the pasthas
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concentratean physicalreality: on physicalobjectsin the real world. The appli-
cability of this ontology for mostof the information systemsn administrationis
doubtful. Much of whatis collectedin databasearefactsnot aboutphysicalreality
(e.g.,thepositionof a building in coordinatespace)put ratherabouthumanagree-
ments(contracts)aboutclassificatioraccordingto someculturally fixedrules(e.g.,
who is an adult) and aboutsocial arrangementgownershiprights). Theseare not
physicalbut neverthelessery 'real’. Many importantaspect®f our daily life fall in
this category: neithermoney nor marriageor companiesrephysicallyexisting and
canbetouched.They arerelatedto physicalobjectsandspecificrelationsbetween
thembut they existsthemselesnot physicalin nature.

The physicalontologycanonly describethe physicalpart of reality; thingslike
money, ownership socialstatusgetc.,arenotrealin thesamewayasis light, physical
objects,etc. Multiple obsenersmay seethe sameobjects(e.g.,piecesof paper)but
may not agreeon their value, becausdor someobseners and contexts someof
the piecesof paperrepresenmoney but not for otherobsenrersin othercontexts.
Sociologistshave pointedout that part of what seemgeal to usis constructedy
society[1.10], and Searle[1.170 hasprovided a succinctanalysisof the kind of
reality behindmoney, propertyof land, marriagesgetc.,whichis extremelyhelpful
to avoid someof the confusingtanglesof ontologicaldiscussion.

Agentscreatesocialreality; they canbesingleindividuals(personspr aggreya-
tionsof personsn agencie®r organizationsSomeagents-in generaltheagencies
of the state— have the powerto make otheragentobsene the samerulesregarding
theobjectsthey create Thestandardxampleis money, which physicallyis nothing
elsethanprintedpaper;giventhatall memberof a grouptreatmoney in the same
way, it functionsto facilitatecommercegdespitethefactthatthefiction thatonecan
exchangepapemoney into gold hasbeendroppedalongtime ago.

Socialreality, like languagesymbols,is meaningfulonly in a contect. 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-
registrationprocesd4o demonstratéow socialreality is createdpecausdt demon-
stratesspatialandtemporalaspectg1.1, 1.14 1.77, 1.144. Ownershipof land re-
quiresspatialdelimitation,i.e., boundariesandis, in somecountries,createdby
registrationin somesortof informationsystem(cadastrelandregistry).

Much of socialinteractionis basedn understandingndspeculatingvhatother
agentghink. Socialrulesof fairnesddictatethatagentsarenot responsiblgor not
knowing factswhichthey hadno possibilityto learn.To judgetheeffectsof actions,
onemustthereforebe ableto reconstrucivhatthe agentshave known at a specific
time. In other circumstancepostingsomefactspublicly is crucial to their being
establishedocially For example,ownershipof land mustusuallyberegisteredn a
public registerto be enforceableagainstothers;mary westernmovies describethe
racebetweentwo gold diggersin orderto registertheir claimsfirst.
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1.3 Application Domains

Ontologiesare influencedby the examplesthe designeruses.Classicalontology
studiesfrom Aristotle onwards,arebasetn materialobjects preferablysolid bod-
ies, the humanbody or animals,as well asthe actionsand eventsin which such
objectsare engagedHayeshasstudiedthe ontology of liquids andfound it to be
verycomplicated1.113. Differentdomainshave differentontologicalfoundations.

Threequite differentapplicationdomainsare usedas exampleshereto assure
that the ontologicalbasefor spatio-temporatiatabasesloesnot include commit-
mentswhich will excludetheapplicationto otherdomains:

— atable-topsituation,with solid andliquid materialobjects,asthey arecustomar
ily foundon adinnertable;theseobjectsaremovedaroundby humans;

— a city ervironment,where personsor carsmove betweenbuildings and along
streetgsimilarto examplesfound|later, for example,in chapter.

— a geographicsituation,with plots of rural land, forest,roadsandrivers,where
peopleand animalscanmove unrestrictedacrossthe land (someavhat relatedto
the ski resortexample(chapters in this book).

The different examplesshould demonstratehe breadthof the realm of applica-
tions requiring spatio-temporatiatabasesnd the differencesn their conceptual-
ization of reality. | have recommendedhat particularontologiesbe developedfor
specificapplicationareas[1.79]. For example,an ontology for farmingis highly
desirableto connectthe rulesfor datacollection,calculationof agriculturalsubsi-
diesin the EuropeariJnion andthe integrationof the resultingdatabaséor policy
[1.8Q]. Bernasconhasdocumente@nontologyfor thesaver system®f acommune
[1.11]. Furtherwe urgently needconcreteontologiesfor land registrationto build
thebasesoftwareusablen seseralcountrieswith differentlegislation[1.14, 1.144.
Last but not least,an ontology of traffic, privateandpublic, would be very useful
in the exchangeof databetweendifferenttraffic guidancesystemsgransportation
scheduleservicesandcar navigationaids. The foundationontologyincorporatedn
thespatio-temporatlatabasenustbe opento allow eachof theseontologiesjndeed
it mustbe possibleto integratemorethanoneof them.

1.3.1 Table-top Situation

A well-researchedbstractiorof the situationon a dinnertablewasoneof the first
examplesof a computerscienceontology: the blocks world [1.8]. It consistsof
solid blocks,which canbestacledontop of eachother This hassenedasa fruitful
exampleto discussthe meaningof ontologies[1.104 andto discussthe formal
definition of the semanticof spatialrelations[1.90, 1.118. More complec is an
ernvironmentwhich includesliquids in bottlesor cups[1.113. Liquids do not have
afixedform, but fill the holesin otherobjects(only specifickinds of holescanbe
usedto containliquids [1.34]). Liquids canbe pouredandmixed,but it is generally
impossibleto separatéwo piecesof aliquid oncethey aremeged[1.137, 1.138.
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Fig. 1.2. Table-topsituationwith solid objectsandliquids

The objectson atableareundercontrol of a personmanipulatingthem (Figure
1.2). Possessionf an objectby a personmay signallegal ownershipandwe see
herea closeconnectiorbetweerphysicalpossessioandownership.

Onecanseethat objectsareconcevedin sucha way thatimportantinvariants
aremaintainedTheregularlaws of conserationof matterapplyandmaterialprop-
erties,for example,color, specificweight, remaininvariantundera large number
of operationsSolid objectson a table maintaintheir size,volumeandform. More
comple ontologiesapplyfor cooking,wherelessinvariantsaremaintainedneither
form, color, or volume,norweightis presered.

1.3.2 Cityscape

A city containsbuildings and streets(Figure 1.3). We can understandhe build-
ingsascontaineravhich arefurther subdividedinto rooms.Personganbein these
rooms.Doorsbetweertheroomsallow peopleto move betweertheroomsor leave
thebuildings.Streetsareformedby theemptyspaceavailablefor movement Streets
and plazascan, again,be seenas containersput for navigationin a city, a linear
conceptiorof astreetasa pathbetweerdoorsis amoreeffective conceptualization.
For mostpurposesthe detailsof the movementof a personin a streetis irrelevant,
importantis only thatthe persorfollows the streetfrom intersectiorto intersection.

But notonly acontainerandalinearmodelof spaceareapplicable we find also
anarealone:Consideringtherainfall on buildings, the amountof rain running off
aroofis proportionalto the area.Therunoff thenfollows the streetsandin modern
citiesdisappeari the saver network (againalinear, graphlike, structure)1.29|.

Buildings,streetsplants,etc.,donotmove from theirlocationandtheprocesses
of creationtake muchtime. Personscarsand other vehiclesmove amongthem
rapidly; theirmovements restrictedto certainpathways.
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Fig. 1.3.City situationwith buildings, streetsandpeople

This exampleshows how differenttasksleadto differentconceptualizationsf
spaceithe samecityscapeis seenin termsof volumes,areasandlines. But even
within a single type of geometry for example, the linear network structureof a
streetnetwork, differentlevels of detail are used,dependingon the specifictask:
planninga trip usesa lessdetailedrepresentatiorof the streetnetwork than the
descriptionof a pathto take, whereevery intersectiormustbe mentioned Finally
driving in lanesandchangingbetweerlanesis yet a third level of detailin a street
graph[1.197. A hierarchyof containerss alsousefulto navigatein acity environ-
mentandto producemapsat differentlevels of cartographigeneralizatiorior this
purposg1.191].

Physicalpossessiofis not sufficient to indicateownershipof land. Legal insti-
tutions,often calledlandtenure arenecessaryo transferand publicize ownership
andotherrightsin land. Theregistry of deedsor a registry of title aremaintaining
public knowledgeabouttheserights.

1.3.3 GeographicLandscape

The first object of the geographioworld is the surfaceof the world andits form
(Figurel1.4). Thelandscapés seenasanundulatedsurface(a two-dimensionabe-
ometricalobject)embeddedn three-dimensionadpace.The geologicalprocesses
createthis surface, mostimportantly througherosioncausedby water flow. The
generalimportanceof water and water flow for our livesleadsto the conceptof
heightmeasureds potentialwith respecto a referencepotentialassumeds’sea
level'.

Water flows underthe force of gravity over surfacesand forms rivers at the
bottomof valleys. Streamdorm alinearnetwork andwatershedfrm afunctionally
definedsubdvision of space- for every point alonga streetnetwork thereexistsa
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Fig. 1.4.Landscapasvith hills andvalleys

correspondingvatershednamelyall the areafrom which waterflows to this point)
[1.88 1.15Q 1.151.

Couclelishaspointedout the contradictionbetweenobjectsand fields: "peo-
ple manipulateobjectsbut cultivatefields” [1.46]. The surfaceof the earthis di-
vided into parcelswhich aremanipulatedik e objects,boughtandsoldlike books
or shoesFencedlivide thefieldsandstreetdink fieldsto populatedblaces.

Remotesensingallows obsenation of large areasandpermitsthe classification
of actualland use.Areasof uniform use,for example forestarea,do not automati-
cally correspondo the areasf land ownership.The mapsin planningofficesshav
theintendeduseof somearea but this doesnot automaticallycorrespondo actual
use.

All objectsin the geographiovorld changeand move, but somemove much
fasterthanothers.Most geographigrocessearesomuchslowver thanthe majority
of humanactuities thatgeographyseemsgo bethe’stable’backdropagainstwhich
otherprocesseareplayedout. Mountainsandriversdo not move, peoplemove be-
tweenthem. Consideringa geologicalscale,mountainsise andare eroded rivers
changeheir courseschangesn land usearerelatively rapidandwoodscanappear
or disappeamithin a few decadesMovementsof geographicbjectsare qualita-
tively differentfrom the movementof personsalonga streetor acrossafield [1.89],
liketheairplanedn chapter4 of this volume.

Man-madeobjectsin the landscapearesharplydelimited,but mostnaturalob-
jectsdo not have sharpboundariesVariousmethodshave beendiscussed- from
fuzzylogic to qualitatve reasoning-to dealwith objectswith undeterminedhound-
aries,from foreststo geographiaegionslike’the North Sea’[1.26, 1.25.
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1.4 Model of Information Systems

Informationsystemsareadwancedforms of symbolmanipulation but this point of
view is not sufficient to understandhe relation betweenreality and the informa-
tion thesystenprovides.Informationsystemsareusedtio make mentalexperiments
whenrealexperimentareundesirabletoo expensve, etc. They areusefulandvalu-
ableonly if theinformationthey representorrespond$o the stateof therealworld.
This correspondencketweerreality andinformationsystemis usedto definefor-
mally the meaningof ontologyin a model.

1.4.1 Information SystemsasVehiclesof ExchangebetweenMultiple Agents

The simplestsituationin which ontologicalissuesbecomeimportantrequiresat
leasttwo cognitive subjects,both of which considerreality possiblyin different
ways, and both of which communicateaboutthis reality. The cognitive subjects
herewill becalled’agents’to stresghatwe includesinglepersonsaswell asmulti-
personorganizationsfor example,stateagenciescompaniesetc. A practicalex-
ampleis the collectionof streetinformationby oneagent,which is thenprovided
to anotheragentto help him find his way; this is done,for example,by national
mappingagenciesyhich collecttopographidnformationanddistribute this infor-
mationto the publicin theform of maps;but it is alsoencounteresvhensomebody
informsafriend how to find hisway home[1.83].

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

The basicsituationis sketchedin Figure1.5: a personobsenesthe world and
buildsadatabasef hisobsenation('beliefs’ in theterminologyof [1.53)). He gives
thisdescriptionof theworld, whichis asmalldatabasep anothepersonwho uses
it to find his way to a goal. The datain the databasere only usefulto this other
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persornif hisplannedpathis effective andbringshim to thedesiredocation.For this

it is necessaryhatthe informationgainedfrom queryingthe databasés the same
informationasthatthe agentwould gainif hewould inspecttheworld directly. For

examplethe length betweenthe two streetintersectionsmustbe predictablefrom

thedatabasevith sufiicient precisionto selectthe shortespath.

Abstractingfrom the particularsof Figure 1.5 we arrive at Figure 1.6, which
shaws reality andthe modelof reality in theinformationsystemandthe operations
which enablepersongo interactwith the informationsystemandreality: R stands
for thereality, D for therealmof thedatarepresentationf for themappingbetween
the dataandreality. An operationg, carriedout on the datamusthave the same
effect as the correspondingperationg,, carriedout in reality; mathematicallya
homomorphismmustexist betweerrealworld anddata[1.99, 1.104 1.118:

f(90(di)) = gn(f(d:)) (1.1)

Fig. 1.6.Homomorphisni1.76,p.18]

1.4.2 Corr ectnesof Information SystemRelatedto Observations

Thecorrectnessf aninformationsystemis expresseésahomomorphisnbetween
theinformationsystemandsomeportionof reality. The mappingbetweerdatarep-

resentatiorandreality is basedon obsenations.A genericobsene operationlinks

reality to a datavalue.Obsenationprovidesa homomorphisnfor all operationgle-

finedin theinformationsystemthe programmednethodwhich returnsthe shortest
pathbetweerntwo nodesin anavigation systemandthe shortespathtraveledin the

city mustcorrespondotherwisethe information systemdoesnot properlyinform

aboutthe portionof reality it pretendgo model).

For all objectsin r in R andall op in R andop’ in D

observe op(r) = op' (observer) (1.2)

The approactsuggestedhereis relatedto the correspondenctneoryof truth intro-
ducedby Aristotle and reformulatedby Tarski[1.189. It goes,however, beyond
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the regular correspondencbketweenconceptsandreality, but links all conceptgo
obsenationsof reality and operationsto actionsappliedto the objectsin reality
(Figurel.7). Theobjectsl and2 areobsened,operationd appliedto objectsl and
2 resultsin object3 — for example,the shortestpathbetweentwo locations1 and
2 requiresturn 3 at location1. Carryingout the action’turn 3' completeghe loop
from the obsenation of the world to actingon the world and observingthe results
of theaction:

act(op' (observe(ry ), observe(ry)))
= act(op'(d1,d2))
= op(act(dy), act(dz))
= op(r1,72) (1.3)

with act = observe™! andact(op'(r)) = op(actr) (correspondingo equation
1.2).

Agent

in
Environment

Fig. 1.7.Obsenationandactionform aclosedioop

Obsenationslink reality to dataandactionslink datato reality. In this closed
loop, theconnectiorbetweerthe obsenationoperatiorandthe ontologyappliedby
the observingagentcanbe comparedo the actionandthe ontologyit implies.

1.4.3 Semanticsfor Termsin Information Systems

The meaningof the symbolsin aninformation systemare linked by corventions
with the objectsin reality at the level of individual instancesor tokens; Saussure
alreadyhas pointed out that words are only meaningfulin the contet of a lan-
guagg1.164. Individualsin reality correspondo entitiesin thedatabaseDatabase
booksasearlyas1978[1.137 describedberceptionand codificationcorventions,
which connectthe realworld in which humandive to the informationsystem.The
databaseschemdists the typesof objects,usually describingthemwith common
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nouns.Softwareengineeringools equallyrely on naturallanguageanda common
understandingf words[1.21, 1.45.

It is, hawever, well known thatnaturallanguaggermshave multiple meanings,
andevencommontermslike’roadwidth’, mayhave multiple, slightly differingin-
terpretationsn differentcontexts [1.38]. Definingthe naturallanguageermsusing
othernaturallanguageermsleadsto infinite recursion.Somelinguiststry to iden-
tify asmallnumberof basewordsfrom whichall otherscanbedefined;t is claimed
thatalist of aboutl00basewordsoccurringin all naturallanguagess sufiicient for
this [1.203. Easily accessiblés the Wordnetproject,which defineswordsby sets
of synorymsandcoverscurrentlyover 150'000Englishwords[1.72].

The specificationof semanticds a deepproblem,which makesit difficult or
impossibleto link different database$1.101, 1.197 to producecomprehensie
databasesovering a large area.lt hasprovenvery difficult to constructdatabases
coveringthe Europeartnion, dueto differencesn theinterpretatiorof terms.Take
the simple conceptof dividing a populationin minorsandadults;Europearcoun-
triesusedifferentagethresholdgor adulthoodandthereforeto establisithenumber
of Europearadultsis a questionablgroject. However, to make statisticscovering
eachagegroup,definedby numericalage,is muchlesserror prone,asthesecon-
ceptsaremorelik ely useduniformly. The customaryapproacHor databas@ntegra-
tion is basedon the comparisorof somestaticpropertiesof the databasschemata,
but the importantdecisionsare left to the teamof databaselesignerdo establish
links wherepossible[1.55].

1.4.4 Grounding of Semanticsin Physical Operations

Cognitive linguists,in particularLakoff and Johnsonsuggesthat the meaningof
wordsis relatedto the bodily experienceof humanawith theworld [1.122, 1.128.
The possiblebaseinteractionsof humansn the world are simpleandlimited, and
theirmeanings capturedn so-calledimageschemata’An incompletdist is given
in (Tablel.2)andthecloseconnectiorto thelist preparedy Wierzbicka[1.207 is
striking, despitethe completelydifferentapproachefollowed.

Container  Balance Full-Empty Iteration Compulsion
Blockage Counterforce Process Surface RestrainfRemaoval
Enablement Attraction Matching Part-Whole Mass-Count
Path Link Collection  Contact CenterPeriphery
Cycle Splitting Merging Object Scale

NearFar Superimposition

Table 1.2.imageschematdafter[1.127)

The specification®f the imageschemataelateto operationshumanscanper
form andtheir results. The semanticsf closely relatedtermsare describedn a
cluster For example the containerimageschemas describedy operationf put-
in, take-out,the effectsof which canbe obsened by testingwhethersomethings
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in the containeror not (table1.3). The definition of the meaningof symbolsin the
informationsystemmustbe suchthatanisomorphisnbetweerinformationsystem
andreality obtains[1.90]. This overcomesmostof the classicalproblemswith the
definition of words, at leastfor the meaningof wordsusedto describethe physi-
cal, spatialandtemporalworld. The comple, abstraciconceptshumansarecapa-
ble of arecombinedrom thesebaseconceptdy transformatior{Lakoff callsthem
metaphoricaimappingn [1.130 1.12§, FauconnieandTurnerusetheterm’blend’

[1.71, 1.199). Goguenrhasshonvn how to formalizesuchblends[1.99].

Operations:
empty 1 sa
isEmpty : sa — Bool
stize 1 sa—Int
put 1 a—sa—sa
isIn '  a— sa— Bool
Axioms:
isEmpty(empty) = True
isEmpty(put(a,s)) = False
size(empty) = 0
size(put(a,s)) = 1+ size(s)
isIn(a,empty) = False

isIn(a, put(b, s)) if @ = bthenTrue elseisIn(a, s)
Table 1.3. AlgebraContainers a with Eq for a

1.5 The Five Tiers of the Ontology

1.5.1 Physical Reality Seenasan Ontology of a Four-Dimensional Field

The physicallaws which describethe behavior of the macroscopiaovorld canbe
expressedasdifferentialequationswhich describethe interactionof a numberof
propertiedn space- seemasforming acontinuum.For eachpointin spaceandtime
a numberof propertiescan be obsened: color, the forcesacting at that point, the
materialandits properties)ike massmeltingtemperaturet thatpoint, etc. Move-
mentof objectscanbedescribedaschangesn thesepropertiespventhe movement
of solid objectscanbe describedas the result of the cohesve forcesin the body
maintainingits shape The descriptionof reality by differentialequationge.g.,the
descriptionof forceson a plate undera load p) is widely usedin mechanicabnd
civil engineeringgeology etc.Modelsof mechanismsr building structuresarede-
scribedandtheirreactionundervariousappliedforcesis analyzedThis view is also
quite naturalfor moststudiesunderthe headingof 'global systems[1.143.

A field model can be obsened at every point in spaceand time for different
properties:
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flz,y,z,t) =a (1.4)

Abstractingfrom the temporaleffects,a snapshobf the world canbe describediy
the formulawhich Goodchildcalled’geographicaeality’ [1.100.

f(@,y,2) =a (1.5)

The processe®ccurringin this physicalreality have spatialand temporalexten-
sions: someare purely local and happenvery fast; othersare very slow and af-
fect very large regions. The processe®f objectsmoving on the tabletopare fast
(m/sec)andthe spatialextentis small (m); movementof personsn citiesis again
fast(m/sec)andthe movementsof the buildings very slow (mm/annum);geolog-
ical processearevery slov (mm/annum)and affect large areas(1000 km?). One
canthusassociatalifferentprocessesvith differentfrequenciesn spaceandtime
[1.93. Eachscienceis concernedwith processein a specificspectrumof space
andtime, which interactstrongly;otherprocessesyot includedin this scienceap-
pearthento be eithersoslow or sofastthatthey canbe considered¢onstantSpace
andtime togetherform a four-dimensionakpacein which otherpropertiesareor-
ganized Giving spaceandtime a specialtreatmentesultsin simplerformulations
of the physicallaws thatareof particularinterestto humansFor example,the me-
chanicsof solid bodies,e.g.,the movementof objectson a tabletop,is explainable
by Newtonianmechanicalaws, which relatephenomenavhich are easily observ-
ablefor humansn asimpleform (s = vt, etc.).Othersciencese.g.,astrophysics,
preferothercoordinatesystemsn which masss included.

However, the assumptiorthattheformulaa = f(z,y, z,t) describes regular
functionwhich yieldsonly a singlevalue,is equivalentto theassumptiorthatthere
is only one single space-timeworld and excludes’parallel universes’as parts of
reality.

1.5.2 Obsetrvation of Physical Reality

Agentscan—with their sense®r with technicalinstruments- obsene the physical
reality atthe currenttime, the’now’. Resultsof obsenationsaremeasuremental-
ueson somemeasuremergcale[1.187], which may be quantitatve or qualitative.
Suchobsenationsareassumedn laterchaptersof this bookto describefor exam-
ple, the movementof airplanesObsenrationwith a technicalmeasuremengystem
comesvery closeto anobjective, human4independentbsenationof reality. A sub-
setof the phenomenan reality is objectively obsened. Many technicalsystems
allow the synchronousbsenationsof an extent of spaceat the sametime, for ex-
ample,remotesensingof geographicspacefrom satellite(figure 1.8). Typically a
regulargrid is usedandthe propertiesobsenedareenegy reflectedin somebands
of wavelength(thevisible spectrunplussomepartof infrared).

The samekind of obsenationassamplingin a regulargrid canbe usedin ary
othersituation,the blocksworld on my tableaswell asthe city, including moving
objects.They canbesampledhanddescribedisaraster Suchobsenationsaremainly
usedfor robots,whereTV camerasvhich samplethefield in aregulargrid areused
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Fig. 1.8.Remotesensingmage

to constructvision’ systemgo guidetherobot’sin manipulatingobjectson atable
or moving throughbuildings[1.127).

1.5.3 Operations and Ontology of Individuals

Our cognitive systemis so effective becausefrom the array of sensedvalues,it
formsindividuals,whichareusuallycalledobjectsandreasonsvith them.Thinking
of tablesandbooksandpeopleis muchmoreeffective thanseeingheworld ascon-
sistingof datavaluesfor setsof regularly subdvided cells (i.e., three-dimensional
cells,oftencalledvoxels).It is economicato storepropertieof objectsandnotdeal
with individual rastercells. As JohnMcCarthyandPatrick Hayeshave pointedout:

...suppose pair of Martiansobsene the situationin aroom.OneMartian
analyzedt asa collection of interactingpeopleaswe do, but the second
Martian groupsall the headstogetherinto one subautomatomandall the
bodiesinto another...How is thefirst Martianto corvincethe secondhat
his representatiofs to be preferred?..hewould arguethatthe interaction
betweerthe headandthe body of the samepersonis closerthantheinter
actionbetweerthe differentheads... whenthe meetingis over, the heads
will stopinteractingwith eachotherbut will continueto interactwith their
respectie bodies[1.135 p.33]

Our experiencen interactingwith theworld hastaughtusthatthe appropriatesub-
division of continuousreality is that into specifictypesof individuals. Insteadof
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reasoningvith arraysof connecteaells(asis done,for example,in computersim-
ulationsof strainanalysisor oil spill movements)we selectthe shorterand more
directreasoningyith individuals: The elementon the tabletoparedividedinto ob-
jectsatthe boundariesvherecohesiorbetweercellsis low; a spoonconsistsof all
thematerialwhich moveswith the objectwhenl pick it upandmoveit to adifferent
location.Thisis obviously moreeffective thanindividual efforts to reasoraboutthe
contentof eachcell. Animalsandmostplantsform individualsin a naturalway.

The cognitive systemis very fastin identifying objectswith respecto typical
interactionsWe seethingsaschairsor cupsif they arepresentedh situationsvhere
sitting or drinking are of potentialinterest(underother circumstancesthe same
physicalobjectsmay be seenasa box or avase).The detectionof 'affordances’of
objectsis immediateandnot consciousThe identificationof affordancesmpliesa
breakupof theworld into objects:the objectsarewhatwe caninteractwith [1.98].
Cognitive sciencenasdemonstratethateveninfantsattheearlyageof threemonths
haveatendeng to groupwhatthey obsenein termsof objectsandto reasorin terms
of objects.It hasbeenshowvn thatanimalsdo the same Most of the efforts of our
cognitive systemto structurethe world into objectsareunconsciousindsoit is not
possiblefor usto scrutinizethem.Therearea numberof well-known effectswhere
arasterimageis interpretedn oneor the otherway; for example,Figure1.9canbe
seenascubeor a corner but not both at once.In Figure 1.10the decisionwhatis
foregroundandwhatis backgrounds arbitrary but we canalternatively seethetwo
facesor thevase notbothatthe sametime.

Fig. 1.9.A cubeoracorner?

Efforts to explain the categorizationof phenomenan termsof commonnouns
basedn afixedsetof propertiesasinitiatedby Aristotle, occasionallyleadto con-
tradictions.Dogs are often definedas 'barking’, 'having four legs, etc:; but from
sucha setof attributesit doesnotfollow thatmy neighborsdog,whichlostalegin
anaccidentjs nolongeradog.Modernlinguisticsassumegenerallythatprototype
effectsmake someexemplarsbetterexamplesfor a classthanothers.A robinis a
betterexamplefor abird thanapenguinor anostrich[1.163 1.164. Linguisticanal-
ysis suggestshat the ways objectsare structuredare closely relatedto operations
onecanperformwith them,andempiricaldatasupportthis[1.72, 1.121].

Humanshave alimited setof interactionswith the ervironment— the sensego
perceveit andsomeoperationdik e walking, picking up, etc.— andtheseoperations
arecommonto all humansThereforethe objectstructure atleastatthelevel of di-



20 Frank

Fig. 1.10.Two facesor avase?

rectinteractionjs commornto all humansandit providesthefoundationonwhichto
build thesemantic®f commonterms[1.129. In generalthewayindividual objects
andobjecttypesareformedvarieswith the context, but is not arbitrarily. Different
from theviewpoint of physics humansexperiencespaceandtime notjust asdiffer-
entdimensionof a continuum.Time is experiencedy all biological systemsasa
vectorandprocessearenotreversible— enegy is usedanddissipatedandentropy
increasedy thelaws of thermodynamic§l.47]. All obsenationof theworld is lim-
ited to theobsenationatthetime ’now’. 'Now’ is notonly a difficult philosophical
problem[1.75 but alsoatricky problemfor temporalquerylanguages.

Humanexperienceof time contrastswith spacewhich is isotropic:it hasthe
samepropertiesn all directions Humansexperienceahedirectionof gravity asmost
salient'up-down’ axis,which leavesthe planeorthogonato gravity asspacewhich
is experiencedsotropically— whatis in front of meis behindmeif | turn around
[1.196. Objectscanmave, nearlywithout effort, in this planeandthesemovements
arereversible.The geometryof the object— especiallythe distancebetweentwo
pointson the objector angles- remainghe samejndependentf movement.

Pointsin spaceseemnatural,despitethe factthatthey are abstractionswhich
cannotbe materializedSimilarly, time-points calledinstantsareimportantto mark
boundariesbetweenintervals [1.95]. Spatial objectshave boundarieswhich are
lines and surfaceswhich boundvolumes.The objectsof the tabletopare modeled
as solid volumes,most of themwith fixed form (exceptfor liquids and similar).
Their surfacescantouch, but the volumescannotoverlap.Euler hasdescribedhe
rulesfor the manipulationof polyhedronsso-calledEuler operatorsfor meiging
and splitting of solid objectsand theserules were usedto constructan ontology
for ComputerAided Designsystemd1.56]. The movementof solid objectscanbe
representedsatranslationof the centerof gravity anda rotationaroundthis point.

An agent— andits database- may abstractspacein one of several ways, for
example,a regularrasterof obsenationsor an objectconcept,or may usethemin
combination.The linkagebetweertheseviews posedifficult theoreticaproblems,
which areaddresseih the spatialreasoninggcommunity Thequestion'what is spe-
cial aboutspatial?”hasbeenaskedby severalauthors put no generallysatisactory
answerhasbeengiven[1.57, 1.139.
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1.5.4 SocialOntology

Humanbeingsaresocialanimalsjanguagellows usto communicatendto achieve
high levelsof socialorganizatioranddivision of labor. Thesesocialinstitutionsare
stable gvolve slowly andarenot stronglyobsenerdependeniCorventionallyfixed
namesfor objects,but alsomuch more complex arrangementsvhich are partially
modeledaccordingto biological propertiesfor example,the kin system,or prop-
erty rights derived from physicalpossessionganbe refinedand elaboratedo the
comple legal systemof today’'s society

Names. The commonnamesn languageareclearly the resultof a socialprocess:
wordsasnamedor individuals.This givesidentifiersfor objectswhicharedifferent
from predicateso selectanindividual basecbn someuniquesetof propertiesNev-
erthelesssocially agreeddentifiersseemto be partof theindividual, becausehey
exist outsideof theobservingagent Pointingoutthat’chien’, 'Hund’ and’cane’are
equallygoodwordsto describewhatin Englishis calleda dogshouldmaleit clear
thatnoneof thesenamesds morenaturalthanary other Exampledor propernames
andsimilar identifiersreachfrom namedfor personsandcitiesto licenseplatesfor
cars;therearealsoshort-lvednamescreatedlike 'my fork’, duringadinnet

Institutions. Social systemsconstructrulesfor their internal organization[1.10],
for example Jaws, rulesof conductandmannersethics,etc. Suchrulesarenotonly
procedura("thou shaltnotkill”), butoftencreatenew conceptuabbjects(e.g.,mar
riagein contradistinctiorio cohabitatiorwithoutsocialstatusadultpersorasalegal
definition andnot a biological criterion, etc.). Institutionsare extremelyimportant
in our daily life andappeato usasreal (who would dery thereality of companies,
for example Microsoft Corporation).

Much of what administrationand thereforeadministratve databasedealwith
arefactsof law - theclassificatiorof reality in termsof the categoriesof thelaw. The
ontologyof theseobjectsis definedby thelegal systemandis only looselyrelated
to theontologyof physicalobjects;for example legal parcelsbehae in someways
similar to liquids: one canmerge thembut it is not possibleto recreatethe exact
sameparcelsagain(withoutthe agreementf the mortgageholders)[1.137, 1.139.

1.5.5 Ontology of Cognitive Agents

Cognitive agents- personsandorganizations- have incompleteandpartial knowl-
edgeof reality, but they usethisknowledgeto deducentherfactsandmake decisions
basedon suchdeductionsAgentsareaware of the limitations of the knowledgeof
otheragentssocialgamessocialinteractionandbusinessreto averylargedegree
basednthereciprocalimitationsof knowledge Gametheoryexploresrulesfor be-
havior underconditionsof incompleteknowledge[1.6, 1.54, 1.145. Theknowledge
of a personor an organizationincrease®ver time, but the knowledgenecessarily
lagsbehindthe changesn reality. Decisionsaremadebasedon this 'not quite’ up-
to-dateknowledge.Socialfairnesdictatesthatthe actionsof agentsarejudgednot
with respecto perfectknowledgeavailablelater, but with respecto theincomplete
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knowledgethe agenthador shouldhave hadif he hadshovn duediligence.Some-
timesthelaw protectspersonsvho have no knowledgeof certainfacts. Thepopular
sayingis 'Hindsight is 20/20’ or "afterwards,everybodyis wiser’. A fundamental
aspecbf modernadministrationis the concepbof anaudit:administratve actsmust
beopento inspectiornto beableto assessvhetherthey wereperformedaccordingo
therulesandregulationsor not. Audits mustbebasedntheknowledgeavailableto
theagentnotonthefactsdiscoveredater. For auditsit mustthereforebepossibleto
reconstructhe knowledgewhich anagent,for example,in a public administration,
hadatacertaintime.

1.6 The Languageto Describethe Ontology

Someformal languageis necessaryor the descriptionof an ontology Database
schemafor example,aredescribedn the DataDescriptionLanguagdl.3]. Thede-
scriptionof ontologiesusinglogic or the useof datadescriptionlanguagesesting
on the relationaldatamodelto describethe schemaof a databasés (barely) suf-
ficient to capturethe meaningof the termsfor a snapshotan a-temporaldatabase.
Numerouspracticalexperienceshow that describingspatialdatatypeswith these
meands very difficult [1.85, 1.92 1.167, andtheproblemsencountereavheninte-
gratingdatafrom differentsourcesaresofarnotresohed[1.55. Thedescriptionof
ontologiesfor spatial-temporatlatabases even moredemandingln this section
we proposeto usealgebraswhich are not restrictedto static relations,but per
mit to describeobjectsand operationsn the samecontext andthusbettercapture
temporalaspectsPracticalproposalgor the descriptionof conceptuaimodelsfor
spatio-temporahpplicationgfollow laterin this book (chapter3).
Thelanguageusedto describeanontologyshouldhave thefollowing properties:

— formal, independenbf subjective interpretationj.e., it mustbe describedasan
algebrawith (abstract)types, operationsand axiomsfixing the behaior up to
isomorphisn1.65];

— declaratve andindependentf implementation;

— typed,to avoid the difficult logical tanglesof untypedlanguagesRussells anti-
nomy with setscontainingthemselesand Goedels undecidabilityproblemare
notexisting in atypeduniverse;

— automatednethodgo checkthe consisteng of ontologiesmustexist [1.86); it is
not humanlypossible to write substantie formal systemswithout error [1.50],
guotedafter[1.82 1.154.

— executableat leastasa prototype:it is very difficult to asses#f a givenformal
descriptioncaptureghecorrectintuition abouttheworld; however, humanbeings
arevery goodin judgingif a modelis a correctdescriptionof their experiencsf
onecanexecuteit [1.86).

Many aretemptedo inventa new languageo describeontologicalmodels[1.131],
but this is not necessaryOntologiesare traditionally investigatedusinglogic, pri-
marily first-orderpredicatecalculuswherethe variablesrangeover theindividuals
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(instancesr tuplesin the databasgargon)[1.33]. This approachs very usefulto
constructulesto capturehefoundationclassegor reusablentologieq1.107). The
differentiationbetweenan extensionaland intensionalinterpretationis important,
i.e., possibleworld semanticd1.125 mustbe consideredOntologiesfor spatio-
temporalsystemscanbe formulatedin temporallogics, or in situationcalculusin-
troducedby McCarthy andextendedo a usefulformalizationfor actionsby Reiter
[1.161. Mereology[1.17]] andmereotopologyf1.175 extendontologicalstudies
to thespatialdomain.Theformalismof simplelogic formulaeis easyto understand,
but whenthe numerougechnicalrestrictionsareaddedo dealwith time andspace,
the resulting discussionsare very difficult to follow. Further the useof logic is
very oftenleadingto formalizationswvhich arenot constructve andthusnot directly
translatablento implementationsfFor example,the widely referencedRCC calcu-
lus usesnon-constructie axioms[1.159 andis therefore”not suitablefor direct
implementatiorin areasoningystem’[1.22, p.2].

An alternative with equallygood mathematicapedigrees algebra Heretech-
nically, by "algebra’ we understandiniversalalgebragspecificallyheterogeneous
or multi-sortedalgebra)asintroducedby Birkhoff [1.12, 1.13 1.134. An algebra
is a triple, namelya setof carriers,a setof operationswith signaturesand a set
of axiomswhich definethe operationg1.134. An algebradescribesomeabstract
behaior of a setof objects calledthecarrier whichis notfurtherspecified Hetero-
geneouslgebrasllow multiple carriersfor their objects which correspondoughly
tothenotionof typein computeisciencd1.37). Theremayexist severalrealizations
for analgebra,often called modelsor implementationgfor example,in chapter4
of this book), which cannotbe separatedvith the methodsincludedin thealgebra.
Onesaysthatan algebradefinesobjectsandtheir behavior up to anisomorphism;
all modelsof thealgebraareisomorphicthey shav the samebehavior with respect
to the obsenationspossiblewithin the algebra.Technically the world andthe in-
formationsystemarethenmodelsfor the abstracbehaiior describedhlgebraically
The definition of structureup to isomorphismis exactly what is desirablefor an
ontologyusedfor the designof informationsystemsthe ontologyshoulddescribe
thebehavior of reality andinformationsystemequally Therulesobsenedin reality
andthe rules usedin the information systemmustbe structurallythe same(they
cannotbe the samerules,asthe former apply to physicalobjectsandthe latter to
thedataobjectsrepresentinghesein thedatabase)As anexample ,we useherethe
familiar naturalnumbersN (equationsl.6-1.11).The axiomsfor naturalnumbers
areasgivenby Peand1.134:

l1eN (1.6)
VYm € N 3m'(m' € N),m' is calledthesuccessoof m.) (1.7)
VYm € N'm' # 1(1 hasno predecessor). (1.8)
m,n€Nm'=n'"->m=n (1.9

K C N - K = N providedthatthefollowing conditionshold:
le K
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ke K,—» k' €eK. (1.10)
Addition:
mke N, m+1Zm  Im+k) »>m+k = (m+k) (1.11)

For naturalnumbergherearemary differentrealizations- asArabic numbers,
Romannumeralsapples,sheepsn a flock or binary numbers(figure 1.11).1n all
casesthe rulesfor additionhold the sameway. VII + IT = IX is the sameas
7+2=0.

W =

(0D
SPORES

Fig. 1.11.Differentrealizationsof the naturalnumbers

gl

The essenceof an algebra,completelyabstractingfrom the representationis
capturedn categorytheory[1.5, 1.9, 1.155. Thiscanbeappliedto querylanguages
[1.115 or to algebraicspecification$1.66, 1.133.

1.6.1 Toolsto Implement Ontologies

Thealgebraiapproactior thedefinitionof ontologiedor spatio-temporallatabases
canusemodernfunctionalprogrammindanguagesistoolsfor formalizationandto
build executablamodels.Universalalgebraandthe developmentof functionalpro-
gramminglanguagesestonthesamemathematicaloundationscateyorytheory In
catagyory theorypropertieof operationsarediscussedn completeabstractiorfrom
theapplicationof the operationon objects[1.5].
Functionalprogramminglanguagesan be implementedoday closeto math-
ematicalconceptsand sere astools to apply the correspondingheoriesto prac-
tical problems.Haslell is the result of a decadeof experimentationand is the
unification of differentproposalslt is a standardizedcand widely usedlanguage
[1.152 1.154 1.19Q. It is a non-strict (lazy) purely functional languagewith
classesln Haslell algebrasaredescribedsclassegabstractiatatypes)andsimple
modelsconstructedor testing.In orderto createexecutablemodels,caremustbe
takento includeonly constructve axioms;otheraxiomscanbeincludedastestsfor
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the modeland exclude non-intendednterpretationsThe following codegivesthe
exampleof Peancs algebrain Haslell with the executedexamplet5=2 + 3=5.

cl ass PeanoNum n where

suc :: n->n
eq :: n ->n -> Bool
plus :: n->n->n

data Nat = One | Suc Nat

i nstance PeanoNum Nat where
suc = Suc
eq One One = True
eq (Suc m (Suc n) = eq mn
eq _ _ = False
plus mOne = Suc m
plus m (Suc n) = Suc (plus mn)

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

In afunctionallanguageeverythingis afunctionwhichyieldsavalue.Haslell is
a second-ordelanguageyhich allows variableswhich arefunctions.Most current
programmindanguagesrefirst-orderlanguagesndpermitvariablesonly to range
overconstanvaluesg.g.,naturalnumbersfloatingpointnumbersetc.;in asecond-
orderlanguagea variablecanalsobe a function, e.g.,cos or absoluteV alue. Re-
searchin databasdormalizationhaspreviously identifieda needfor second-order
language$1.11Q.

Haslell is a stronglytypedlanguagdl1.31] extendingthe Hindley-Millner type
inferencesystemdurther. In a typedlanguagegvery value hasa type andopera-
tions are applicableonly to valuesof the correcttype; the type systemusedhere
assumegype inference,i.e., the type checler infers typesfor expressionswvhich
are not explicitly typedfrom the typesof inputsand outputs.Haslell hasclasses
andallows parametrigpolymorphicapplicationof operationgdefinedin classego
all elementsfor which the classhasbeeninstantiated.This covers what is usu-
ally called’multiple inheritance’in a consistentindrigorousframeawork, in which
the algebra,an abstractdatatype, is parameterizedind the instantiationssepa-
rately describenow an operationis appliedto a specificrepresentatioffdatatype).
In this frameawork, operationswhich apply to an elementin a datastructureare
then polymorphically extendedto apply to the datatype; this is called 'lifting’.
Second-ordeformalizationsareextremelyusefulto dealwith spatio-temporatlata
types.A datatype movingPoint canbe seenas a function, sometimescalled a
'fluent’, which for every point in time (i.e., instant) yields a point in space.In
a second-ordetanguage suchfunctionsare properly typed (they have a type de-
scribedasmovingPoint :: Instant — Location). Operationsanbe appliedto
such’function types’,for example two movementcanbeaddedjn apolymorphic



26 Frank

languagdik e Haslell, theoperationi+' canbelifted to extendto this new datatype
movingPoint andthusit becomegpossibleto addtwo movementssimply with the
operation'+'. Theresultis definedasvectoradditionfor eachinstant.

As an example,we shav how from time-varying values’moving points’ are
constructedn Haslell. We assumdloating-pointnumberswith the operations+’,
', "' squareandsquareroot, which areimplementedor a datatype Float..

cl ass Nunber a where
(9, (), (*) ra->a->a
sqr, sqrt :: a -> a
sqr a =a * a

A type’Moving a’ for ary typeais usedto represenafamily of time variabletypes;
for this parameterizetiypethe operationof theclassNumber areimplementechs
synchronous- '+’ appliedto two moving valuesproducesa moving value,which
is for eachtime point the sum of the valuesat this time point. This lifting of the
operationsrom valuesto time-varyingvaluespermitsto operatewith time-varying
valuesassimply aswe operatewith constanvalues.

type Moving v = Tine -> v
i nstance Nunber v => Nunber (Moving v) where

(+) ab=\t -> (at) + (bt)
(-) ab=\t -> (at) - (b1t)
(*) ab=\t -> (at) * (bt)

sqrt a =\t -> sqrt (at)

Pointsare definedwith operationso combinethe two coordinatevaluesandthe
projectionoperations: andy andthe operatoito calculatehedistancebetweertwo
points.We alsolift theoperations+' and’-’ to applyto pointsastheregularvector
additionandsubtraction.

cl ass Nunber s => Points p s where

X, Yy :: ps->s
Xy 11 S ->s ->ps
dist :: ps->ps->s

dist ab =sqrt (sqr ((x a) - (x b)) +
sqr ((y a - (y b)))

data Point f = Point f f
i nstance Nunber v => Points Point v where

LIn Haslell, classeglefineabstractalgebrasand instancegive the implementatiorfor a
specificdatatype. Implementationcan be parametrizecand the parametersestrictedto
instance®f certainclasses- hereusedfor the operationn Points.Functionapplication
is writtenwithoutparameterg,e. f (x) is writtenasf x. Thelambdaconstructioris written
as\z — ax, definingafunctionf (x) = a(x).
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x (Point x1 y1) x1
y (Point x1 y1) yl
xy x1 yl = Point x1 y1

i nstance Nunber v => (Point v) where
(+) ab =xy (xa+xb) (ya+yhb)
(-) ab=xy (xa-xb) (ya-yhb)

Moving pointsarecreatedaspointswith moving valuesascoordinategandfor such
moving points,the codenecessaryo calculatedistancebetweerpointsis derived
automaticallyWe candefinetwo pointsnpl,np2 andcalculatehedistanceébetween
thesetwo moving pointsasa moving value; movingDist_1_2 is the distanceasa
function (which could be passedisan agumentto a functionto find its minimum
or maximumvalue)anddist_at_1 is the valueof the distancgunctionfor time 1.0
—thisis all thecodenecessaryo execute!

npl, np2 :: Point (Mving Float)
npl = xy (\t ->4.0+ 0.5 * t) (\t -> 4.
np2 = xy (\t ->0.0+ 1.0 * t) (\t ->0.
movi ngDi st _1 2 = dist npl np2

dist_at_1 = movingDist_1 2 1.0

0-0.5*t)
0- 1.0 * t)

1.6.2 Multi-Agent Systemsand Formalization of DatabaseOntologies

The framework in which spatio-temporatiatabasesnustbe discussedshown in
Figurel.5,is quitesimilarto thelogical frameawvork usedfor the discussiorof multi-
agentsystemg1.73, 1.201. Indeedthemulti-agentsystemprovidesthetheoretical
framawork, in which ontologicaldiscussionsan be groundedfollowing the idea
expressedn Figurel.10(andanattemptto createsuchaview is alreadypresenin
[1.107).

A databaseepresentbeliefs(in theterminologyof [1.53]) someagenthascol-
lectedaboutthe world. Agentscan, by definition, have only a partialandapproxi-
mateknowledgeof theworld (the obsenationsof tier 2). The knowledgestoredin
thedatabasés likely incomplete jncorrectandapproximate.

An agentin a multi-agentframework canbe a singleactiity [1.14Q, a single
living entity with somecognitive abilities (ananimalor a humanbeing)or alarger
organizationalunit, for example,an ageng, a ministry or a compauy. For build-
ing ontologies singlepersonsaindorganizationgfrom smallcompanie®r research
groupsto whole nations)areconsideredisagents.

In amulti-agentsystemaformal discussiorof the correspondenceetweerthe
simulatedreality andthesimulateddatabaseontents possibleIn mostdiscussions
of ontologythenon-formalizedreality is contrastedvith theformalizedmodelin an
informal discussionHere,we positaformally constructedigmentof reality, which
is thenconnectedvith the model. This allows usto constructformal modelsof an
ontologyin whichthetheoreticaissuesanbediscusse@ndthenecessaryheories
constructedSuchsystemsarenotdirectly usefulasinformationsystemsbut useful
to designontologiesandto demonstratéow differentdomainontologiescan be
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Fig. 1.12.Agentsin theworld

integrated.For example,the situationdescribedn subsectiorl.4.1andFigurel.5
hasbeentranslatedo anexecutablanodel[1.83].

1.7 Ontological Tier 0: Ontology of the Physical Reality

Ontology in a naive view, shoulddescribewhatis. In this section,the necessary
minimal assumptionaboutphysicalreality aredescribedWe assumehat

— physicalreality exists,
— it hasdeterminedropertiesatary pointin spaceandtime,
— differenttypesof propertiesexist.

This givesa minimal ontologyof pointsin spaceandtime. Propertyvaluesat each
pointin spaceandtime arequantitatve or qualitatve values.

This sectionis necessarilyery brief becausehereis little we know objectively
aboutthe physicalreality. Evenfrom millions of empiricalobsenationsno deduc-
tive knowledgeabouttheworld everfollows. It is oftenoverlookedthatall we know
aboutthe world is basedon obsenation; a databaseepresentshe beliefsof some
agentsaboutthe world, never the physicalworld directly. This sectiontalks about
the assumptiomecessaryhatthe inductionsin the following sectionswhich have
ledto thetheoreticakciencesarepossible.
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1.7.1 Properties

Propertieof theworld combineapointin time andspacewith avalueexpressen
a continuousscale representetby realnumbers Somepropertiescanbe obsened
andthe propertyvaluesaretransformedy the obsenationprocessn measurement
values.

Therearedifferentpropertiesat every point of reality. The propertiesata point
in time andspacearedeterminedi.e., multiple obsenationswill always startwith
the samepropertyvalue (but may yield differentresults,dueto imperfectionsin
theobsenationprocessseesubsectiori.8.1). Thesamepropertieshave atdifferent
pointsin time andspacdlifferentvalues Typing rulesavoidsnonsensicabperations
(Figure1.13).

Fig. 1.13.Billboard foundin New CuyamaCalifornia

1.7.2 Physical Space-Tme Field

For the abstract(non-constructie) level of ontology, pointsin spaceandtime are
describedwith coordinatevaluesof real numbersto establishcontinuougime and
space.This is the classicalmodel of spaceandtime of physics,whereboth real-
world spaceandtime is mappedo ann-cubewith realnumberaxes.This physical
abstracftfield modelis describedwith a function. An obsenation at a given point
in spaceandtime yields a single value. The temporaland spatialcoordinatesare
formally equivalent. Thereis no specialtreatmentof naturalconstants- they are
understoodas varying in time and space,and mostof the 'natural constants’are
indeedvaryingin time or spacgseesubsectiorl.5.2).Theworld is implementeds
afunction.

This formal model of reality asa function (1.12) expresseshe ontologicalas-
sumptionof asinglereality asobsenableby a (single-\alued)functionreality (com-
parableto f(z,y, z,t) = a); if we hadallowedmulti-valuedfunctionshere thenwe
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would permit’parallel’ universesasmadefamoudby Asimov in Living Spacd1.4].
With sucha single-\aluedfunction the situationsshavn in Figure 1.2, Figure 1.3,
andFigurel.4canberepresented.

reality :: world — property — spacePoint —
timePoint — value (1.12)

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

Obsenationsof reality are necessariliimited: we canonly know a (very small)
subsebf reality, with very limited precision.We canonly obsene at specificloca-
tionsandat specifictimes,andhumanobsenersarerestrictedo obsenationsof the
propertiesfor the moment'now’. Continuousobsenationsareactuallyrapid sam-
plesat discretepoints. Measurementareobsenedwith unavoidableerrorandare
expressedvith limited resolution;sometimeghis is all subsumedinderthe notion
"discretization1.10Q. Thesedimitationsaremodeledn tier 1.

1.8.1 Obsevations

Obsenationstranslatethe value of a propertyat a specificpoint in time andspace
into a measurementalue. Obsenationsare realizedas physicalprocessesvhich
translateheintensityof somepropertyinto anobsenationvalue expresse@nsome
measuremergcale;obsenationsarealwaysmadeat the presentime ('now’):

observation :: world — observationTypes —
location — value (1.13)

Thedomainof this functionis composef:

— theworld obsened,;

— the typesof obsenation agents(humanswith or without technicalmeans)are
capableof differentmethodsto obsene the samequantity are not necessarily
equivalent;

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

Therangeof thefunctionarevalueson somemeasuremerdcale.

Measurementvalues. Measuremenvaluesdescribethe resultof the obsenation
processValuesare formal, i.e., mathematicabbjects,introducedhereto capture
the outcomeof the obsenation. Valuesare definedas algebrasand are typically
describedhsderivedalgebrasisingsomebase(given)fundamentahlgebraFor ex-
ample,integersareusedto constructvaluesof type Money. Thealgebrador values
mustconnecthevaluesto the outsideworld. All valueshave operationgo translate
from andto a humanreadabldorm.
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For example,the naturalnumbersare definedby the axiom systemgiven by
Peano(seeequationsl.6-1.11).From naturalnumbersrational and real numbers
andothernumbersystemscanbe definedsimilarly; for example,rationalnumbers
canbedefinedaspairsof integers.

Stevens,in alandmarkarticle[1.187), hasshonvn the fundamentapropertieof
the measuremergcalesHe listedfour measuremergcalespamelythe

— Nominal scale:only the equalitybetweernvaluescanbe tested(example:names
of persons);

— Ordinalscale:valuesareordered(example:gradesn schoolrankin arace);

— Interval scale:differencedetweenvaluesaremeaningful(example:temperature
in degreeCelsius heightabove sealevel);

— Ratio scale:ratiosbetweenvaluescanbe computedand an absolutezero exists
(example:temperaturén degreeKelvin, populationcounts,monegy in a bankac-
count).

Thesemeasuremergcalesorrespondo algebraswe oftenfind theroughlycorre-
spondingalgebrasof equality (=, #), order(<,>,>, <), integral (+, —) andfrac-
tional (+,—, *, /). Othermeasuremergcalesexist but arenotasprominentor well

researchedl.39, 1.77. The nominalandthe ordinal scaleare often called qual-
itative, especiallywhenthe numberof differentvaluesis small. For example,the
sizeof a garmentcanbe expressedn an ordinal, qualitative scalewith the values
'small’, 'medium’, 'large’, 'extralarge’.

Observation Error. All obsenationsare imperfectrealizationsand imply error.
Thisis in thelimit a fundamentatonsequencef Heisenbeg’'s uncertaintyprinci-
ple,but mostpracticalobsenationsarefarremovedin precisionfrom thefundamen-
tal limits. Measurementbetterthanl partin a million aregenerallydifficult (i.e.,
distancemeasurementwith an error of 1 mm per kilometerare very demanding,
few centimeterperkilometerarestandargerformancef surwyorstoday)andthe
bestobsenationsarefor time intervals, where10'® is achieved, but the theoretical
limit would be 10%2. Partsof the error of real obsenationsarethe resultof random
effectsandcanbe modeledstatistically Surveyorsreportmeasureaoordinateof-
tenwith theassociatedtandardleviation, which represents with somereasonable
assumption- aninterval with approximately60% chanceo containthetrue value.
Error propagateshroughthe computationThe Gaussiaraw of error propagation
approximateghe propagatiorof randomand non-correlatecerror; it saysthatthe
error propagatesvith the first derivation of the function of interest.Given a value
a = f(b,c) andrandomerrorsfor b andc estimatedase;, ande, (standarddevia-
tions),then,following Gausstheerrorona is:

o = /Z_J;eg + Z_J;eg (1.14)

A numbersystemcanbe extendedn suchaway thateveryvalueis associateavith
anerrorestimation Numericoperation®n valuesarelifted to calculatenotonly the
resultbut alsothe estimatederrorin theresultusingGausss formula[1.81].
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data Efl oat = EF Fl oat Fl oat
i nstance Num Efl oat where
(EF v’ s’) + (EF v2 s2) =
EF (v’ + v2) (sqgrt (sqr s’ + sqr s2))

Resolutionand Finite Approximation. Theresultsof obsenationsareexpressed
asfinite approximatiorto realnumbergoftencalledfloating pointnumbers)Geog-
rapheroftenusetheterm’resolution’to describeéhesmallesdiscernibledifference
betweentwo intensities,not necessarilyone unit of the lastdecimal.For example,
distancemeasurementareoftenreadoutto mm, but the error (onestandardievia-
tion) is muchlarger:1 cm+ 1mm/km.

Constructingsoftware for geometricalcalculationusing the finite approxima-
tionsavailablein computerss difficult [1.92]. Somesolutionshave beendeveloped
recently[1.103 1.117 1.167.

1.8.2 MeasurementUnits

Measurementdescribethe quantityor intensityof somepropertiesat a givenpoint

in comparisonwith the intensity at someother, standardpoint or standardsitua-

tion. Well known is theformermeterstandardgefinedasthe distancebetweerntwo

markson a physicalobjectmanufcturedrom preciousmetalandkeptin Paris(it is

supersedetbdayby a new definition, which links to a physicalprocesghatcanbe

reproducedit ary location). Thetemperaturef meltingice is usedasthereference
pointfor the°Cscal€g1.67].

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

Table 1.4.Sl units

Obsenationsystemsrecalibratedoy comparingheir resultswith the standard.
They areexpressedisa quantitytimesa unit, 3 m, 517 daysor 21°C. The Systeme
Internationald’Unites (Sl) is foundedon seven Sl baseunits for seven basequan-
tities assumedo be mutually independent{Table 1.8.2). Before, peopleusedthe
cgs-systemn(centimetetkilogram-second)For example,the unit of gravity in the
cgs-systenwas Gal, namedafter Galilei (1 Gal = 1 <3), but never booksreferto
the Sl standard 73).

For the samekind of obsenation differentunits are used,mostimportantthe
metricunitsandthe Anglo-Saxorunits (which comein imperialandU.S. variants).
The fundamentaphysicaldimensionglength,mass etc.) are easilycorverted,but
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practicallyerrorsoccuroften.Mostspectaculawasthereceniossof aprobeto land
onMarsdueto alack of corversionbetweemmetricandAnglo-Saxonmeasurement
units of length. Practically corversionsare a problem,not for the differentmea-
suremenunits, but for the differencedn the obsenation methodswhich resultin
somavhatdifferentpropertiesobsened,evenwhenexpressedn the samephysical
scale(for example,noiselevel measuredn dB). Corversioncanbeachieved,asthe
two obsenationmethodscanbe appliedat the samelocationandtime, andthere-
sultscanbecomparedFromsufiiciently well comparabl@bsenationsa corversion
formulacanbededuced.

1.8.3 Classificationof Values

In daily life andin mostapplicationsthe resultsof obsenationsare expressecn
qualitative scalesj.e., scalesawith only a few values.Peopleareclassifiedin small,
medium,tall andvery tall; daysare hot or cold; etc. Theseclassificationsapture
sufficientinformationfor the taskat hand[1.94]. For example,to meeta personat
anairport, a descriptionusingadjectieslik e 'gray, tall, bespectaclecgOishmale’
is usuallysufiicient to identify the person.

Classificatiortranslateobsenationsfrom alargersetof valuesto a smallerset
of values(discretizationcanbe seenasa specialcaseof classification). The ageof
apersonis mappedo thesetchild, adultwith therule

classify :: valueType_1 -> val ueType_2
classify age = if age > 20 then adult else child

Roadsfor mapsareclassifiedrom thewidth (measuredn m with two decimals)o
roadclassedirst order, secondorder, andthird order:

classify roadwidth = if width > 5.50 then firstOder else
if width > 4.0 then secondOr der
el se thirdOder

Thesetwo examplesclearly demonstratéhe difficulties involved in classification
andthe useof classifieddata.Seldomdo the classificationdor two differenttasks
correspondHow to computethe numberof adultsin Europe?Thereexists no uni-

form conceptof adulthood,as agelimits vary. A road map which shows a road
changingin classificatiorat the border(Figure1.14)allows two interpretationsei-

thertheroadchangests width atthe borderor the classificatiorschemedor roadsis

differentin thetwo countries.

1.8.4 SpecialObsetrvations: Points in Spaceand Time

Descartesliscoveredthatcalculationwith coordinatevaluescansimulategeometric
constructionsSuneyorsandengineersnake extensive useof analyticalgeometry
The algebraof vector space constructedrom the field of real numberswith op-
erationsfor scalarmultiplication, vectoraddition and multiplication, is extremely
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Road class A

Road class B

Fig. 1.14.Apparentchange®f roadclassificatioracrossorder

convenient.Orthogonalityof vectors,etc.,canbe testedandareasof figurescalcu-
latedwith simplearithmeticoperations.

Thesecomputationsvith lengthmeasurementandthe positionsof pointsare
expresse@sdistancedrom acornvenientlyselectegointof origin. No physicalpro-
cesscanmeasureabsolutetime or pointsin spacepnly relative measurementare
possible Distancemeasure§in spaceor time) arealwaysrelative to otherpointsand
no directcoordinatemeasurementare possible Relatve measuresretacitly con-
vertedinto coordinatesaassuminga corventionalorigin. Thesecomputationgnake
statisticaldescription®f errorsin the coordinatevaluesdifficult.

Buyong describesa methodto representocationsby relatve measurements
andusescoordinateonly for computation1.27, 1.2§. A databasevould contain
asoriginal determinatiorof locationthe relatve measurementandnenv measure-
mentscan be addedfreely. Coordinatesare calculatedfrom measurementasing
adjustmentalculation[1.12€], eitherwhenneededandimmediatelydiscardedpr
storedandrecalculatedafter eachadditionof nev measurementsn the traditional
coordinate-basedystem,location information deterioratesover time with the in-
tegration of new point locationsand occasionallya completenew surwey of all
locationsmustbe made(typically every 30 to 50 years).In a measurement-based
system the quality of the determinatiorof locationimproveswith the addition of
new measurements.

Continuoustime: instantsand time measurementvalues. We measurd¢ime with

respecto atime scalewith a corventionallyselectedrigin. The customaryGrego-
rian calendatasthe origin relatedto the birth of JesusChrist (andotherreligions
selectorigins relatedto the history of their religion). The corventionaltime mea-
surementscalehassomeinterestingparticularities;for example,thereis no year
0, afteryearl BC follows 1 AD; the way the durationis commerciallycalculated
betweenwo datesdependsf you borrow or lend,etc.[1.78].

Continuous space:points and coordinates. Every countryhasselecteda promi-
nentpointasanorigin for thenationalgrid of coordinatevalues.Two globalsystems
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areused:the well known systemof geographidongitudeandlatitude,wheredis-

tancesare measuredy anglesandthe origin is the intersectionof the meridianof

the astronomicalobsenatory in Greenwich(exactly the optical centerof the old

passag@strument)with theequator(figure 1.15);whereaghemodernsystemuses
threeorthogonalkxis, situatedn the centerof theearthmass.

4

Fig. 1.15.Geographicoordinatesystems

For eachcoordinatesystemprigin pointanddirectionof theaxesmustbefixed.
In practice the origin of the coordinatesystemis of no relevanceasthe coordinate
systemis realizedby thetotality of all pointsfor which coordinatevaluesaredeter
mined,andwhich canbe usedto measurealistancesanddirectionsto new points.

Most surneying systemsseparatehe positionin the planefrom the heightand
introducea separateeropointfor theheightmeasuremeni hecorventionalorigin
at sealevel hasno precisedefinitionandleadsto confusingdifferencedbetweerthe
heightsof pointsexpressedn differentnationalsystemswell known is the appar
entheightdifferenceof several metersbetweenGermary andBelgium.Heightcan
be measuredsthe potentialfrom anassumeaeropotentialsurfaceor canbemea-
suredasadistancerom this samesurface(figure 1.16);preciseheightmeasurement
systemsarenot a completelyresohedtopicin geodesy

1.8.5 Approximate Location

Points(in time andspacearemathematicallywithout extension.Realobsenations
identify small extentswhich are all mappedo the samevalue. The dissertatiorof
Bittner [1.15 shoved how operationswith suchapproximationsare possible(the
recentpaperby SmithandBrogaardexploits somesimilarideas[1.179).

Bittner and Stell describethe location of spatialobjectswithin setsof regions
of space(cells)thatform regionalpartitions(figure 1.17and1.18). Thelocationof
spatialobjectsis characterizedby setsof relationshipgo partitioncells. Thefigure
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Fig. 1.16.Differencesn heightmeasurements

(1.17)shavs the approximatiorof a non-rggularshapedegion, r, with respecto a
rastershapedegionalpartition. The rastershapedartition simplifiesthe example;
in generahbrbitrarypartitionsof 2-D spacearepossible Bittner andStell distinguish
threerelationsbetweentheregion, r, anda partitioncell, g € G: (1) Full-overlap,
i.e.,r containsor is equalto g (Cell K in Figure1.17).(2) Partial-overlap,i.e.,r and
g shareparts,but do not fully overlap.(All partitioncells exceptK,A,I, and M).

(3) Non-overlap,i.e., r andg do not even overlap partially. (Cells A, I, and M).

Thereare coarserandfiner distinctionspossible(see[1.17] for details).Formally,

the approximatelocation of the region r within the partition G asa mappingof

signature(a.) : G — 2. The mapping(a,.) returnsfor every partition element
g € G therelationbetween- andg, i.e., fo for full-overlap,po for partial-overlap,
or no for non-overlap.

I&K;

M N O P

Fig. 1.17.A region approximatedy aregularpartition

Approximationsrepresensetsof regions,i.e., all thoseregionsthat arerepre-
sentedby the sameapproximatiormapping.Bittner and Stell [1.17] definedunion
and intersectionoperationson approximationmappings,suchthat their outcome
constrainghe possibleoutcomeof union andintersectionoperationdetweerthe
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approximatedregions. Moreover, they derived setsof possiblerelationsbetween
spatialregions, given their approximationg1.18§). Bittner [1.16] shaved how ap-
proximatespatialreasoningcanbe appliedto thetemporaldomain.

Considerfor example,the approximation®f a waterreserwir anda pollution
areawith respecto anunderlyingsoil-classification-partitionAssumebothapprox-
imationsarebasedon independenbbsenationsin differentmomentsof time. Bit-
tnerandStell[1.17] derivewhichrelationscanhold betweerthewaterreseroir and
theareaof pollutionfrom theknowledgeabouttheir approximatdocation.This can
be used for example,to determineif it is possiblethatboth objectsoverlapor it is
certainthatthey do (or do not) overlap.

N 0— Zion Nationa Rark (ZNP)

Fig. 1.18.The positionof NationalParkswith respecto somewesternstateof the USA

1.8.6 Discretization and Sampling

An obsenationyields differentvalues,dependingvhereandwhenwe obsene re-
ality. Someprocesseshangerapidly (in time or in space)pthersvary very slowly:
Observingthe heightof a mountaintopis (nearly) independentf the time asthe
value changeonly very slowly. Observingthe position of a caris highly depen-
dentonthelengthof time we obsenre the car Measuringgravity givesvery similar
results,independendf time or location.

The limitation of the representatiomnforcessomecareful optimizationwhen
building modelsof partsof reality — the modelis necessarilyimited and an ap-
proximation.Informationsystemsoncentrat®n someprocesses reality, e.g.,the
movementof carson highways,developmenbf citiesor theweatherEachof these
processegor complex of processeshasa certain’scale’. Spaceandtime canbe
treatedequally: somepropertieschangequickly if we move in space(e.g.,eleva-
tion) andotherschangevery slowly (e.g.geology).Onecanspeakof atemporaland
spatialfrequeng of events[1.93]. For example,geologicalprocessegypically have
aresolutionof 10 to 100 meterin spaceandthousando millions of yearsin time.
Movementof carson highwayshasa spatialresolutionof severalm in spaceand
secondgo minutesin time.
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If we obsene a processthenour obsenationsmusthave a minimumdensityto
avoid misleadingaliasing’. A processanbedescribedvith afrequeng of change
(in spaceandtime). The samplingtheoremstatesthat obsenationsmustbe made
with atleasttwice thefrequeng of the highestfrequeng in the procesf interest.
To avoid erroneousbsenations,so-calledaliasing frequenciesigherthanhalf the
samplingfrequeny mustbefiltered out beforethe signalis sampled Figure1.19).

sampling
signal observed

apparent
signal

Fig. 1.19.A low frequeng signalemepgesfrom ahighfrequeng signalnotcorrectlysampled

Thepracticallyveryimportantmethodof datacollectionby remotesensingFig-
urel.8)takestheaveragevalueovertheareaof thepixel andthusappliesatthesame
time afilter which eliminatesoo high (spatial)frequencieslf pointsamplingis em-
ployed,thenthe high frequenciepresenin the signalcanleadto significanterrors
in areaestimatesthisis particularlydangerou areaswith regularstructurese.g.,
theroadnetwork in theU.S. Midwest.

1.8.7 Virtual Datasets:Validity of Values

It is convenientto organizelarge numbersof obsenationsin sucha way that a
comprehensie model of reality emeges.lIt is possibleto link datasetsvailable
on differentcomputersnternally andto provide aninterfacewhich givesthe same
functionalityastherealobsenationof theworld (equationl.12):

ObsValue :: dataStore — location —
time — observationType — value (1.15)

Vckovskihaslabeledsuchdatasetsis'virtual’ anddiscussedheir propertie§1.198.
Unlike the obsenation function of reality in subsectior.8.1,the obsenationsof
virtual datasetsare partial - not for every combinationof input valuesa resultis
available;oftenthevalueis unknavn. Valuesresultingfrom simulatedobsenations
from a dataseaindnot directobsenationof theworld mustbe qualified:
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— Boundedknowledgein time and space:the datacollectedalways covers only
somelimited time spanandsomearea.For positionsandtimesoutsidethis area,
theresultis unknown.

— Valuesfor pointsotherthanthoseobsenedmustbeinterpolatedTheselectiorof
appropriaténterpolationmethodss a difficult problem[1.49].

— Valueswere measuredvith limited precision.The usermustbe madeaware of
the error resultingfrom measuremerdndthe error resultingfrom interpolation.
Theeffectsof classificatioror differentobsenationmethodsnustbetrackedand
valuescorvertedasfar aspossible.

Obsenationoperationgo theinformationsystemarepatrtial: requestdor valuesfor
pointsin time or spacebeforethefirst or afterthe lastvalueavailable(or outsideof
the spatiallimit), mustnot returnaregularvalue.Computationwith total functions
is simpler Wrappingthe resultvaluein a datatype M aybe allows usto transform
thepartialto atotal functionandlift operationgo this datatype (M aybe isamonad
[1.204, but thisis notimportanthere).

data Maybe a = Just a | Nothing

obsValue :: dataStore -> location -> time ->
observati onType -> Maybe val ue

cl ass Number a => Nunmber (Maybe a) where
(Just a) + (Just b) = Just (a + b)
_ + _ = Nothing

For virtual datasetstime seriescoverage$1.39 or rasterimagestheregularoper
ationscanbeapplied(’lifted’). It is possibleto addtwo time seriesto apply math-
ematicalformulaeto valuesof correspondingells, etc. Tomlin hasshavn how this
'map algebra’canbe extendedwith operationsisefulfor planning[1.194 1.193.

1.9 Ontological Tier 2: Representation—World of Individual
Objects

Humanshave the ability to seeobjects— and they use very different criteria in
the way they cane reality into objects:objectsare formed accordingto the cur
rent needs,.e., the taska humanagenttries to completeat a given instance.An
ordinarytree stompcanbe seenasatable,a seator platformto standon. The hu-
maninteractionswith the ervironment,especiallywith solid bodiesasincludedin
the table-topervironment,are ubiquitousand probablyprototypicalfor our under
standingof objects But thereis alsothelarge classof geographiobjectswhichare
typically unmovableandnot physicalthemseles,but madeup from otherphysical
objects(aroador a forestis anareaof spacenota physicalobject).Humans'see’
objectswith respectto their interactionwith them. Gibsoncalled thesepotentials
for interaction’affordance’[1.98].

Physicalobjectsareextremelyreal for the humancognition.But insteadof fol-
lowing the philosophicaltradition, which assumes preeisting understandingf
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objectsaverypragmatiapproachs followed:objectsaredefinedby uniform prop-

erties.The propertieswhich mustbe uniform for an objectarerelatedto the possi-
ble waysof interactionwith anobject.Dependingntheproperty whichis uniform,

very differenttypesof objectsareformedandtheseobjectsthenfollow differenton-

tologicalrules(whichwe call lifestyles,seesubsectiori.9.5).Thepropertieswhich

arefixedto determinauniformity, canbeusedto defineatopological morphological
or functionalunity [1.107.

Objectspresereinvariantsin time andarethereforea methodof humancogni-
tion to reducethe complexity of theworld, by groupingareasof uniform properties
with respectto potentialinteractions.The most salientexampleare solid bodies,
which presere form, volume, material,weight, color, etc. Thereare transforma-
tions from point obsenationsto obsenationsof objects,typically integratingspe-
cific propertieqe.qg.,specificweight)overthevolumeof theobject.Representations
for objectsarebestselectedo respectheinvariants;the geometricform of anob-
jectis bestexpressedn acoordinatesystenfixedwith theobjectandavectorwhich
indicateghelocationof the objectandanangleof rotation;from this coordinatesn
anexterior systemcanbe deduced.

The approactselectechere— namelyto defineobjectssimply asareasof uni-
form obsenableproperties- avoids the difficulties philosophersave found in the
foundationclasseof ontologieswherethe mostfundamentatlasseof entity, ob-
ject, etc.,aredefined Guarinoandhis colleaguefiarze comparedseveralontologies
andhave found conflictsandhiddenassumptionsihich madecomparisorbetween
the ontologiesandtransferof knowledgeintegratedin oneontologyto anotheron-
tology difficult [1.108.

The objectconceptusedhereis restrictedto 'physical objects’ (which contains
asa subsethe 'material objects’but is muchlarger),i.e. thingswhich exist in the
physicalworld and canbe obsened by obseration methods.This is not the most
generakoncepibf anobject,asit is oftenusedin philosophyor softwareengineer
ing; specifically constructiondik e abstracideas,socialconstructionsetc.,arenot
includedandwill bediscussedn the next sections.

1.9.1 Objects are Definedby Uniform Properties

Objectsaredefinedasspatio-temporategionsof someuniform property The uni-
formity canbein thematerialtype,in whatmovesjointly, etc. Table-topobjectsare
typically delimitedby whatformsa solid body; but otherpropertiesareoftenused,
for example,color, texture,etc. ,is typically usedto identify objectson photographs,
including remotesensingmages.More complex properties)ike’sameDNA’ for a
living animalbody, arealsopossible.

Examplesfor objectson the tabletoparethe cup, knife, pieceof bread,etc. In
thecityscapepbjectsarebuildings,personsr cars.In thelandscapeforests lakes,
mountainsandroadsare all objectswith boundariesf varying degreesof sharp-
ness[1.26]. In orderfor thingsto have uniform propertiesthe propertiesmustbe
classifiedand small variationsin reality, or by the errorsin the obsenation pro-
cessgeliminated.The classificationsanbe appliedto valueswhich aretheresultof
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somecomputationscombiningmultiple values;for example,to detectareaswhich
areconnectedpnecanobsene directionand speedof movement(the sameresult
canbe achived with a staticanalysisof the resistancdo stressand strain, which
indicateswherea collectionof materialbodieswill separate)Ultimately, the clas-
sificationresultsin a binaryresult— a pointin spaceor time is partof or is not part
of anobject.

1.9.2 Geometry of Objects

The geometryof objectsresultsfrom a classificationof somepropertyvalues.De-
limiting areasof uniform value have somedesirablegeometricproperties:They
form a partition, i.e., they arejointly exhaustve and pairwisedisjoint (seefigure
1.20).

' |:| Road
|:| Open space
- Buildings

Fig. 1.20.Classificatiorof a partof the remotesensingmagefrom Figure1.8

Spatial objectshave a geometry. Spatialobjectshave boundariesln mary cases,
specificobsenationsystemsareorganizedo find theboundarypositionsdirectly in
the terrainandnot from the point-wiseobsenation of the ervironment.Surweyors
go out andmeasureahe boundaryof the forestby detailedobsenationin the field
andthenmeasurehelocationof the boundary

If theclassificatioris appliedto a collectionof rastervalues thenthediscretiza-
tion effects of the obsenation stepshows. The smallestobjectwhich is certainly
detectablenusthave an areaof at leastfour timesthe cell size (follows from the
samplingtheorem seesubsectiori.8.6.

Geometric objectsrelateto other objects. For spatialobjects thelocationof the
centroidandthe boundaryof the objectscanbe deduced:

get Obj Boundary :: env -> spatobj -> boundary
centroid :: env -> spatobj -> point

Both the boundaryreturnedandthe centroidpoint are objectsandhave properties.
For example,the position of a point can be asked, the length of the boundaryor
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the areadelimited canbe found, anda complementargetof geometricoperations
for point, line andareaareprovidedin mostGeographidnformationSystemsThe
OpenGIS Consortiumworks towardsstandardizatiorn conjunctionwith the ISO
standardor extensionof thequerylanguagesQL.

position :: point -> env -> coordinate
area:: boundary -> env -> areaVal ue
length :: boundary -> env -> | engthVal ue

Boundariescanbe approximatedy a sequencef straightlines andthe cornersof
aboundaryarea setof points:

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

The object-objectrelationsare necessaryo documenthat the boundaryof parcel
A is aswell the boundaryfor the parcelB (Figure 1.21). An inversefunction to

getObj Boundary retrievesfor a boundaryline the two areaswhich are bounded
by thisline:

get BoundedArea :: boundary -> env -> [object]

The object-objectelationsarealsonecessaryo modelcontainmentf objectswith
differentgranularity Oneobjectmaybe partof alargerobjectandthelargerobject
may containa numberof smallerobjects.

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

Containmentelationsmay form hierarchiesfor example,for the political subdii-
sion of a continentin countriesregions, provinces,communesetc. (for example,
the EuropearNUTS subdvision formsa hierarchyof partitions,whereeachhigher
level formsarefinementf the previousone).Timpf hasinvestigatedhow suchcon-
tainmenthierarchiesaareformed,how they relateto otherhierarchieqfor example,
functional),andhow they areusedfor cartographigeneralizatiorj1.191].

Objects resulting fr om classificationform topological complexes. The bound-
ariesof a setof objectscomingfrom a singleclassificatiorform a complex [1.97];

eachboundaryboundsan arealobjecton eachside. All the objectsform a parti-
tion, i.e.,they jointly exhaustthespaceandaremutuallydisjoint (oftendescribedas
JEPD, jointly exhaustve, pairwisedisjoint). In the extremeof abinaryrule forming
asingleobject,the objectformedandthe backgroundogetherare JEPD.

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

For geometricobjectsin a comple, operationscan can the boundariyof the
objector theco-boundaryfFor acell or simplicial comple (figure1.21),theseoper
ationsform algebraswith well-definedpropertiesThe boundaryof anareaarethe
lines, the boundaryof a line arethe two boundingpoints. The co-boundaryis the
cornverseoperation;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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. node

edge linked by
2 nodes

edge linked by 2
areas

Fig. 1.21. Simplicial comple of nodes,edgesand areaswith boundaryand co-boundary
relations

A spatialdatabasdor which objectshave theseor comparableoperationsis
oftencalledatopologicalGIS or atopologicaldatastructure Thesepropertiesvere
identifiedvery early in the history of GIS andusedfor checkingfor errorsin data
freshlyinput[1.44].

The topologicalrelationsbetweenobjectsare usually describedby the set of
topologicalrelations,which wereproposedy Egenhofeiin his dissertatior{1.62].
They area generalizatiorof Allen’s relationsfor temporalintervals for two (and
higher) dimensionakegions. They are similar (but differently defined)to the rela-
tionstheRCC calculuspropose$1.43.

1.9.3 Propertiesof Objects

Somepropertiesof the objectsarerelatedto the problemof identifying regions of
uniform propertiesOtherpropertieof objectscanberelatedto the propertieof the
obsenable(andsometimesionobsenable)physicalpropertieof thefield ontology
[1.59. For example,the weight of an objectis the integral over the weight of its
material. The effort necessargyo move alonga pathis relatedto the accumulated
heightdifferencesalongthe path.

Operationgo integrateobsenationsfor a geometrycanbe definedasan exten-
sion of point obsenations:integratealonga path,integrateover an areafor some
property(if the propertyis time-variant,the movementin time mustbe provided).
From suchintegrations,propertiesof objectsfollow: the length or the areaof a
geometryby integratingover the constanfunction 1, but it canalsobe usedto de-
terminethe heightdifferencealonga path,theannualrainfall overanareaetc.

1.9.4 GeographicObjects are not Solid Bodies

The classicalconceptof objectis a generalizatiorfrom the physicalobjectson the
tabletop;suchmaterialobjectsare exclusive: whereone objectis, no otherobject
canbe.This s correctonly for solid body objectsandnot the casefor otherphysi-
cally obsenableobjects:in mostapplicationsmorethanoneclassificatioris possi-
ble [1.179. In the city ervironmentthe classificationcanbe basedon a pedestrian
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viewpoint or a legal-ownershipviewpoint: a pedestriaris interestedin the areas
which are uniformly 'not obstructed’ whereasa bankis interestedn seeingwhat
areashave anuniform ownership.

This givesmorethanoneobjectat a singlelocation. Similar differencesn the
classificationof land for planningpurposesanbe obsered: Classificationdased
on naturalhabitat,cartraffic, pedestrianraffic, residentiakonstructionsall areex-
amplesof objectsof differenttypeswhich overlapandcoexist (figure 1.22).
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Fig. 1.22.Subdvision of spacdn building objectsandownershipobjectswhich overlap

Thisis afundamentaproblemfor any objectontology:thedivision of theworld
into objectsis not unigueanddepend®n the obsenerandhis intentions.A special
caseis givenif a classifications finerthananothef{1.91] (Figure1.23).There,the
objectsform alattice[1.134.
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Fig. 1.23.Threedifferentclassificationgor urbanlanduse(with 4, 7 and24 classes)
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1.9.5 ObjectsEndurein Time

Objects,especiallyphysicalobjects,endurein time. Physicalobjectshave individ-
ual propertieswhich differentiatethemfrom otherobjectswhich look similar, even
if thesedifferencesare often not relevant and not noticed by humanobseners.
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Objectsin reality maintaintheir identity from begin to end— even a grain of salt
hasanidentity, which is lost whenit is dissohedin the soup.Objectsare"'worms
in four-dimensionakpace”.Worboys and Pigot explored the mathematicof such
constructiong1.156 1.203, referringbackto classicalgeographiconceptionof
space-timaliagramgq1.117.

The conceptof physicallyobsenableobjectsis a generalizatiorof materialob-
jects, from which we know from experiencethatthey endurein time: the pieceof
breadon my tablenow (Figure1.2) will remaina pieceof breadevenfive seconds
later Many of its propertiegemainthe samethey areinvariantwith respecto short
intervalsof time.

The stableidentity of objectsis modeledn a databasevith a (stable)identifier,
which replaceghe combinationof humerougpropertieswhich make eachindivid-
ual physical object different from all others.ldentifiersare nominal values;they
supportonly the operationequality (for performancaeasonsit is usefulto make
internaluseof lexigraphicalorderin theidentifiers,but this mustnot be construed
asmeaningful).

Objectscanbeseerasfunctionsfrom anidentifier, anobsenationtypeandtime
to avalue (formula 1.16). Objectsareformed suchthat mary importantproperties
remaininvariant,primarily with respecto advancingtime but alsowith respecto
otheroperations.

observation :: id — time — obs — value (1.16)

Object Lifestyles. The changesof objectscanbe continuousor catastrophican
objectcan move or it canbe destryed and ceasedo exist. Catastrophiacchanges
areaffectingthe 'existence’of the objectandthesechangedollow differentrules:
The solidson the desktopcanbe gluedtogethersuchthattwo objectsbecomeone
andlaterthis connectiorcanbe brokenagainandthetwo original objectsreemege.
If we pourthe waterfrom one glassinto the wine in the otherglass,the two lig-
uid objectswaterbody andwine body ceaseo exist anda new 'waterwine-body’
emepes.This operationcannotbe undone the two original liquids cannotbe resti-
tuted. Consideringthe life of an objectin time, we obsene that differentobjects
have different’life styles’. Solidscanbe gluedtogetherandreemege, but the lig-
uidsmixedcannotbe separate@gain.

Definition of lifestyles. In the realworld objectsareperceved ashaving their life

—aspanof time boundingthe existenceof objectsasseparablédentifiableentities.
In a spatio-temporatlatabas®bjectsare modeledin the samemanneri.e., a span
of time boundingthe existenceof objectidentifiers in the databasebetweenthe
two fundamentaévents:creationanddestructionTheway objectsemegeandlater
changethe modusof their existencediffersfor differentcategoriesof objects.For
example aliquid objectwhile flowing into acontainerandoverflowingit, givesrise
to two new liquid objectsthefirst oneremainsn thecontainerandthe secondne
spillsontheground[1.113. This behaior is completelydifferentfrom the blocks
world: solid objectson a table canbe piled oneuponthe other, but their identities
arepresered.
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Fig. 1.24.The subsumption-grapbf lifestyles

Aggregates

Lifestylesaresetsof special,identity changingoperationsapplicableto object
identifiersof differentkinds of objects(figure 1.24). Thesespecialoperationform
a finite set. Combinedtogetherthey describea large numberof objectcategories.
Besidethe inevitable creationof an objectidentifier, possibledestructionthe con-
ceptof temporanjossof identity for anobject,hasbeenintroducedwith operations
suspendandresumewith the samemeaningaskill andreincarnatdan [1.40]. An
objectmay changeits identifierkeepingtrack of its predecessahroughevolution,
modeledasa compositionof a creationanda deletion.Comple lifestylesarecom-
posedfrom simpler ones.Thus, of aggreationthe partsare suspendedwhereas
the melting of objectsis describedasfusion (partsaredestrged). The fundamen-
tal differenceis that the inverseof the former process(segregation)is reversible
while the inverseof thelatter (fission)is not: the contentsof a glassof wateranda
glassof wine pouredinto a carafecannotbe restituted Examplesof lifestylesde-
scribedin [1.137 rangefrom physicalreality like simplemovable objects(stones,
blocks),immovables(man-madebuildings and bonafide objectslike valleys and
mountains) living beings,containersjiquids, to abstractconceptdik e ownership
rights,marriagesandpartnerships.

The conceptof lifestylesallows the designerof a spatio-temporatiatabaseo
usethesameclasse®f operationdor apparenthydifferentkinds of objects.In mod-
eling abstracbbjects,onecanbenefitfrom alreadyachieved modelsof the simpler
physicalrealm.For example legal cadastraparcelsfollow the’lifestyle’ of liquids:
two parcelswhich arememgedarenotre-emeging aftera split [1.87].
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Lifestyles describethe changein object identifiers: an object exists in the
databaser doesnotexist (or it is suspended)A possibleextensionis the changédn
objecttypes:aliquid objectcanevaporatechangingts appearanceéMelting of solid
objectsinto aliquid stateis animportanttransitionaswell. The changeof identity
in objectsproducesnary sideeffects:topologicalrelationsfor example,areof the
greatesimportancein spatialdomain.Thus,the investigatiorrelateslifestylesand
the changen topologyof emengingobjects[1.118.

Moving and changing objects. Objectshave permanencén time and can move
their positionor changeshape The obsenation of movementor changeof shape
for table-topobjectswhich areunderour permanenscrutiry is easy Solid objects
move but maintaintheir shape otherobjectson the table may changeform asthe
resultof actions.

The recognitionof moving and changingobjectsin geographicspaceis more
difficult. What canbe statedaboutthe sanddunesof (Figure1.25),wherewe have
obsenationswhich arehalf ayearapart?20nemight concludethatthe sandduneX
in spring1999is the effect of meiging the two dunesA andB from fall 1998, but
this is not necessarilthe correctinterpretation.The questionis generalizedo the
problem:Given two obsenationsof snapshospatialobjectsi; att; andis atts;
constructatime varyingobjecto, suchthato att; isi; ando atts isis.

O(tl) = il N O(tg) = iz (117)

In this casewe arejustifiedto labelthetwo obsenednon-temporabbjectswith the
sameidentifier and considerthemasprojectionsof the single object. The detailed
rulesdependon the particularsof the application.

Fall '98 Spring 99

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 thenthe geometricoperationscanall be appliedto
moving objects.For moving objects they returnatime-varying valuefor the loca-
tion of thecentroid,for thelengthof the boundaryetc. The operationapplicableto
fixed valuescanbe lifted to apply to time-varying values(caremust be taken for
functionslike minimum or maximum)(seechapter4 in this volume).For example,
the distancebetweentwo moving objectsis a changingfloating-pointvalue (see
subsectiorl.6.1).

1.9.6 Temporal, but A-Spatial Objects

The sameprinciplesof identificationof areawith uniform propertieswhich were
usinga fixed time point canbe inversedto identify temporalregionswith uniform
propertiesfor a fixed location. To form objectsasregionsfrom a snapsho(fixed
time) is morecommon,but sequences time with uniform propertiescanbe con-
sideredas’temporalobjects’aswell [1.172. Exampleswould be my summerva-
cationperiod,anemployeessicknesdeave or the presidenyg of Bill Clinton. Such
temporalobjectshave a startandanendandonecanaskfor their duration,they are
timeintervals:

oj Start :: id ->tine
QojEnd :: id ->time

Allen definedtopologicalrelationsbetweertime intervals[1.2].

1.10 Ontological Tier 3: Socially Constructed Reality

In the last sectionobjectswere constructedwvith respectto the humaninteraction
with theworld. This physicalreality includesa large numberof thethingswe inter
actregularly with, from fruits andothersmall objectsto land, lakesandweather

Unfortunatelymostof whatanadministratve spatio-temporadlatabaseontains
arenot the physicalpropertiesof theworld, but the legal andadministratve classi-
fication of the world, classifiedand namedwithin the context of social,especially
institutional, rules. In the city, building lots, streetnames,and building zonesare
administratve facts;in the landscapegountyboundariestight of way andareasof
natureparksareadministratvely constructedacts.Theseareascreatedoy adminis-
trative rulesarefurther simplificationsof the complexity of reality to therestricted
view of the law. Theseadministratve constructsarevalid only within a legal con-
text.

1.10.1 Social Reality is Real within a Context

A concentratioron the ontology of physicalthingsleavesout a very large part of
the reality humansperceve. Naming things and usingthe namesto communicate



1. Ontology 49

with othersis oneof themostimportantculturalachiezementsSocietyconsistof a
complex webof relationshipsetweermpeopleandthings,which needto be defined
andnamed Elementsf socialreality thusnamedappeamasreal asphysicalreality
to us. Thereis a strangebelief — manifestin witchcraft— thatan objecthasa direct
andnaturallink to its name;pointingoutthat’'Hund’, nor’chien’ or 'cane’describes
the samespeciesasthe English’dog’, revealsthe contectual natureof the naming
cornventions.Socialconstructsfrom marriageto ownership all appearasrealto us
asphysicalforcesor electricity, but aremeaningfulonly in the socialcontext.

Socialreality includesall the objectsandrelationswhich are createdby social
interactions Humanbeingsare social animalsand social interactionis extremely
important. The reasonto separatghysicalreality, objectreality and socially con-
structedreality is the potentialfor differencedn obsenations:within errorsof ob-
senations,the resultsof obsenationsof the samepoint in time and spaceshould
be the same.The constructiorof objectscanbe basedon the uniformity of various
propertiesandthusobjectsmaybeformeddifferently— for example,thedefinition
of forestcanbe basedn variouscriteriaandthusleadsto differentextensionof a
'forest’ (indeedoneshouldspeakof differentkinds of forest:legal forest,land-use
forest, forestas physicalpresenceof trees,etc.); differencesfor objectformation
canbetracedbackto differentmethodsn classificationf enoughcareis appliedto
thedomain-specifiénterestsaandprocedures.

For sociallyconstructedeality, agreemenbetweerdifferentagentdrom differ-
entcontextsin theconstructioris notto beexpected Objectsarenamedwith differ-
entnamedn differentlanguagesindonly néive personsassumehatthereareexact
translation$etweerterms.Not evencountriesusingthe’same’languageapplythe
sametermswith correspondingneaningwell known is themotto"Englandandthe
United Statesareseparatedby a commonlanguage’asedon variousexamplesof
differencedn vocahulary; the sameappliesto Germaly, Switzerlandand Austria.
Eachcountry specificallyeachcultural system creatests own 'conceptualization’
of the cultural organization.Theresultsarequite differentconceptuakystemsand
onemustnot expectthatthe sameconceptin differentcultureswill have the same
meaning.Thereis a Europearattemptto extendthe WordNetdictionarywith five
Europeananguageso make it multi-lingual.

Thenamesandthe conceptareonly meaningfulwithin thedefiningsocialcon-
text. They arenotbinding outsideof this context. Whatis quite easyto acceptwith
regardto differentlanguagess moredifficult to understandvith respecto smaller
cultural communities:public agenciesadministrationsgetc.; eachcreatests own
vocahulary and logical organizationof the part of reality and cultural institution
it is concernedwith. It is surprisingto seehow differentthe terminologyandthe
conceptf law in Austria, SwitzerlandandGermary are;neitherdo thetermscor-
respondnordothey havethe (exact)samemeaningWhatAustrianscall ‘'Kataster’,
amapandalist of theparcelsjs the'Lie genschaftskarteh Germary. Evensmaller
communitiescreatetheir own terminology:the laws for urbanplanningarein the
competenceof the Bundeslandfederalstate)in Austria; thereforethereare nine
laws, eachcreatingits own setof termswhich have meaningwithin this setof rules.



50 Frank

Termsin oneBundeslandbut do not correspondo thesameor to othertermsusedn
anotheBundeslandNobodyassumeshatthedifferentbranchesn theadministra-
tion of atown relatethe sameconcepto theword 'building’; the prototypicalcase,
asinglefamily dwelling, may be includedeverywhere put the treatmenbof special
cases- very smallutility constructionsyundegroundconstructionsetc.— will vary.
Usingtheconcepif radialcategory[1.164, onecansaythatagenciesreateradial
categyories,which partially overlap.This makesthe constructiorof databasegr the
integrationof databasefom differentorigin, very difficult. The smallestcommon
denominatorsnustbe found by humanspecialistsattemptsof automaticdatabase
schemantegrationat bestprovide helpfultools[1.55).

1.10.2 Names

Objectshave names- especiallypersons- andthesenamesarepercevedas’real’

propertiesof the things. The proponentf remotesensingmagesof the erviron-

mentalwaysneedto beremindedhatremotesensingcannotseethenameof towns
[1.124], nor the boundarieof countries.Sometimegphysicalphenomenandicate
whereboundariesare, sometimesot; towns canbe seen but not their namespe-
causeall theseelementsarenot part of the physicalreality (which we analyzedn

the previoustwo sections).

It is culturally assumedhatnamesof thingsarestable.lt is improperto change
one’s name(exceptfor womenwhenthey marry in mostof westernEurope)or
usemultiple names(only criminals and artistsdo this). Everybodyhasto have a
name(including’the artistformerly known asPrince’). Cultureassumegor mary
importantthings(but not all) thatthereexistsfunctions

getname :: obj -> nane
findj :: name -> env -> obj

Namesareclearlyasocialconstrucin thesenseof Searlg1.170. Namescancome
in mary forms:asstringsof charactersasnumberge.g.,thenamef thedaysof a
month)or asarbitrarystrings(socialsecuritynumberslicenseplatesof cars,serial
numbersetc.).Namesarealwayson anominalscale- only comparisorfor equality
is arelevantoperation-andoftenalexicographicorderingis exploitedfor searching
(e.g.,in telephondirectories). Somenamesgspeciallysurnamesarestructuredn
sucha way that they hint to relationshipsetweenpeople:PeterSmith maybethe
fatherof Paul Smith (or his brother or completelyunrelated).

Many usesof namegely onasmallcontext, in whichthenameis likely unique.
The bestexampleis the useof Christiannamesto identify people therearethou-
sandof 'Rudi’ living in Vienna,but within the context of my departmentRudi’ is
unigue(notsofor 'Martin’). Usuallythecontext of asituationis sufficientto disam-
biguatea statemenandidentify the personOneshouldnotbetemptedo think that
the usualcombinationof Christiannameandfamily nameis the person:ithereare
threepersonswith the samename’Martin Staudingerlistedin the Viennaphone
directory!
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1.10.3 Institutional Reality

Much of whatseemsvery realis, at a secondglance far from real. Neitherstatus,
honoror marriage hor ownershipare physicallyreal. A large numberof the con-
structionsof social reality are relatedto institutions, especiallythe legal system.
We concentratéereon legal conceptsasthey arethe mostimportantfor the con-
structionof spatio-temporatiatabasedpr example,aboutland ownershipandthe
planningof the useof space.

Administrationandlaw hasa needto simplify the infinitely complex world to
generakuleswhich canbeappliedgenerallyanduniformly. Thecomplec 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. Suchrules are importantfor an
efficient functioning of our modernworld, wherewe dealwith a large numberof
strangersandregulateour interactionsbasedon few, typically quickly obserable,
properties:instructionsgiven by a personin a police uniform are followed when
we drive a car, but the samesignsmadeby a non-uniformedpersonwill go mostly
unobsered.

Searleobsenedthatsomespeectactsarenot descriptve of reality like'thefor-
estis green’which canbetrue or not dependingon the color of the forest,but are
constitutive — they createthe describedact. The mostfamousexampleis certainly
"I declareyou husbandandwife”, which, if spokenby a duly authorizecpbersorand
aftertheproperinterrogationscreateghefact’marriage’[1.169. Ofteninstitutions
associatespecifictreatments- fixedin rulesandlaws — with suchconstitutive acts.
Incorporationof a compaly, marriageor submittinga letter of resignationconsti-
tutelegal facts;thesdegal factshave well-definedconsequenceshich areevident,
whenthe constitutve actis made.Theinstitutionstypically keepregistriesof these
constitutve facts,a registry of deedds an example,or provide a documentasevi-
denceof thefact,for example,adriver’slicenseor amarriagecertificate Confusing
are’birth certificates’ wherethe certificatedoesnot constitutethe factthat some-
bodywasborn- this is an ontologicalproblemof tier 3 — but constituteghelegal
acceptancéhat birth was given at a specificlocation and time, which hasconse-
guencedik e conferringnationality— for example,a birth certificatefrom an U.S.
registry is sufficientfor entryinto the USA.

Searlein his theoryof institutionalfactsstartswith the obsenation that paper
moneg is nothing elsethan printed paper but that this specialkind of printed pa-
per hasa particularfunction within the context of a society He seesthat 'special
printedpaper’'senesas’'money’ in thecontext of anationaleconomyln thetheory
provided by Searleto explain institutionalfacts,the formula’x senesasy in the
contet of z' is very important,but not likely to cover all aspectof socialreality
[1.183. This’'x countsasy’ assigngo the physicalobjectx (from ontologicaltier
3) aspecificfunctiony. The meaningof thefunctiony andtherule thatx countsas
y areboth partof the context, for example,the legal institution. The functiony, for
example,’ownership’,is thendefinedin the context of the legal system:ownership
links a personto a pieceof land, the owner of a pieceof land cansell this land or
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canuseit to securea debt,etc. Themeaningof ownershipis fully definedwithin the
legal systemof a country The GermanGrundgesetsays’ownershipis guaranteed
within the limits of the law..””, clearly pointing out the socialandlegal context in
which theterm mustbe understoodOn the otherhand,someReformCountryhas
definednew institutions,avoiding the term’ownership’for land;in the opinion of
experts,if a pieceof land canbe owned,sold,inheritedandmortgagedthereis no
substantiatlifferenceto 'ownership’(in the meaningof the context of Europearor
Americanlaw), independenof theword thatthis countryuseg1.119.

Importantfor theapplicationof spatio-temporatiatabase® landregistrationis
the separatiorbetweenthe physicalpropertiesof thingsin theworld, for example,
boundarymarkers,buildings, streetsandrivers,andthe legal facts.Competensur
veyors canmeasurehe positionsof boundarymarkers. Thereshouldnot be cause
for debateaboutthe result. Similarly, the reconstructiorof a boundaryusing the
documentedneasurementm the registry is a (mostly) physical processand not
dependentn alegal context.

Smithhasseparatediat andbonafide boundarie$1.174. Bonafide boundaries
existin reality: they maybenaturalboundarieslik e thoseenjoyedby anisland,wa-
tershedsor clearlymonumentedrtifact; the physicalreality constituteghe bound-
ary, theregistry only pointsout thatthesephysicalelementsare the boundaryand
may containmeasurementsr otherobsenationvalueswhich canbeusedto recon-
structtheboundaryFor fiat boundariestheregistry givestheexactlocationin terms
of obsenation,andcompetensuneyorsarerequiredto indicatethe locationof the
boundaryin therealworld. In this casetheregistry constituteshe boundaryandits
location.Practically this differences importantwhenthelocationof aboundaryin
theregistry andthe boundaryin reality do not correspond- which oneis theruling
one?In mostcountries for bonafide boundariesreality wins; for fiat boundaries,
theregistry wins.

Confusionin databasesf institutionalfactsmay arisefrom anincompletesep-
arationwhatarerecordingsof constitutionaffacts,which cannotbe wrong by def-
inition, and which are factsbasedon obsenation of physicalreality, which can,
obviously, be incorrectdescriptionsof reality. One can demonstratehat a value
doesnotdescribea real propertycorrectly— by inspectionof theappropriateplace;
onecannotdemonstratéhat a constitutive registrationis wrong. However, onecan
prove thatthe procesghatleadsto its constitutionwasnot following the prescribed
rulesandthereforetheregistrationshouldbevoid.

1.11 Ontological Tier 4: Modeling Cognitive Agents

Agentsacquireand constructknowledge aboutthe world — the physicaland the
socialworld — in which they exist. The knowledgethey constructis not necessarily
and automaticallycorrespondingo reality. Cognitive agentsusethe accumulated
knowledgeto derive new knowledgefrom the accumulatedknowledgeand make
decisionausingderivedknowledgeaboutactions.
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Thecognitive systenof humarbeingds verysimilarto theaggrejatedcognitive
behaior of organizationsThey collectively acquireknowledge whichis subjectto
similar effectswhich resultin only partial correspondencbketweerreality andthe
knowledgeaccumulatedThe treatmenthere,which dealsmostly with the effects
and doesnot concentrateon the processesindthe influenceson processesvhich
leadto non-conformancef accumulatedknowledge,needthereforenot differen-
tiate betweensingle cognitive agents— mostly humans,but to somedegreealso
animals— andorganizationseenascognitive agents.

1.11.1 Logical Deduction

Cognitive agentsarecapableof logical deduction Fromtheknowledgeaccumulated
otherfactsarededucedndusedto guidetheactionsof theagentLogical deduction
canbeverysimple;for example adatabaséokupto checkif a personis aclientof
abankor to find out how mary yearsa students alreadyenrolledin the university;
which is a simple calculationstartingwith the year of his first enroliment.More
complex deductionsare checksif a studentcan graduatewhich mustconsidera
numberof requirements.

The rulesusedfor deductionarebuilt into applicationprogramsand database
querylanguagesThelatterusuallyfollow theaxiomspointedoutby Reiter[1.16Q:

— thedomainclosureassumption
— theuniqguenameassumption
— theclosedworld assumption

Theseaxiomsare closedto assumption$uilt into legal rulesandregulationsand
administratve customs- they arenot universallyapplicable For example,for spa-
tial databasesheclosedworld assumptions usuallynotvalid: from theabsencef
knowledgethatatreeor abuilding exist onaparcelonemustnotconcludehatthere
areno treesor buildings on the parcel;it is possiblethata treehasgrown sincethe
lastobsenationor thatabuilding hasbeenerectedvithoutinformingtheauthorities
(figure1.26).Thedetailsaboutanownerof aparceldonotdemonstratéhatthis per
sonis still alive. Spatialinformationsystemgequiremore complex reasoninghan
ordinaryadministratve processing1.58].

1.11.2 Two Time Perspecties

A cognitive agentmustseparatéwo time perspecties: Thereis the time in which
theworld evolves:treessprout,buildings areconstructedandpeopledie at certain
pointsin time. Secondthereis the time at which thesefactsare enteredinto the
databaseTreesareobsenedandenterednto the databasehuildings are surveyed
andshavn on maps,deathrecordsarefiled; theseactsof '’knowledgeacquisition’
occur at a certainpoint in time — measuredalong the sametime line, but differ-
entinstants:for eachevent, two instantsare relevant: whenit occurredandwhen
knowledgewasacquired.
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The map does not show all: missing trees, footpaths

Fig. 1.26.Themapdoesnot shawv all!

Fromanagents perspeciie, the databaséor his own collectionof knowledge)
is atime-varying value— changingin discretestepsat eachtransactionTherefore,
thesemanticof atemporaldatabaseanbeunderstoodsa functionfrom timeto a
snapshotlatabase€as of timet' queriescanbe expressedsa-temporaljueriesto
thesnapshotatabasealid att.

database — time — snapshot database (1.18)

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

The resultof a deductionfrom a snapshotlatabasés — sounddeductionrules
assumed- a single result. The result becomestime varying for a time-varying
databasedependingvhat dataare collected,a deductionyields a differentresult:
therequesto withdraw $500from my accounts deniedtoday(balanceonly $150),
but after| receved a $1000reimbursementrom a compary, the samerequestto
withdraw $500is granted.

If the resultsof deductionsare stored,thena factacquiredlater can make the
resultinvalid andthe storedresultof the deductiormustbeidentifiedandcorrected
(monotonicity of the logic; usually not given). This is usually describedas 'be-
lief maintenancegroblem’, whenagentsdeducebeliefsfrom their knowledgeand
knowledgeaddedaterrequiresarevision of thesebeliefs.Fromsimpleobsenation
in an environmentonemay deducethat greenfruits areunripeandnot edible,and
redfruits areripe andsweetithis empiricalrule mustberevisedaftertastingof ripe,
greenfigs or grapes,and a more sophisticatedule for ripenessnustreplacethe
simpleone[1.102.

Socialfairnessoften leadsto ruleswherenot the dateof a fact, but whenan
agentlearnedaboutit, is important.The socialsystemdoesnot punishhonestnot-
knowing’ if the agenthasmadeall reasonablefforts to discover the facts.For ex-
ample,the knowledgeof the law is assumedbut only after it hasbeenofficially
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published. A casecanbe broughtbeforea courtwithin a certaindeadlineandthe
deadlineis countednot from the offendingact, but from the time the plaintiff has
learned(or couldhave learnedf diligent) of theact.

In otherinstanceslegal rulesdependon having knowledgeor not; in European
cadastralaw, the’bonafide’ buyeris protectedgevenif he buysfrom a non-onvner
In all suchcasesit is crucial how muchan agentknew, whena fact becametrue
andwhen an agentlearnedaboutit. The registry of deedsor the cadastres one
of the legal domainswheremostdetailedrules were developedover the centuries
[1.78). Enteringa legal factin a registry often createshe assumptiorthatall par
ties concerneddo know aboutthe fact, becausehey canaccesghe informationif
interested.

1.11.3 Sourcesof Knowledge

Agentsacquiremuchknowledgethroughcommunicatiorwith otheragentsaandnot
from direct obsenations. This knowledgeis 'hearsay’in legal terminology[1.19
andconsideredf muchlower reliability thanwhatis directly andimmediatelyob-
senedby anagentHumanbeingsareextremelywell equippedo keepinformation
from differentsourceseparatedndmaintaina mentallink from theinformationto
the source Reuterhaspointedout that databasearenot preparedo keeptrack of
collectionsof factswhich form areasof consistenyg, but are not overall consistent
[1.204.

1.12 Summary: Ontological Commitments necessaryfor a
Spatio-Temporal Database

Using a spatio-temporatiatabasémplies the acceptanc®f the ontologicalcom-
mitmentsbuilt into it. The previoussectiongliscussedhesecommitmentsn detail.
The conclusionsaresummarizedere:

1.12.1 Existenceof a Single Reality

We assume- as generallyis the casein the positivist philosophyof scienceand
engineering- that thereis a single reality in which we live, and which we gain
knowledgeof. This assumptiorresultsform empirical evidencethat | and every-
bodyelselive andinteractwith the sameobjects following the samephysicallaws.
Effectsof theactionsof anothempersoncanbe seerandotherscanseethe effectsof
my actions.

1.12.2 Valuesfor Propertiescan be Observed

Ourknowledgeof theworld is throughtheobsenationof valuesof obsenableprop-
erties.Modelsmaylink obsenablevaluesto assumegbropertieswhich arenot di-
rectly obsenable.Obsenationsarelinkedto the pointin time andspacevhenthey
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 fundamentatateyoriesof our experienceTime is unidirectionalandobsened

processeare,in general,not reversiblein time. Spaceis characterized herewe

canfollow the famousdefinition of geometryby Hilbert — by invariantproperties
for groupsof transformation$1.20].

1.12.4 Obserwvations are NecessarilyLimited

Obsenationsare necessarilywith limited precisionin the obsened value aswell
asin thepointin time andspacethey arerelatedto. Thisis a physicalfundamental
limit (Heisenbeg'suncertaintyprinciple),butin all practicalcasestheuncertainties
aremuchlargerthanthe physicallimits anddueto imprecisepracticalobsenation
processesMost of the datacollectedarejust preciseenoughfor the purposeand
thereforejn absolutgerms,quiteimprecise.

1.12.5 Processe®etermine Objects

Humansdo notusuallyconsidettheworld asconsistingof datavaluesfor individual
pointobsenations.For economyof cognitive processesetsof similarobsenations
aregroupedto form objects.Theseobjectshave propertieswhich remaininvariant
undercommonoperationsTheinvarianceof form of objectsthroughtranslatiorand
rotation(which form a group)is fundamentafor our understandingf solid bodies,
i.e.,for mostof the objectsof our daily life. Objectsseento be’real’, but onemust
always rememberthat they dependon the classificationusedfor their formation
andthereforealternatve waysof 'carving’ the world in objectsarepossible Some
classificationsreextremelycloselyrelatedto fundamentabperation®f thehuman
body and are thereforelikely 'universals’(i.e., the samefor all humancultures);
othersarenot. Objectsendurein time andhave anidentity which links obsenations
of anearliertime with obsenationsat alatertime. Evenwhenwe arenotwatching,
our car parkedin the road keepsits color (it actuallyfadesslowvly) andthe height
of the Himalayanmountainsremainsthe same(it actually raisesslowly). Object
identity is usuallyrepresentedith identifiersin the datacollection.

1.12.6 Namesof Objects

To keeptrackof theidentity of objects variousmethoddor namingareusedby the
socialsystem Peoplehave namesandcarshave manuficturemumbersandlicense
platesto make themuniqueandto malkeit easyto find the sameobjectagainwithout
constantsupervisionUnnamedobijects,like the fork you are eatingwith, remain
only 'your fork’ aslong asyou constantlykeeptrack of its locationto differentiate
it from otherforks.
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1.12.7 Social,Especially Institutionally Constructed Reality

The social systemconstructselationsbetweenobjects,which are very important
for humanliving andseemvery real, but arenot part of physicalreality: marriage
(asopposedo parenthoodpr ownership(as opposedo physicalpossessionire
socialconceptsandonly relatedto physicalreality. Much datausedfor modernad-
ministrationconcernsuchsocially — especiallyinstitutionally— constructedeality
[1.170.

1.12.8 Knowledgeof an Agent is Changingin Time

The knowledgean agent,a singlehumanbeing,or an organizationmaintains can-
notbeatrueandperfectmodelof reality. Agentsusetheir knowledgeto make deci-
sionsaboutactions Therepresentatioof realityis notonly of limited precision(see
above),but alsovariesin time. Factsin theworld arelaterrepresentedh the knowl-
edgebase With eachfactthetime of occurrenceandtime of entryinto the knowl-
edgecollectionis associatedThis is often called’valid time’ and’databaséime’
[1.185. A specificdecisionwas correctyesterdaybut with the additionalknowl-
edgegainedsince,is wrongtoday Socialfairnessdictatesthat decisionsof agents
arejudgedwith respecto whatthey could have known, not the perfectknowledge
availablelater.

1.13 Conclusionand Futur e Work

For spatio-temporatlatabases careful review of the ontologicalbaseson which
programgestis necessarylheassumptionsuilt in mustbe documenteaarefully.
Integration of datafrom differentsourceds one of the dominantproblemsof
today’s practicaluseof spatialandspatio-temporaflatabasegnvestigationinto the
ontologicalbasesof suchdatacollectionsis a researchdirection from which es-
sentialcontritutionsto solve the real andimmediateproblemsare expected.This
is demonstratetdy the commercialinterestin ontologies.The division of ontology
into tiers in this chapteridentifiesdifferentlevels of commitmentand agreement
betweerdifferentdatacollections.Obsenation of physicalreality is morelikely to
besimilarfor similar datasourcesthe construction®f socialreality arenecessarily
context dependentandwill differ for collectionsoriginatingin differentsources.
Thetiersselectedeflectthesedifferencesn expectedagreementrespectiely dis-
agreementbetweendatasourcesThe descriptionof the tiers point to methodsto
overcomethe differencesandto integratedifferentdatasourceswithin the limits
of their ontologicalcommonbase.The multi-tier ontology extendsthe difference
betweerontologyandepistemologyphilosopherhave arguedfor centuries.
Progresdn the Chorochronogprojectin this respectevolved aroundthe move
from a first-orderlogic basednvestigationto a second-ordearchitecturg1.110.
In this framework, time-varying ‘'moving’ valuesand points can be manipulated,
andareproperlytyped.It appearghatmary of the ontologicalproblemsdiscussed
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currently[1.107] arerelatedto the concepf typeandthetypesystemf program-
minglanguagesrenotexactlythetypesystemsecessarfor database®\ typesys-
temfor aprogrammindanguages generallydefinedasa setof type classesObject
instanceshave a specifictype, which meanghatthe operationgdefinedin the type
classare applicableto the objectinstance[1.32). Type systemsfor programming
languageare developedwith the goalto allow certaincheckson the programcode
suchthata large classof errorscanbe detectedstatically(i.e., during compilation)
andstaticerrorscannotoccurduringthe executionof a program.Typesin thesense
of programmindanguagesirestatic.Objectinstancegannotchangeheirtypedur-
ing execution(unlesghey gothroughaspecific’' typecornversion’operation)1.31].
This conceptof typeis suitablefor the shortdurationof a programrun, but is not
suitablefor a temporaldatabasewherelong-termrepresentatioiis the objective.
It clasheswith anontologicaltype conceptwith graduationa studentbecomesan
alumniandsometimesan employee— but his identity asa humanbeingcontinues.
A numberof extensionsof atype systemwith 'mix-ins’ etc.,have beenproposedo
dealwith suchcaseqd1.7]. But nonecoversall the casesA review of the five-tier
ontologywith a powerful type system for example,basecn Hindley-Millner type
inferenceandclasse$1.123, is likely to yield valuableinsightsinto theconnection
betweertype systemandontology

Linguists usethe conceptof 'ontological cateyories’ to describetypes(in the
senseof applicableoperationsyvhich cannotbe changeda solid body cannotbe-
comean event; a parcel(a pieceof land) cannotbecomea materialor a point. A
boundarypoint, however, canceasdo beaboundarypoint, but continuesasa point:
it canneverbecomeanevent.

The ontology presentechereis designedwith the constructionof a computa-
tional modelin mind, following the suggestionsn sectionl1.4. The contribution
possiblefrom a stronglytypedlanguageandpolymorphismbasedn a classstruc-
turewill beexploredthen.
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