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1 Purpose

The purpose of this document is to present therfitease of the iCity ontology. This document jdeg a concrete
outline of the concepts defined in the ontology;ptirpose is to provide a point of reference tdifate discussion
and feedback on of the ontology, and to facilittteventual implementation across the iCity priged his initial
release focuses on the identification of the claseel properties that will form the ontology. Theksses and
properties provide a clear indication of the brhaaftthe scope of the iCity ontology, and are thuwsitical first step
in the development of the final artifact. Basedtus release, we may begin the process of impleatient by
capturing relevant information in the language nkedi by the ontology, and thus providing a sharethroonly
understood model of the knowledge being used andrgéd by the various iCity projects.

2 Scope

The scope of this document is limited to the idadtion of the vocabulary within the ontology. Mospecifically,
it is restricted to the identification of vocabulan the Urban System Ontology; at this stage ésdoot capture the
application-specific concepts of the individualtyQprojects. We provide an initial specificationtbé classes and
relationships (properties) to support formalizatieol®®WL 2 (Grau, Horrocks, Motik, Parsia, Patel-Beiter, &
Sattler, 2008). Future versions will expand ondbpth of these definitions, providing more detadedhantics in a
complementary logical language. This document &@ing at conveying the vocabulary currently defimedhe
iCity ontology, implementation of the ontology dha¢ addressed in a separate iCity report.

3 Outline

The report will begin with an introduction to thale of the ontology within the iCity project. There concepts
pertaining to the characteristics and behaviodhefurban system will then be presented in Se&idection 0
identifies directions for future iterations of thetology; in particular, Section 6.2 outlines tgwel concepts
required for data collection, simulation, and as&applications. At the current stage of developmes have not
identified any requirements specific to the Viszaiion application (Theme 3 in the iCity projedt)s our
understanding that the Theme 3 work will interghet iCity ontology in order to generate the reciire
visualizations. Should this change in the futures likely that an extension to capture the vigatlon applications
will also be required.

4 Role of the Ontology

Given that all of the projects within iCity arewsted in the urban domain, and therefore it issngprising to find
many common concepts between them. It stands somegthat some integration between the differentiegtjpns
should be possible. For example, if data is cadéebout the population, it should be usable byTIEWnd other
simulations, but also by the projects developinglysis tools, such as the smart parking applicatibrfortunately,
there is also ambiguity in how different concepts ased, and in some cases the same concept nokjibed
differently in different applications. This provigl@ challenge not only for integration of the iGifyplications, but
for shareability of results: if the knowledge geated by iCity is not defined sufficiently, it witle difficult for any
other researchers to understand and leverage it.

The iCity ontology provides a common set of ternithwhich data can be stored and accessed. Théoggtwill
resolve any ambiguities and disagreements betvegarstby defining a common set of concepts that éetely
captures the domain, with agreed-upon definititmshe case that two applications attribute a d#ifé meaning to
the same term, the result will be two distinct tenwith distinct, precisely defined meanings. Irsthviay we can
recognize these differences and clearly identiéyredationships between different concepts. Thelogy will be
used to organize and describe data within the i@ibyect. It may also be used as means of publisbirsharing
data with the research community.

The resulting artifact, often referred to as khewledge base will take the form of a triple-storefs)created by
mapping data from the iCity applications to theeggl-upon terminology defined in the iCity ontologie
architecture of the iCity project, relative to thetology, is illustrated iftrror! Reference source not found..

! Note that the data may not in fact be stored énttiple-store, but maintained in the applicatimvs database,
with mappings from the ontology to the databaséopered on-the-fly, as required.



Beyond this, the precise and formal nature ofottelogy will support the use of services suchnésrence and
data validation. Based on the definitions, we mayable to infer new information that was not oradiy part of the
knowledge base. Data validation is supported asualtrof the consistency-checking mechanism. We latpe that
identification of relationships may serve to unaosynergies between the projects, by illustratiog ldata from
one project may serve to inform the work of anather
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Figure 1: iCity Architecture

XThe sections that follow introduce the core orggloequired to capture the iCity projects, in partar, to define
the urban system.

5 Urban System Characteristics and Behaviour

In the urban system, we recognize the following &éeycepts that must be defined:
* Person
« Organization
¢ Household

¢ Building

e Parking

* Vehicle

e Transportation Networks
e Transit

e Land Use

e Travel

The semantics of each of these concepts will biaegby a generic ontology. These generic ontotogid then be
used in the iCity ontology to define the urban egstand its behaviour; its population, land usegpartation
infrastructure, and the travel that occurs withiThis representation may then be extended taicaphe individual
iCity applications so that they may be integratéith wne another and sufficiently well-defined sa@be shareable
and reproducible with the research community. Arfetational Ontology will be also required in orderdefine the
core concepts that apply across the transportdtiomain. This is introduced first, followed by theegentation of
each generic ontology in more detail. Where waa@nive provide a brief description of the domaid esle of the
ontology prior to describing its classes and tpeperties.



5.1 Foundational Ontology (iCity-Foundation.owl)

In addition to the concepts that are specific taidran system, there exist foundational conceptisate required to
fully define the domain. In particular, the founidaial ontology captures the concepts of time, spettange,
activities, and resources; each concept is defisemivn sub-ontology.

5.1.1 Spatial Location Ontology (iCity-SpatialLoc.owl)

Namespace: spatial_loc

To capture generic spatial features we require eqmiscof location, but also concepts of geometmyrder to
describe shapes that are more complex than a gingiein space. To achieve this, we combine anlogy of
longitude and latitude, with simple spatial andmgetry ontologies.

» Point: A Point in space.

A Point hasa longitude.

A Point hasa latitude.

A Point hasan altitude.

Note that the inclusion of some other referenceéesyss possible but not currently implemented.

« SpatialFeature A Spatial Feature is some Thing that exists scep Many of the classes in the iCity
ontology may be Spatial Features, such as BuildiYighicles, and Persons; even the more abstraicimot
of some location may also be defined as a SpaaaliFe.
A Spatial Featurbas some geometry to describe its shape.
A Spatial Feature may be qualitatively relatedtteeo Spatial features, specifically via the RCGktions
(e.g. contained in, part of,...)

» Geometry: Geometry describes the shape of somiakiteng.
Geometry mayave alocation in space, defined by the points that it's complrisie
There are different types (subclasses) of Geomédy: Polygon, (may be 2d or 3d) Multipolygon, Line
LinearRing, and Point.
A Polygon is defined according to beundaries (exterior / interior); these boundaries are specified as
LinearRings.
Point is defined according to WGS-84, so that thias that comprise the Geometries may be defined
according to a coordinate system.

Object Property Value

wgs:Point hasLatitude exactly 1 om:Quantity
hasLongitude exactly 1 om:Quantity
hasAltitude exactly 1 om:Quantity

SpatialFeature

equivalentClass

spatial:Feature

spatial:connectsWith

only SpatialFeature

spatial:disconnectedFrom

only SpatialFeature

spatial:externallyConnectedWith

only SpatialFeature

spatial:equals

only SpatialFeature

spatial:non-
tangentialProperPartOf

only SpatialFeature

spatial:overlaps

only SpatialFeature

spatial:isPartOf

only SpatialFeature

spatial:partiallyOverlaps

only SpatialFeature

spatial:isPropertPartOf

only SpatialFeature

spatial:tangentialPropertPartOf

only SpatialFeature

geom:geometry

only geom:Geometry

geom:Geometry geom:bbox only geom:BoundingBox
geom:GeometryCollection | subclassOf geom:Geometry
geom:LineString subclassOf geom:Geometry

posList only wgs:Point
geom:LinearRing subclassOf geom:LineString

2 Renamed from spatial:Feature for clarity.




geom:MultiLineString subclassOf geom:GeometryCollection
lineStringMember only geom:LineString

geom:MultiPoint subclassOf geom:GeometryCollection
pointMember only wgs:Point

geom:MultiPolygon subclassOf geom:GeometryCollection
polygonMember only geom:Polygon

geom:Polygon subclassOf geom:Geometry
boundary only geom:LinearRing
exterior only geom:LinearRing
interior only geom:LinearRing

Property Characteristic Value (if applicable)

hasLocation Ranges SpatialFeature

hasAltitude Ranges om:Quantity

hasLongitude Ranges om:Quantity

hasLatitude Ranges om:Quantity

Reused Ontologies:

«  wgs:WGS-84 Ontology
Note that this ontology was extended due to sormerelpancies between the documentation and the
axiomatization. In particular, the latitude anddinde are not specified as object or data propehut as
annotation properties (which we cannot includéhmaxioms). The iCity Spatial ontology extends wgs
order to capture these concepts with the use ditiies of Measure ontology.

« geom: GeoVocab Geometry Ontol8gy

+ spatial: GeoVocab Spatial Ontology

« om: Units of Measure Ontolofly

5.1.2 Time Ontology (iCity-Time.owl)

Namespace: time

» Temporal Entity: A Temporal Entity may refer toiastant or an interval in time.
A Temporal Entity may be described as bedefpre or after some other Temporal Entity(s).
A Temporal Entity has beginning andending time Instant.
A Temporal Entity has duration.

* Instant
An Instant may bénside some Interval.
* Interval
An Interval may be described bsfore, meets, overlaps, starts, during, finishes, equals some other
Interval(s).
Object Property Value
time:TemporalEntity EquivalentClass time:Instant and time:Interval
time:before only time:TemporalEntity
time:after only time:TemporalEntity

time:hasBeginning

only time:Instant

time:hasEnding

only time:Instant

time:hasDuration

only time:Duration

time:Instant

subClassOf

time: TemporalEntity

? https://www.w3.0rg/2003/01/geo/wgs84_pos
* http://geovocab.org/geometry

® http://geovocab.org/spatial

® http://www.wurvoc.org/vocabularies/om-1.8/




time:inside only time:Interval
time:inTimePosition max 1 time:TimePosition
time:inXSDDateTime max 1 xsd:DateTime
time:Interval subClassOf time:TemporalEntity
time:before only time:Interval
time:meets only time:Interval
time:overlaps only time:Interval
time:starts only time:Interval
time:finishes only time:Interval
time:during only time:Interval
time:equals only time:Interval
time:DateTimeDescription | time:day max 1 rdfs:Literal
time:dayOfWeek max 1 owl:Thing
time:dayOfYear max 1 rdfs:Literal
time:hour max 1 rdfs:Literal
time:minute max 1 rdfs:Literal
time:month max 1 rdfs:Literal
time:second max 1 rdfs:Literal
TimePeriod subClassOf time:DateTimeDescription
CalendarPeriod subClassOf time:DateTimeDescription

Reused Ontologies:

5.1.3

time: OWL-Time Ontolog{originally presented by (Hobbs & Pan, 2004)

Change Ontology (iCity-Change.owl)

Namespace: iCity-Change

Many of the concepts identified in the urban systerologies are subject to change. For examplegkacdie will
have one location at one time, and another locai@nlater time; it may have only one passengenattime, and
four passengers at a later time. Similarly, mattattes of Persons, Households, and even Traratjmort
Networks are subject to change. An approach tesamting changing properties farents, that leverages the 4-
dimensionalist perspective was proposed by (WEIkes, & Makarios, 2006). We adopt a similar appiga
requiring the division of classes that are subjeacthange into two parts: invariant and variantgaf the concept;
we refer to these as TimeVaryingConcept and Matzifes classes, respectively. By distinguishingiteetn these
class types and recognizing the properties thataa@ aren't) subject to change, the ontology spploe capture
of both the static and dynamic aspects of a pdai@ntity.

TimeVaryingConcept: A class that is subject to g®is defined as a type of TimeVaryingConcept (e.g.
Vehicle may be a subclass of TimeVaryingConcepte TimeVaryingConcept itself is invariant and
defined by properties that do not change over tilsseper (Krieger, 2008), we view TimeVaryingConcept
as perdurants (things that occur over time, i.ecgsses).

A TimeVaryingConcept hdsl anifestations that demonstrate their changing (variant) propsrtiver time.
Different types gubclasses) of TimeVaryingConcept may be defined based orMhaifestations that are
part of them. For example, VehicleBhave manifestations that are Vehicles.

A TimeVaryingConcepéexists at some Interval.

The class of TimeVaryingConcepts is equivalenhtdlass of things that have some Manifestatiarsl-
only Manifestations - in the hasManifestation relation.

Manifestation: A Manifestation of some TimeVarying@ept at a particular point/interval in time.

A Manifestationexists at some Instant (or possibly Interval).

The class of Manifestations is equivalent to tlesglof things that are manifestations of some
TimeVaryingConcept - anonly time varying concepts - in the manifestationO&étiein.

" https://www.w3.0rg/TR/owl-time/
8 Note: in order to avoid confusion that may reflin the use of the "-Process" suffix (e.g.
VehicleProcess,OrganizationProcess), we opt indteade the suffix "PD", i.e. short for "Perdurant"



Object Property Value
TimeVaryingConcept | disjointWith time: TemporalEntity and Manifestation
existsAt exactly 1 time:Interval
hasManifestation only Manifestation
equivalentClass hasManifestation some Manifestation and
hasManifestation only Manifestation
Manifestation disjointWith TimeVaryingConcept and time: TemporalEntity
equivalentClass manifestationOf some TimeVaryingConcept and
manifestationOf only TimeVaryingConcept
manifestationOf only TimeVaryingConcept
existsAt exactly 1 time:TemporalEntity
Property Characteristic Value (if applicable)
hasManifestation inverseOf manifestationOf
Inverse Functional -
manifestationOf Functional -
existsAt Ranges time:TemporalEntity

Reused Ontologies:

iCity-Time

5.1.4 Activity Ontology (iCity-Activity.owl)
Namespace: activity

Activity: An Activity describes a type of Activitpccurrence.
An Activity may or may nobccur as an ActivityOccurrence.
An Activity may be further defined biglecomposed into) Subactivities.
An Activity may haveprecondition and/or effect State Types.
An Activity may beenabled by or cause some State Types. An enabling of causing stade is
generalization of a precondition/effect; an Actpi enabled by or causes some State Type if iahas
subactivity with a precondition or effect (respeety) of that State Type.
In other words, the state may not be required tiréefore, or cause directly after the activityt by
some more specialized sub-activity.
ActivityOccurrence: An ActivityOccurrence is aacurrence of some Activity thabccurs at some point
in time and space. Note that the Activity and Aity@ccurrence relationship i®t the same (though
intuitively similar) to the relationship betweemeneVaryingConcept and its Manifestations; a
manifestation igart of a time varying concept at a particular pointiime, whereas an activity occurrence
is an occurrence of tremtire activity.
An ActivityOccurrenceakes placeluring someinterval, and sdhas somedur ation.
An ActivityOccurrencemay have some Manifestations that participate. in it
State Type: a state type refers to a class of mstaiions. It may be an immediate preconditionfieceof
some Activity, or more generally it may enable erdaused by some Activity (in which case, it mipata
direct precondition or effect of some subactivifyttee activity).
A state type may be complex and refer to some coatioin of classes of manifestations.
A note on complex state types:
Say that a shopping activity, Activity-Shop, re@siboth the state of a vehicle having at least@&Qias in
the tank (let's call this state VehicleW30LGas}, dlso some state type wherein the mall is opeall(eall
this state OpenMall). Each state type would fiesdefined separately. This precondition could tees
as:
precondition(VVehicleW30LGas,Activity-Shop) AND precondition(OpenMall,Activity-Shop)
were the preconditions required disjunctively, weld state:
precondition(VVehicleW30LGas,Activity-Shop) OR precondition(OpenMall,Activity-Shop)
However, in large and complex domains, there vélchses in which the above approach is undesirable.
particular, due to the complexity of the descriptibat results as the state type becomes mordetkthi



many cases it will be more natural and convenietet able to refer to a single, aggregate state. We
therefore extend the representation of State Tigpeapture aggregation, adopting the following apph
used in the description of state trees in TOVEHRxnx( Chionglo, & Fadel, 1993).
A StateType may be either non-terminal or termiAailerminal state has no child states, and theeefor
refers directly to a class of manifestations, whera non-terminal state has child states, whichdeéipe
some classes of manifestations, or further defimeesother complex state types.

NonTerminal SateType(x) v Terminal SateType(x) = SateType(X)
A state type cannot be both non-terminal and teamin

Terminal SateType digjoi ntWith NonTer minal SateType

* Aterminal state type has no substates (cannoteberdposed). It corresponds to a particular class of
manifestations. A terminal state is achieved atestime if and only if there exists a manifestatwithin
its defined classification, that exists at thateim
* A non-terminal state type may be conjunctive ojutlistive. Naturally, a conjunctive state type isinled

by the conjunction of its child state types, wheraalisjunctive state type is defined by the digjiom of
its child states.

ConjunctiveStateType(x) v DigunctiveStateType(x) = NonTerminal SateType(x)
A state type cannot be both conjunctive and digjuec

ConjunctiveStateType disjointWith DigjunctiveStateType
Conjunctive and disjunctive state types, whicthave substates, are achieved at some time if their
decomposition of state types is achieved.
Note that in this representatiatecomp_of is not a transitive relation, it only refers tettlirect children of
a non-terminal state type. A more general relati@is transitive is thesubstate relation.

decomp_of(x,y) -> substate(x,y)

Object Property Value
Activity hasOccurrence only ActivityOccurrence
hasSubactivity only Activity
hasPrecondition only StateType
enabledBy only StateType
hasEffect only StateType
causes only StateType
ActivityOccurrence occurrenceOf only Activity
occursAt only time:TemporalEntity
spatial_loc:hasLocation only spatial_loc:SpatialFeature
hasParticipant only change:Manifestation
StateType preconditionOf only Activity
enables only Activity
effectOf only Activity
causedBy only Activity
achievedAt only time:TemporalEntity
TerminalStateType subClassOf StateType
disjointWith NonTerminalStateType
stateTypeOf only change:Manifestation
hasDecomp exactly 0 StateType
NonTerminalStateType | subClassOf StateType
disjointWtih TerminalStateType
hasDecomp only StateType and min 2 StateType
hasSubstate only StateType
ConjunctiveStateType | subClassOf NonTerminalStateType
disjointWith DisjunctiveStateType
DisjunctiveStateType subClassOf NonTerminalStateType
disjointWith ConjunctiveStateType




Property Characteristic Value (if applicable)
hasOccurrence inverseOf occurrenceOf
Inverse Functional -
hasSubactivity Transitive -
hasPrecondition Domains Activity
Ranges StateType
enabledBy subPropertyOf hasPrecondition
hasEffect Domains Activity
Ranges StateType
causes subPropertyOf hasEffect
occurrenceOf inverseOf hasOccurrence
Functional -
occursAt Domains ActivityOccurrence
Ranges time:TemporalEntity
hasParticipant Domains ActivityOccurrence
Ranges change:Manifestation
participatesin inverseOf hasParticipant
preconditionOf inverseOf hasPrecondition
enables inverseOf enabledBy
effectOf inverseOf hasEffect
causedBy inverseOf Causes
achievedAt Domains StateType
Ranges time:TemporalEntity
stateTypeOf Domains TerminalStateType
Ranges Manifestation
hasDecomp Domains StateType
Ranges StateType
hasSubstate® Domains StateType
Ranges StateType
subPropertyOf hasDecomp

Reused Ontologies:
» iCity-Change
e iCity-SpatialLocation

5.1.5 Resource Ontology (iCity-Resource.owl)

Namespace: resource
This ontology provides a generic representatioresburces that contain core properties genericaath
transportation uses. We take the view presentéueim OVE model (Fadel, Fox, & Gruninger, 1994) thabeing a
resourceis not an innate property of an object but a property that is derived from the role the object plays with
respect to an activity". The definition of a resource is dependent sipdrticipation in an activity occurrence, so the
Resource ontology is in fact an extension of théultg ontology. In this sense, Resources are asctd
manifestations, so that rather than have a speethiResource-perdurant (PD) class, a Resource@ndestation
of someother perdurant class in the ontology. For examplenatance of a Vehicle that is a manifestation ofesom
VehiclePD may also be an instance of a resourcereds some other instance of a Vehicle that is datae
manifestation of the same VehiclePD may not be soRee, or it may bedifferent Resource.
* A Resource is a generic representation of somegfthiat can be "used" in an Activity.
A Resource may have some Location, amount or diktiya according to the definition of the
Manifestation or TimeVaryingEntity.

° Note that while we would like to specify the triivity of the hasSubstate relation, we are limitgdOWL due to
the cardinality restriction on the hasDecomp retaimaking it a non-simple property). For the présee have
removed the transitivity property in order to maintthe cardinality restriction.



A Resource must betassified as some Resource Type.

A Resource maparticipate in some Activity Occurrence.

A specific Resource may hased in or consumed in some activityoccurrence. As with the precondition
and effect properties defined in the Activity Owtgy, these relationships are specific to a pasicul
activity occurrence; more general properties magldfened (analogous to enables and causes) shusld t
be required.

A Resource magither be a Divisible Resource or a Non-Divisible Reseuf@n the surface this may seem
counterintuitive -- consider a vehicle being ussdaon-divisible resource for transportation, teh

later as a divisible resource for scrap metal. H@rewhile these examples might refer to the saane ¢
over the span of its lifetime, each one in facéreto a different manifestation of the car, andceea
different resource. The resources differ in thairsibility because each one is defined with respea
different activity occurrence (e.g. travel, versustal recycling).

A divisible resource may be used by or consumenhbse than one activity occurrence, whereas a non-
divisible resource may only be used by one actiodgurrence (i.e. the object may only be usedr®y o
activity at a time).

A Resource Type describes a class of Resourcésitiialy similar to the State Type class).

A Resource Type may hesedBy or consumedBy some Activity; the specification of the Resourggpéd
defines the quantity of a particular resource thiitbe used or consumed by a particular activity
occurrence.

If some resource type is used by an activity, tleerall occurrences of the activity, there is aotgse of
that type that is (partially) not available. Furthde resource and the entity it is a manifestatib

(partially) cease to exist by the end of the oance.
usedBy and consumedBy are subproperties of pretomdi.

Object Property Value

Resource subClassOf change:Manifestation
change:existsAt exactly 1 TemporalEntity
spatial_loc:hasLocation only spatial_loc:SpatialFeature
hasCapacity only om:Quantity
capacitylnUse only om:Quantity
hasResourceType only ResourceType
activity:participatesln min 1 activity:ActivityOccurrence
usedInOccurrence only activity:ActivityOccurrence
consumedInOccurrence only activity:ActivityOccurrence

DivisibleResource subClassOf Resource
disjointWith NonDivisibleResource
hasAvailableCapacity only om:Quantity

NonDivisibleResource | subClassOf Resource
disjointWith DivisibleResource
usedInOccurrence exactly 1 activity:ActivityOccurrence

ResourceType usedBy only activity:Activity
consumedBy only activity:Activity

Property Characteristic Value (if applicable)

hasResourceType - -

usedInOccurrence Functional -

consumedInOccurrence | Functional -

usedBy subPropertyOf preconditionOf

consumedBy subPropertyOf preconditionOf

Reused Ontologies:
e iCity-Activity




5.1.6 Mereology Ontology (iCity-Mereology.owl)

Namespace: mer eology
While sometimes conflated, there are distinctlyedtdnt types of "parthood". Mereology focuses amiifying and
defining these differences. In particular, we defihe following different types of parthood: profpert-of,
component-of, and contained-in. The distinctionigetn these types of parthood may be best explaiitadhe use
of examples. An item may lwentained in my car, but that does not make itamponent of my car. For example,
we may wish to describe passengers or cargo loeimtgined in a vehicle, but this relation must be distinguished
from the parts and components that make up a \ehibtle distinction between component-of and prqaet-of is
slightly more subtle, however there is a differeilrceemantics. While we may define components\atcle,
different zone systems (wards, postal codes) arearoponents, but proper parts of larger areas. diwas that
have the same area as a proper-part do not neibeshare a proper-part relation (i.e. they maygiyoverlap),
whereas two car parts that share the same part@sonent must somehow be related through the coemt-of
relation.
» Something may be a Proper Part of some other thing.
An object cannot be a proper part of itself. Trarsy object must have more than one proper part.
Proper Parthood is transitive.
Proper parthood is dense and so there exist no diateeproper parts; in other words, given someathje
whatever proper park, we choose, there exists some slightly larger grpart of the object that also has
as a proper part.
» Something may be a Component of some other thing
More specifically, something may béramediate component of something; in other wordss i§ an
immediate component gf then there does not exist any other object thatdomponent of and hax as a
component.
Component-of is transitive. Immediate componenisafot transitive.
Immediate component-of is a subproperty of comptnén
» Something may be contained-in some other thingerspecifically it may benmediately contained in
something.
Containment is transitive. Immediate containmemiastransitive.
Immediate containment is a subproperty of contairtme

Object Property Value
Thing subClassOf hasProperPart exactly 0 Thing or hasProperPart min
2 Thing

Property Characteristic Value (if applicable)

partOf

hasPart inverseOf partOf

properPartOf10 subPropertyOf partOf

hasProperPart inverseOf properPartOf
subPropertyOf hasPart

componentOf subPropertyOf partOf

hasComponent inverseOf componentOf
subPropertyOf hasPart

immediateComponentOf | subPropertyOf componentOf

containedIn subPropertyOf partOf

contains inverseOf containedIn
subPropertyOf hasPart

immediatelyContainedIn | subPropertyOf containedIn

19 Note that while we would like to specify the triivity of the properPartOf relation, we are limitby OWL due
to the fact that we wish to define cardinality resitons on this relation (making it a non-simpleperty). For the

present, we have removed the transitivity propirtyrder to maintain the cardinality restrictionkéwise with the
containedIn and componentOf relations.



Reused Ontologies:
» None directly, but reused concepts as defined ityn@ & Donnelly, 2005), however theirs is not an
officially published ontology.

5.1.7 Ontology of Units of Measure (iCity-OM.owl)

Namespace: om
The Ontology of Units of Measure provides a streexwvocabulary to describe, among other thingsdifierent
values (measures) that we associate to given dieanfrhis allows us to provide greater detail rdijay specific
measurements that are defined in the ontology.dRaltan simply have a simple data property to desdhe length
of some road segment as "10 m", with the units efsare ontology we are able to describe the nafute
quantity (i.e. length), its value as a Measurertpand also describe the unit that the measuse'erical value is
given in (e.g. metres).

* A guantity has some measured value, and may beias= with a Unit_of _measure or

Measurement_scale
A measured value (om:Measure) is associated withitaof measure or measurement scale
* There are many types (subclasses) of units of measuch as length, mass, speed, and currency.

om:Quantity om:valut » om:Measure |-2m:numerical_valu
om:unit_of _measu m:unit_of _neasure_or_measurement_s

om:Unit_of _measure

Object Property Value
om:Quantity om:value some om:Measure
om:Measure om:unit_of_measure_or_measurement_scale | some (om:Measurement_scale
or Unit_of_measure)
om:Quantity om:unit_of_measure om:Unit_of_measure
om:Length_unit subClassOf om:Unit_of measure
om:Mass_unit subClassOf om:Unit_of measure
om:Amount_of_substance_unit | subClassOf om:Unit_of_measure
om:Area_unit subClassOf om:Unit_of measure
om:Volume_unit subClassOf om:Unit_of_measure
om:Acceleration_unit subClassOf om:Unit_of_measure
om:Speed_unit subClassOf om:Unit_of_measure
om:Currency subClassOf om:Unit_of measure
subClassOf om:Unit_of measure
om:System_of_units om:base_unit some om:Unit_of_measure
om:derived_unit some om:Unit_of measure

Reused Ontologies:
« om: Ontology of Units of Measute

5.1.8 Monetary Value Ontology (iCity-MonetaryValue.owl)
Namespace: monetary

™ om:http://www.wurvoc.org/vocabularies/om-1.6/




Monetary Value: Monetary Values may be attributethings such as the purchase of a dwelling, or the
salary of some Job.

A Monetary Value has dollar value relative to a particuladate (year).

A Monetary Value has some associatadrency.

Rate: A Rate is a Monetary Valfee that appliefor some Duration.

Object Property Value

MonetaryValue hasDollarValue exactly 1 xsd:decimal
hasRelativeYear exactly 1 xsd:gYear
om:unit_of_measure exactly 1 om:Currency

Rate subclassOf MonetaryValue
appliesFor only time:DurationDescription

Property Characteristic Value (if applicable)

hasDollarValue Ranges xsd:Decimal

hasRelativeYear Ranges xsd:gYear

hasValue Ranges MonetaryValue

Reused Ontologies:

om: Ontology of Units of Measure
time: owl-time

5.2 Person Ontology (iCity-Person.owl)
Namespace: person

Person: A Person may haveigique identifier.

A Person has date of birth, and may have date of death.

A Person has mother andfather, and may have spouse and/orchild(ren). Note that we define the
parent relation as the legal relation as opposdibiogical. This property may be specialized and

restricted, for example hasBiologicalMother: exadtlPerson.
A Person mayave someJob and associateldhcome.

A Person has aaddress of residence and may have other contact informatich a€-mail, phone

number, etcetera.

Object Property Value
PersonPD subclassOf change:TimeVaryingConcept
equivalentClass change:hasManifestation some Person and
change:hasManifestation only Person
change:existsAt exactly 1 time:Interval
hasPersonlID only Personld
schema:birthDate exactly 1 time:Instant
hasSex exactly 1 Sex
Person equivalentClass change:manifestationOf some PersonPD and
change:manifestationOf only PersonPD
subclassOf change:Manifestation

change:existsAt

exactly 1 time:Temporal Entity

schema:deathDate

max 1 time:Instant

schema:parent

only Person

schema:spouse

only Person

schema:children

only Person

hasIncome only MonetaryValue
schema:address some schema:PostalAddress
hasSkill only Skill

hasQualification

only Qualification




Reused Ontologies:

53

schema.orlf (A vocabulary as opposed to an ontology)
iCity-Change

iCity-MonetaryValue

owl-time

Household Ontology (iCity-Household.owl)

Namespace: household
In order to define a Household, we require theofeihg classes and properties:

Family: We may define different types of Familygelmmediate, Extended). Here, we simply make the
commitment that it is a group of people who arenemted via the has-spouse or has-child propeFRiesn
these, we can derive grandparents, aunts, unttetem.

One question to consider is to what degree thergéartended Family concept makes sense or is lusefu
After a few generations the concept of a familyl wdcome quite large and confusing, with Persons
belonging to many different Families. At a certpoint it may be more useful to consider a relatedTo
property between Persons, or only defining regtdaubclasses of Family.

Household: A Householaccupies a particular Dwelling, according to sorremur e type. It is defined by
this location, so that if the members move (evdlectively), the new residence constitutes a new
Household.

We do not make any commitment regarding the ideofithe Persons, and in fact a Person may belong t
more than one Household.

Note that a Household, and likely many other classay have different definitions in different
contexts/applications. To address this we may feired to introduce specializations of the clasg.(e
ILUTE_Household, TTS_Household) in future extension

Dwelling Unit: A Dwelling Unit isoccupied by a Household.

A Dwelling Unit has anarket value.

A Dwelling Unit has some Location.

Object Property Value
FamilyPD subclassOf change:TimeVaryingConcept
equivalentClass change:hasManifestation some Family and
change:hasManifestation only Family
change:existsAt exactly 1 time:Interval
Family subclassOf change:Manifestation
equivalentClass change:manifestationOf some FamilyPD and
change:manifestationOf only FamilyPD
change:existsAt exactly 1 time:TemporalEntity
HouseholdPD subclassOf change:timeVaryingConcept
equivalentClass change:hasManifestation some Household and

change:hasManifestation only Household

change:existsAt

exactly 1 time:Interval

occupies

exactly 1 DwellingUnit

gci:Household

subclassOf

change:Manifestation

equivalentClass

change:manifestationOf some HouseholdPD and
change:manifestationOf only HouseholdPD

change:existsAt

exactly 1 time:TemporalEntity

DwellingUnitPD

subclassOf

change:TimeVaryingConcept

equivalentClass

change:hasManifestation some DwellingUnit and
change:hasManifestation only DwellingUnit

change:existsAt

exactly 1 time:Interval

12 http://schema.org/




schema:address

only schema:PostalAddress

spatial_loc:hasLocation

only spatial_loc:SpatialFeature

DwellingUnit subclassOf change:Manifestation
equivalentClass change:manifestationOf some DwellingUnitPD and
change:manifestationOf only DwellingUnitPD
change:existsAt exactly 1 time:TemporalEntity
occupiedBy exactly 1 Household
hasValue only monetary:MonetaryValue
tenureType only Tenure
Property Characteristic Value (if applicable)
occupiedBy inverseOf occupies

Reused Ontologies:

» schema.org

gci: GCI-Shelter Ontology
icity-foundation: iCity-Foundation Ontology

54 Organization Ontology (iCity-Organization.owl)
Namespace: org

Organization: A company or other sort of grouprafividuals in the urban system with some goal(s).
An Organization magwn Property, including different types of Buildings.

An Organization may have an address.

An Organization has at least 2 members.

An Organization has some Goal(s); this represantgesstate or complex states, and allows for the
representation of various groups' responsibilities.

An Organization may be divided into Divisions.

Organization Agent: Members of an organization.

Organization Agents have goals, authority, and beyembers of some team.

An Organization Agent plays a Role within the Origation.

Role: A Role has a single (possibly complex) Goal.

A Role has some authority, requires some skill, mag also have some associated processes.
Firm: A Firm is a type of organization.

A Firm has an address and an industry type, anae $€mployees.

A Firm may have a Business Establishment(s).

Business Establishment: A Business establishmenplsysical location where a Firm conducts business
A Business Establishment has a Location and mag bavaddress.

Employee: An Firmhas someEmployees, whom itemploysfor some Occupation.

An Employee is a type of Organization Agent.

An Employee may be employed at a particular Busifietablishment.

An Employee may be responsible for one or more Rwoithin the Organization.

An Employee iemployed by some Organization, unless the Person is self-graglo

An Employeehas a Wage/Salary andmay work at someL ocation (this may be the location of the Firm,
an alternate Location, or a Location that is sultiechange).

Object Property Value
OrganizationPD subclassOf change:TimeVaryingConcept
equivalentClass change:hasManifestation some Organization and

change:hasManifestation only Organization

change:existsAt

exactly 1 time:Interval

tove:Organization

subclassOf

change:Manifestation

13 http://ontology.eil.utoronto.ca/GCl/Shelters/GCelers.html




equivalentClass

change:manifestationOf some OrganizationPD and
change:manifestationOf only OrganizationPD

change:existsAt

exactly 1 time:TemporalEntity

schema:address

only schema:PostalAddress

tove:has_goal

only tove:Goal

tove:consists_of

only tove:Division

tove:Role tove:has_goal only tove:Goal
tove:has_process only (tove:Process or activity:Activity)
tove:has_authority only tove:Authority
tove:requires_skill only tove:SKkill
tove:has_resource only resource:ResourceType
tove:Goal subClassOf StateType
FirmPD subclassOf tove:Organization
hasFirmld only Firmld
equivalentClass change:hasManifestation some Firm and
change:hasManifestation only Firm
change:existsAt exactly 1 time:Interval
Firm subclassOf tove:Organization
equivalentClass change:manifestationOf some FirmPD and

change:manifestationOf only FirmPD

change:existsAt

exactly 1 time:TemporalEntity

schema:address

exactly 1 schema:PostalAddress

hasIndustryType only IndustryType
hasEstablishment only BusinessEstablishment
BusinessEstablishmentPD | subclassOf change:TimeVaryingConcept
change:existsAt exactly 1 time:Interval
hasBusinessld only Businessld
equivalentClass change:hasManifestation some
BusinessEstablishment and
change:hasManifestation only
BusinessEstablishment
BusinessEstablishment subclassOf change:Manifestation
equivalentClass change:manifestationOf some

BusinessEstablishmentPD and
change:manifestationOf only
BusinessEstablishmentPD

change:existsAt

exactly 1 time:TemporalEntity

spatial_loc:hasLocation

exactly 1 spatial_loc:SpatialFeature

schema:address

only schema:PostalAddress

tove:OrganizationAgent

tove:member_of

only tove:Division

tove:plays

only tove:Role

tove:has_goal

only tove:Goal

tove:has_authority

only tove:Authority

Employee subclassOf tove:OrganizationAgent
employedAs some Occupation
hasPay some Wage or Salary
worksAt some spatial_loc:SpatialFeature
Wage hourlyPay exactly 1 monetary:MonetaryValue
overtimePay only monetary:MonetaryValue
Salary hasAnnualPay exactly 1 monetary:MonetaryValue
tove:Activity equivalentClass activity:Activity

tove:Resource

equivalentClass

resource:Resource




Reused Ontologies:

55

tove: The TOVE Organization ontolofyas originally presented by (Fox, Barbuceanu, ®ger, & Lin,
1998) with modifications to account for the diffece in our representation of states, where a Gaal i
subclass of StateType, and where Activities arblexdécaused by state types.

This modification also results in the removal of BtateEmpowerment class. Note that it is possible
introduce a similar concept if required, howeves thiould likely take the form of a property thalates an
organization agent to some state-types (wheretétessthey are empowered to take an object tottend
object itself, are described by the state type).

icity-foundation: iCity-Foundation Ontology

schema.org (vocabulary)

Building Ontology (iCity-Building.owl)

Namespace: building

Building: A Building is a structure with some loat in the urban system. The location of the Bui¢din
space may change due to construction, but the Haotef land it is located on cannot.

There are different typesubclasses) of buildings, such as House, Apartment Buildi®dfice Building,
and so on.

A Building has a marketalue.

A Building has somel ocation.

A Building contains one or many units.

BuildingUnit: A BuildingUnit has a size (square fage, number of rooms)

A BuildingUnit may contain some Facilities, e.gtckien, bath.(Note that contain is distinct from tiogion
of including amenities, which may be part of thentie2)

A BuildingUnit has an address.

A BuildingUnit has a value, and may have some tdata

Object Property Value
BuildingPD subClassOf change:TimeVaryingConcept
equivalentClass change:hasManifestation some Building and
change:hasManifestation only Building
change:existsAt exactly 1 Interval
Building equivalentClass change:manifestationOf some BuildingPD and
change:manifestationOf only BuildingPD
subClassOf change:Manifestation
change:existsAt exactly 1 TemporalEntity
spatial_loc:hasLocation exactly 1 spatial_loc:SpatialFeature
monetary:hasValue only monetary:MonetaryValue
mereology:contains only BuildingUnit
House subclassOf Building
ApartmentBuilding subclassOf Building
OfficeBuilding subclassOf Building
IndustrialBuilding subclassOf Building
BuildingUnitPD subclassOf change:TimeVaryingConcept
change:existsAt exactly 1 Interval
equivalentClass change:hasManifestation some BuildingUnit and
change:hasManifestation only BuildingUnit
mereology:containedIn exactly 1 Building
schema:address exactly 1 schema:PostalAddress
BuildingUnit subclassOf change:Manifestation
equivalentClass change:manifestationOf some BuildingUnitPD and
change:manifestationOf only BuildingUnitPD
change:existsAt exactly 1 TemporalEntity

14 http://ontology.eil.utoronto.ca/tove/organizatiotml




monetary:hasValue only monetary:MonetaryValue
hasRent only monetary:MonetaryValue
hasUnitSize only om:Quantity

hasRooms only xsd:int

hasFacility only Facility

Reused Ontologies:
e iCity-Foundation

5.6 Vehicle Ontology (iCity-Vehicle.owl)
Namespace: icity-vehicle

* Vehicle: A Vehicle provides a means of transpootativithin the urban system.
A Vehicle isassociated with some M ode of transportation.

A Vehicle has a Vintage.
A Vehicle has a Manufacturer (make).

There are different typesubclasses) of vehicles: Motorcycle, Sedan, Truck, Bus, Conuiad Cargo

Vehicle, Train, Bicycle...

A Vehicle has a capacity of passengers

A Vehicle has a capacity of cargo

A Vehiclehas a Speed at some point in time

A Vehiclehas alocation at some point in time.

Object Property Value
VehiclePD equivalentClass change:hasManifestation some Vehicle and
change:hasManifestation only Vehicle
subclassOf change:TimeVaryingConcept
change:existsAt exactly 1 time:Interval
hasMode only Mode

schema:productionDate

only time:DateTimeDescription

schema:brand

only schema:Brand

schema:vehicleSeatingCapacity

exactly 1 xsd:int

schema:cargoVolume

only om:Quantity

hasCargoCapacityLoad

only om:Quantity

schema:driveWheelConfiguration

schema:DriveWheelConfigurationValue

schema:fuelConsumption

schema:QuantitativeValue

schema:fuelEfficiency

schema:QuantitativeValue

schema:fuelType

schema:QualitativeValue

schema:mileageFromOdometer

schema:QuantitativeValue

schema:numberOfDoors

only xsd:int

schema:numberOfAxels

only xsd:int

Vehicle equivalentClass change:manifestationOf some VehiclePD and
change:manifestationOf only VehiclePD
subclassOf change:Manifestation

change:existsAt

exactly 1 time:TemporalEntity

schema:purchaseDate

only time:DateTimeDescription

hasSpeed

only om:Quantity

spatial_loc:hasLocation

only spatial_loc:SpatialFeature

schema:QualitativeValue | subClassOf

om:Quantity

Ontologies Reused:
» Schema.org (vocabulary)
e iCity-Foundation




5.7 Transportation System Ontology (iCity-TransportationSystem.owl)

Namespace: transport

While most existing work attempts to describe teevork based on its physical constructs, we mduehetwork
flow and the physical infrastructure separatelye Tiotivation for this is that the constraints aansportation flow
are something that &pplied to the physical infrastructure. These constrainted@tnct from the physical
characteristics and so should be defined sepgratthough some constraints may be related, ssdioa
constraints imposed by the size of the lane tharemccesses, this is a specific relationshipshatild be captured
rather than conflating the concepts. For exampkrgetis nothing to stop a vehicle from going thengrway on a
road, except for the flow of traffic that is impdsen the system (and these constraints may chaitly¢ime). This
results in the identification of two key conceptge Transportation Network (a directed graph), tred
Transportation Infrastructure (a physical featuhere transportation occurs).

We relate the Network and the Infrastructure bgtieg an Arc to a Transportation Complex (or otRead
Segment) with the "accesses" property. In this wegymay define an Arc accessing various Transportat
Complexes at different Levels of Detail (LOD).

In this representation Nodes do not access thespoatation Infrastructure nor are they part ohiany way. Both
Nodes and Arcs may have implicit locations basetherinfrastructure they access, however unlike the
infrastructure classes, Nodes and ArcsrateSpatial Things. A Node may have a control (e gigaal) with a
physical presence somewhere else (traffic lighpdyaim one side of the intersection, but are a¢yuatated on the
other side of the intersection); by separatingpimgsical infrastructure and the network flow we abée to
accurately represent this.

Currently, there is no need to capture an aggreyatein other words, we do not require a subAtatien. It is
possible this may change as the requirements evolve

» Network: A collection of Nodes and Arcs that enalifansportation. A Network may have some cost
associated to its access.

« Arc: Adirected link in the Network that enableartsportation via a particular Mode(s) from one Ntmle
another.

An Arc begins and ends at a source and sink Node.

An Arc has access to some Spatial Thing (suchraad), which may change over time.

An Arc may impose access restrictions (for exampdesed on the size of vehicle), which are subfect t
change.

An Arc may have some cost associated to its travel.

* Node A point in the Network at which Arcs are connected.

A Node may contain different types of controls: Wetk Transfer, Signal Control, and Flow Control.

* Network Transfer: Enables transfer between netwatksgiven Node.

» Signal Control: Controls the flow of transportatioetween some of the incoming and outgoing ards tha
the Node connects. Signal Controls have specialtigidbutes such as the number of phases, phagthlen
signal timing, type of signal. Note that the phased/or the phase length may vary as a functidairef of
day or other triggers (e.g. ground sensors, trafitsors).

*  Flow Control: Controls the flow of traffic at a gim Node.

A Flow Control may be operative/inoperative at eliéint times. For example, "no left turns from 4-6pm
A Flow Control may be a generalization of Signah€ol.
* Mode: A mode of transportation isveeans of performing travel within the urban system.
There are various types (instances) of Mode: e, PersonalVehicle, PublicTransit, Cab,
CommercialVehicle, Plane, Boat, Train.
The physical Infrastructure of the transportatigstem is defined, as required, at different lewéldetail (LOD).
Specific types of Transportation Complex (a termadept from the CityGML schema) may be defined etiog
to the Arcs that have access to them. We definéottmving types of Transportation Complex.
* Road

* Rall
«  Waterway
* Airway

 Bike Tralil



Footpath
Parking

Each Transportation Complex may be further defiagfbllows:

Road: An aggregation of Road Segments with the samesnam

RoadSegmentPD: accessed only by Arcs that are not accessibledtgr or air modes.

Different RoadSegments Perdurants will be accelsgedcs that are accessible by various other Modes,
not necessarilgverything else. A Road Segment Perdurant is comprised ofl Begments that exist over
time.

RoadSegment: A RoadSegment has variant attributes.

A RoadSegment has an owner, access restrictiodss @tcessed by some Arc(s) -- all of which may
change over time.

A RoadSegment has some location, which is co-ldocatth (contains the locations of) the Arcs and B®d
it contains.

Rail: An aggregation of Rail Segments with the sameenam

RailSegmentPD: Accessed only by Arcs that are accessible bymailes.

A RailSegment Perdurant has an invariant locatidrich is co-located with (contains the locationsthe
Arcs and Nodes it contains. A Rail Segment Perdusacomprised of Rail Segments that exist oveetim
RailSegment: A RailSegment has an owner, access restrictenm$js accessed by some Arc(s).

Note that the location of a RoadSegment is variéhabp road widening or other activities do notraa

the identity of the road element), whereas a Rgit8mt's is not.

Object Property Value
NetworkPD subclassOf change:TimeVaryingConcept
equivalentClass change:hasManifestation some Network and
change:hasManifestation only Network
change:existsAt exactly 1 time:Interval
Network subclassOf change:Manifestation
equivalentClass change:manifestationOf some NetworkPD and
change:manifestationOf only NetworkPD
change:existsAt exactly 1 time:TemporalEntity
mereology:hasComponent | only Arc or Node
NodePD subclassOf change:TimeVaryingConcept
equivalentClass change:hasManifestation some Node and
change:hasManifestation only Node
change:existsAt exactly 1 time:Interval
mereology:componentOf only Network
Node subclassOf change:Manifestation
equivalentClass change:manifestationOf some NodePD and
change:manifestationOf only NodePD
change:existsAt exactly 1 TemporalEntity
connectedTo min 1 Arc
hasControl only (NetworkTransfer or SignalControl or
FlowControl)
ArcPD subclassOf change:TimeVaryingConcept
equivalentClass change:hasManifestation some Arc and
change:hasManifestation only Arc
startNode exactly 1 NodePD
endNode exactly 1 NodePD
change:existsAt exactly 1 time:Interval
Arc subclassOf change:Manifestation
equivalentClass change:manifestationOf some ArcPD and
change:manifestationOf only ArcPD
change:existsAt exactly 1 time:TemporalEntity




accessesComplex

only TransportationComplex

mereology:componentOf

only Network

hasControl

only AccessRestriction

hasSpeedLimit exactly 1 SpeedLimit
NetworkTransfer controlFor only Node
connectsNetworks min 2 Network
FlowControl controlFor only Node
hasInflow min 1 Arc
hasOutflow min 1 Arc
SignalControlPD subClassOf change:TimeVaryingConcept
equivalentClass change:hasManifestation some SignalControl and
change:hasManifestation only SignalControl
change:existsAt exactly 1 time:Interval
controlFor only Node
hasInflow min 1 Arc
hasOutflow min 1 Arc
SignalControl subClassOf change:Manifestation
equivalentClass change:manifestationOf some SignalControlPD and
change:manifestationOf only SignalControlPD
change:existsAt exactly 1 time:TemporalEntity
hasPhase only SignalPhase
SignalPhase signalLength only time:DurationDescription
SpeedLimit hasMaxSpeed only om:Quantity
applicableDuring time:TimePeriod or time:CalendarPeriod
otn:Road hasRoadld only Roadld
aggregationOf only RoadSegment
RoadSegmentPD subclassOf change:TimeVaryingConcept
equivalentClass change:hasManifestation some RoadSegment and
change:hasManifestation only RoadSegment
hasRoadSegmentld only RoadSegmentld
change:existsAt exactly 1 time:Interval
RoadSegment equivalentClass otn:RoadElement
subclassOf change:Manifestation
subClassOf TransportationComplex
equivalentClass change:manifestationOf some RoadSegmentPD and

change:manifestationOf only RoadSegmentPD

change:existsAt

exactly 1 time:TemporalEntity

spatial_loc:hasLocation

only spatial_loc:SpatialFeature

Ontologies Reused:

« otn: Ontology of Transportation NetwofRss presented by (Lorenz, Ohlbach, & Yang, 2005).
* iCity-Foundation

5.7.1 Travel Costs (iCity-TravelCost.owl)

Namespace: icity-travelcost
An extension of the transportation network (andeotieneric ontologies) is required in order to espnt the

different costs associated with accessing and Itragen the networks. These may take the formiodal costs
such as tolls and fares, or possible indirect casth as vehicle wear and tear, gas, etc. In addithere may be
non-monetary costs associated with travel suclothstiopn and travel time. Costs are associated Wighwork

access, but also with individual Arcs. They mayadie dependent on situational factors such asdinday, or age

15 http://www.pms.ifi.Imu.de/rewerse-wgal/otn/OTN.owl




of traveler. Travel Costs define the costs assediaiith accessing the transportation system; &ki@st is a
property of an arc or its network. We define a safgaextension of Trip Costs to capture other rewicosts that
may vary between individual trips; a trip cost igraperty of some instance of travelling.
» Travel Cost: There are different types of TravestSavhich are derived from different factors, arayrbe
defined in different ways. Travel Costs apply t@#®and / or Networks.
» Distance Fee is a type of Travel Cost
Distance Fee has an associated Cost
It applies for a certain distance (between nodepgokm)
It applies to some Arc
It may have an associated time-of-day applicability
It may be associated to specific modes of transport
» Access Fee is a type of Travel Cost
Access Fee has an associated Cost
It may have an associated time-of-day applicability
It may be associated to specific modes
It applies to some Network

Object Property Value
TravelCost travelCostOf only (transportation:Arc or transportation:Network)
applicableFor only time:TimePeriod or time:CalendarPeriod
applicableTo only vehicle:Mode
hasMonetaryCost only monetary:MonetaryValue
transportation:Arc hasTravelCost only TravelCost
transportation:Network | hasTravelCost only TravelCost
DistanceFee subclassOf TravelCost
forDistance only om:Quantity
travelCostOf only transportation:Arc
AccessFee subClassOf TravelCost
travelCostOf only transportation:Network
Property Characteristic Value (if applicable)
travelCostOf inverseOf hasTravelCost

Ontologies Reused:
e iCity-Transportation Network

5.8 Parking Ontology (iCity-Parking.owl)

Namespace: parking

» Parking Area: Parking Area refers to some areaghables parking of Vehicles.
A Parking Area may contasub-Parking Areas, the area of which may change.
A Parking Area has some ParkiRglicy
A Parking Area may providear changing stations.
A Parking Area has somnieocation.
There are different typesubclasses) of Parking Area, such as Street Parking Area,Rasking Area,
Garage Parking Area, lllegal Parking Area, Loadilngbading Zone Parking Area, Accessibility Parking
Area

« Parking Policy: A Parking Policy dictates under wtgaims some Parking Area is accessible for parking
A Parking Policy may haveRate.
A Parking Policy may haveraax duration.
A Parking Policy may havallowable periods.
Rate: A Rate hasdollar value and armassociated dur ation.
A Rate has &arkingPaymentM ethod (e.g. mobile, license plate entry, cashier, meter)

Object Property Value

ParkingAreaPD subclassOf change:TimeVaryingConcept




equivalentClass

change:hasManifestation some ParkingArea and
change:hasManifestation only ParkingArea

change:existsAt

exactly 1 time:Interval

spatial_loc:hasLocation

Exactly 1 spatial_loc:SpatialFeature

ParkingArea subclassOf change:Manifestation
equivalentClass change:manifestationOf some ParkingAreaPD and
change:manifestationOf only ParkingAreaPD
change:existsAt exactly 1 time:TemporalEntity
mereology:hasProperPart | only ParkingArea
hasParkingPolicy only ParkingPolicy
hasChargingStations exactly 1 xsd:integer
ParkingPolicy hasParkingRate only ParkingRate
maxDuration only time:DurationDescription
allowableDuring only time:TimePeriod or time:CalendarPeriod
ParkingRate hasMonetaryCost only monetary:MonetaryValue
forDuration only time:DurationDescription
hasPayment only ParkingPaymentMethod

Ontologies Reused:

* iCity-Foundational

5.9 Public Transit Ontology (iCity-PublicTransit.owl)

Namespace: transit

» TransitSystem : A TransitSystem ig@lection of Routes.
A TransitSystem may beccessed by some Fare or Transit Pass.

* Route: A Route consists of a series of Route Lark$ may contain larger Route Sections.
A Route has some directionality (captured by theedinks)

* Route Section: A Route Section is part of some Rautconsists of Route Links.

* Route Link: A Route Linkeginsand ends at a Stop Point.
A Route Linkoperateson an Arc.

» Stop Point: A Stop Point marks tl@rt or end of a Route Link.
A Stop Pointhasa L ocation.
A Person may enter or exit the transit vehicle &tap Point.

* AccessMethod: An Access Method is the mearexoéssto a Line
An AccessMethodhas a Monetary Value.
An AccessMethod may bealid for a specific distance or time.

* RouteTimetable: A Timetable represents schedutenimftion fora particular Route, or Route Link.
A RouteTimetable has axpected travel time (Duration) for the Route, or Route Link.

» A StopTimetable has axpected arrival time (TimeInstant) for some Stop Point.

Object Property Value
TransitSystemPD subclassOf change:TimeVaryingConcept
equivalentClass change:hasManifestation some TransitSystem and
change:hasManifestation only TransitSystem
change:existsAt exactly 1 time:Interval
TransitSystem subclassOf change:Manifestation
equivalentClass change:manifestationOf some TransitSystemPD and
change:manifestationOf only TransitSystemPD
change:existsAt exactly 1 time:TemporalEntity
hasRoutes only Route
accessBy only AccessMethod
AccessMethod hasMonetaryCost only monetary:MonetaryValue
validFor only (time:DurationDescription or om:Quantity)
Fare subclassOf AccessMethod




TransitPass subclassOf AccessMethod
RoutePD hasRouteld exactly 1 Routeld
subClassOf change:TimeVaryingConcept
equivalentClass change:hasManifestation some Route and
change:hasManifestation only Route
change:existsAt only time:Interval
Route subclassOf change:Manifestation
equivalentClass change:manifestationOf some RoutePD and
change:manifestationOf only RoutePD
change:existsAt only time:TemporalEntity
hasSection only RouteSection
mereology:contains only RouteLink
RouteSection mereology:contains only RouteLink
RouteLink beginsAtStop exactly 1 StopPoint
endsAtStop exactly 1 StopPoint
StopPoint spatial_loc:hasLocation exactly 1 spatial_loc:SpatialFeature
RouteTimetable timetableFor exactly 1 Route or RouteLink
arrivalTime exactly 1 time:DateTimeDescription
travelTime exactly 1 time:DurationDescription
StopTimetable timetableFor exactly 1 StopPoint
arrivalTime min 1 time:DateTimeDescription

Ontologies Reused:

iCity-Foundation

5.10 Land Use Ontology (iCity-LandUse.owl)
Namespace: landuse

Parcel: A Parcel is a way of defining some areanimirban system.

A Parcelhas a L ocation.

A Parcel may be classified having sometype of Land Use.

There may be other typesubclasses) of Parcel, defined in more precise or differeatys; such as a Zone.
Land Use: Land Use provides a means of classifyiegise of some land in the urban system.
There are different typesubclasses) of Land Use: Activity, Function, Structure, Sitand Ownership
Classifications. Each classification is furtherideél by a taxonomy of specialized classificatioss a
defined in the LBCS.

Activity Classification: An Activity Classificatiomdentifies theactivity use of some Land Parcel.
Residential Activities

Shopping Activities

Industrial Activities

Function Classification: A Function Classificatimentifies theeconomic function of some Land Parcel,
Structure Classification: A Structure Classificatidentifies theype of structure(s) on some Land Parcel.
Site Classification: A Site Classification idergii thestate of the site development on some Land Parcel
(e.g. is it developed or not?)

Ownership Classification: An Ownership Classifioatidentifies angonstraints on the use of the land
and itsownership for some Land Parcel.

Object Property Value
ParcelPD subclassOf change:TimeVaryingConcept
equivalentClass change:hasManifestation some Parcel and
change:hasManifestation only Parcel
change:existsAt exactly 1 time:Interval
spatial_loc:hasLocation exactly 1 spatial_loc;SpatialFeature




lIbcs:Parcel subclassOf change:Manifestation
equivalentClass change:manifestationOf some ParcelPD and
change:manifestationOf only ParcelPD
change:existsAt exactly 1 time:TemporalEntity
hasLandUse min 1 LandUseClassification
ActivityClassification subclassOf LandUseClassification
equivalentClass Ibcs:Activity
FunctionClassification subclassOf LandUseClassification
equivalentClass Ibcs:Function
StructureClassification subclassOf LandUseClassification
equivalentClass Ibcs:Structure
SiteClassification subclassOf LandUseClassification
equivalentClass Ibcs:Site
OwnershipClassification | subclassOf LandUseClassification
equivalentClass Ibcs:Ownership

Reused Ontologies:

+ Ibcs: Land Based Classification Standards (LBCSp@gy*° presented by (Montenegro, Gomes, Urbano,
& Duarte, 2011).
* iCity-Foundation

5.11 Trip Ontology (iCity-Trip.owl)

Namespace: trip

e Trip: A Trip describes the movement of a Persofi(sh one location to anothgra some Mode(s).
A Trip startsat someL ocation andends at someL ocation.
A Trip occursduring some Interval.
A Trip occursin some Network(s).
A Trip occursvia some Arc(s).
A Trip occurs on some Transportation Complex. (e.g. a road orlp rai
A Trip contains some Trip Segments.
A Trip may incur some cost (monetary or otherwise).

* A Trip Segment describes part of a trip. It maybed, for example, to identify different parts dhe Trip
by Mode.
The restrictions on the Mode and possibly Vehideduwill become more complicated as we begin to
incorporate restrictions based on a Persons atzasgehicle (age, household)
A Trip Segment ipart of some Trip.
A Trip Segmenbccursduring some Interval.
A Trip Segmenbccursin some Network(s).
A Trip Segment occurs via some Arc(s).
A Trip occurs on some Transportation Complex.
A Trip Segment may incur some cost (monetary oetise).

e Tour: A sequence of Trips made by one Person.
A Tour startsand ends at the same Location.

Object Property Value

Trip mereology:containedln exactly 1 Tour
startLoc only spatial_loc:SpatialFeature
endLoc only spatial_loc:SpatialFeature
during exactly 1 time:Interval
accessesNetwork min 1 transportation:Network
accessesArc min 1 transportation:Arc
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occursOn min 1 transportation:TransportationComplex
TripSegment mereology:containedIn exactly 1 Trip

during exactly 1 time:Interval

startLoc only spatial_loc:SpatialFeature

endLoc only spatial_loc:SpatialFeature

viaMode min 1 vehicle:Mode

accessesNetwork min 1 transportation:Network

accessesArc min 1 transportation:Arc

occursOn min 1 transportation:TransportationComplex
Tour mereology:contains min 1 Trip

startLoc only SpatialThing

endLoc only SpatialThing

during only time:Interval

accessesNetwork min 1 transportation:Network

accessesArc min 1 transportation:Arc

occursOn min 1 transportation:TransportationComplex

Reused Ontologies:

» iCity-TransportationSystem
* iCity-Vehicle

5.11.1 Trip Costs (iCity-TripCost.owl)

Namespace: tripcost
Different costs are associated with the performariceips. These may take the form of direct casish as those
presented in the Travel Cost Ontology, but theeeadso possible indirect costs such as vehicle aeditear, gas,
etc. In addition, there may be non-monetary costs@ated with travel over different arcs suchahlipon and
travel time. Trip Costs capture these indirectstisat may vary between individual trips; a trigtcis a property of
some instance of travelling.
* A Duration Cost is a Trip Cost.
A duration cost has an associated cost in terndsii@dtion; e.g. the length of time to perform thp or trip
segment
A duration cost may have an associated monetaty(calsiation); e.g. the monetary cost applied ® th
length of time taken to perform the trip or tripsto
» A Distance is a Trip Cost
A distance has an associated cost in terms ofitii@ende travelled.
It may also have an associated monetary cost (trah)a
* An Environmental Cost is a Trip Cost
A Vehicle Costis a Trip Cost

Object Property Value
TripCost hasMonetaryCost only monetary:MonetaryValue
tripCostOf only (trip:Tour or trip:Trip or trip:TripSegment)
DurationCost subclassOf TripCost
hasDurationCost only time:DurationDescription
DistanceCost subclassOf TripCost
hasDistanceCost only om:Quantity
EnvironmentalCost subclassOf TripCost
hasEnvironmentalCost only CarbonEmissions
VehicleCost subclassOf TripCost

Reused Ontologies:
* iCity-Trip




5.12 Urban System Ontology (iCity-UrbanSystem.owl)

Earlier in this report, we recognized that the arbgstem covers many different concepts, thus ratitig the
design of the preceding, so-called generic ontekagHowever, it must be recognized that in isolgtibese
concepts do not effectively capture the urban sysfiche urban system not only includes these coacbpt
relationships between them. For example, the oglaliip between its population and trips taken afdoles used.
The Urban System Ontology extends all of the preslipdefined ontologies in order to capture thatiehships
between them, in the context of the urban system.

A Person may be member of a Family and/or a Household.

A Person may work for another Person, or some GQzgtan.

A Person mayave access to someVehicle.

A Person mayave access to someBicycle.

A Person mayave someTransitPass.

A Person has &chedule for a given point (period) in time.

A Schedule is a plan for some Activity to occupa#r some point in time.

A Family has members who are Persons, and who are related via thegsse or has-child properties.
A Household has one or more Personmasbers.

A Dwelling Unit islocated in some Building (e.g. House, Apartment,...)

An Organization must have at least 2 Person(s)aasbmers(s).

A Firm or a Business Establishment may have a Reas@n employee

An Employee is a type of Person(s).

Occupation: An Occupatiois performed by some Person.

An Occupation has a type (e.g. sales, skilled 8pde

A Building may be located on some Parcel of lahis(is an invariant property of any building).
A Building has an owner, which may be a Persons or some Organization.

A Building has occupants, which may or may not be the same Persons or Wiimown it.

A Building mayprovide someParking.

A Building Unit may beoccupied by some Persons or Organization.

A Building Unit may beprovide some Parking.

A Vehicle may beoccupied by at least one Person, and some cargo.

A Vehicle isowned by some Person(s) or Firm.

Occupant: An occupant is a Person who is occupgikghicle during transit.

An Occupant may be a Driver or a Passenger

Cargo: A Cargo is some Thing that is not a Persmhisioccupying a Vehicle during transit.
An entire Arc is accessible by a single set of Mode(s).

A Road Segment is accessed by some Arc(s) with sntbde are not water, air, or rail.

A Parking Area has sonmvner.

A Parking Area may beccupied by some Vehicle (however, it might also be occupipddme debris or
activities such as construction).

A Parking Policy maypply to a specific group of Persons or Organizations.

A Parking Policy may haveghicletype restriction.

A TransitSystem may b@vned by some Organization.

A Route isexecuted by various Vehicles at different points in time.

A Vehicle Block is a schedule assigned to some 8etor a given time period.

A Trip is made by a Person téacilitate participation in some Activity.

Object Property Value

person:Person memberOf min 1 household:Family
memberOf min 0 household:Household
schema:worksFor some (person:Person or org:Organization)
hasAccess some (vehicle:Vehicle or Bicycle)
hasPass some transit:Pass
hasSchedule some Schedule

Schedule hasActivity only activity:Activity




scheduledFor exactly 1 time:Interval
household:Family hasMember only person:Person
household:Household hasMember min 1 (household:Family or person:Person)
household:DwellingUnitPD | locatedIn some building:Building
org:0rganization org:hasOrgMember min 2 person:Person
org:Firm hasEmployee only person:Person
org:BusinessEstablishment | hasEmployee only person:Person
org:Employee equivalentClass person:Person and employedBy some (
tove:Organization or person:Person)
Occupation performedBy some person:Person
hasOccupationType only OccupationType
building:BuildingPD locatedOn only landuse:Parcel
building:Building hasOwner min 1 (person:Person or org:0rganization)
hasOccupant some person:Person or org:0Organization or
org:BusinessEstablishment
hasParking only parking:ParkingArea
vehicle:Vehicle occupiedBy only (Occupant or Cargo)
hasOwner only (person:Person or org:Organization)
Occupant equivalentClass person:Person and occupies some vehicle:Vehicle
Cargo equivalentClass not(person:Person) and occupies some
vehicle:Vehicle
transport:ArcPD hasMode only vehicle:Mode
transport:RoadSegment accessedBy only transport:Arc and manifestationOf only
(hasMode value water)
parking:ParkingArea hasOwner only person:Person or org:Organization
occupiedBy min 0 vehicle:Vehicle
parking:ParkingPolicy appliesTo only person:Person or orgLOrganization
vehicleRestriction only vehicle:VehicleType
transit:TransitSystem hasOwner only org:0Organization
transit:Route executedBy only vehicle:Vehicle
VehicleBlock assignedTo exactly 1 vehicle:Vehicle
assignedFor exactly 1 time:Interval
hasSchedule exactly 1 Schedule
trip:Trip subClassOf activity:ActivityOccurrence
performedBy some person:Person
associatedWith only activity:Activity

6 Future Work

Future iterations of the iCity ontology will devel@a deeper semantics for the concepts identifieg, lire addition to
an expansion of scope. This will be dictated lardpsl use cases identified by the various projectigs, which will
not only determine additional requirements for esgntation, but potential applications for addilciunctionality
that may be supported by the ontology.

6.1 Extensions to the Urban System Ontology

In developing a richer semantics for the iCity agpis, we will also look to identify more detaileshoections
between them. This will serve to facilitate shai#gtbetween the various projects and domains nitity.
Consider for example, the identification of relasbip between common property types, such as hasichberOf.
While there is likely a shared semantics betweesehelations in, for example the Person/Familythed
Organization ontology, in this initial release, o to maintain a distinction between these retegti@through
specialized names, e.g. personld). Future workldhduequired, investigate and make explicit ekawhat the
relationship is.

In a similar vein, future work will also look totegration of the iCity ontology with other existingcabularies,
which may provide opportunities to improve its gedility. For example, in the design of the iCityaogy we



identified some vocabularies that were not directlysable, (specified as XML schemas, for examplauever
based on their applications, it might be advantageo incorporate the representations in some R&@ayexample,
GTFSY, the format used by Google for travel information.

6.2 Extensions for iCity Applications

The first release of the iCity ontology is desigtedapture the urban system. However, we antieipdtlitional
concepts will be required for each iCity projectapture the nature of the data within a giveniappbn. Varying
definitions of concepts within the urban systemutidoe captured as part of the appropriate onto{myexample,
multiple definitions of a Household should be resgreted by different definitions of Household in theusehold
ontology), on the other hand the iCity project®atgroduce other concepts that are beyond the itoaiahe urban
system, and more related to the applications thimeseFor example, a simulation may produce outipatt captures
information about an urban system, but we must@pcesent that this information is the result pbaticular
model being applied to some data to explain homa# generated and why it is of interest. We ditiaeiCity
projects into 4 categories based on the naturieeoépplications: Data Collection, Simulation, Arsady and
Visualization. In the following subsections, we siter the classes and properties for each exterBianresulting
structure of the iCity Ontology is illustrated iigkre 2.

—»  imports

Application-
Specific
Ontologies

Generic
Ontologies

Foundational
Ontologies ~

Figure 2: iCity Ontology Structure

In identifying these concepts a key question ish&iquestion(s) is the project/application tryingahswer?"
Note that it is unclear whether or to what deghszd may be some overlap between the requiremanémalysis
and Simulation in that they both require some aspeexperiment management. This report concludés seme
preliminary notes on the requirements for eachgmateof application in the following sections.

7 https://developers.google.com/transit/gtfs/



6.2.1

Data Collection

Related projects: 1.2, 1.3,2.1, 2.2, 2.3

To completely capture collected data requires sergtion of its origin: what was the means ofextlbn? When
was it collected? How may the data be accessad@utres the representation of conceisut the data collection
itself. The following additional concepts may bquied for the data collection extension:

6.2.2

Data Entity: A Data Entity refers to some instattea is defined within the urban system, according
some source.

A Data Collection is a type ofifbclass of) Data Entity.

A Data Collectiorcontains one or many Data Entities.

A Data Entityis generated by some Collection Activity.

A Data Entity may be founat some L ocation.

Data Entity: A Data Entity is any instancentained in some Dataset.

Collection Activity: A Collection Activity indicate the origin of the data; i.e. how was it colleéed

A Collection Activity starts andends at some Time

There are different typesubclasses) of Collection Activity: Survey Activity, Sensordaiivity, Data Fusion
Activity, Simulation Activity, etcetera.

A Collection Activity may be foundt some Location (e.g. location of the sensor or survey, could be
physical or virtual).

Data Fusion: A Data Entity may be the result of fagion of two or more Data Collections.

Data Fusionsinformed by at least 2 Collection Activities.

Data Collection Agent: The agent responsible fonscollection Activity.

A Collection Activity may beassociated with some Data Collection Agent.

A Data Entity may battributed to some Data Collection Agent.

Simulation of Urban Systems

Related projects: 2.2, 2.3,2.4

Capturing the simulation activities that occur witthe iCity project, at this stage, appears todry much an effort
of experiment management. We need to be able tegept the simulation runs that are performed t-almo, more
specifically the model(s) that was used, as wethagesults that were obtained. The following &ddal concepts
may be required for the Simulation extension:

Simulation: A Simulation is an execution of someddbSystem.

A Simulationexecutes some Model System.

A Simulation has somieput andoutput Dataset(s)

A Simulation has amitial State sequence of States, anfinal State.

A Simulation has aun date andduration.

State: A State isomprised of some instantiation of (part of) the urban systahsome specified point in
time.

Model System: A Model System is some configuratbmodel(s) that has been designed for simulation.
A Model Systentontains some Model(s)

A Model System may contain rules for how the Moslelfiteract. (sequentially, in parallel, etcetera).
Model: A Model is a means of advancing some curseate within a Simulation.

A Model appliesto some classes in the domain.

There are different typesubclasses) of Models, identified based on their perspectiState-oriented
Model, Event-oriented Model, Activity-oriented MddBD-oriented Model.

A Model has somePar ameter (s).

A Model mayexecute in parallel with some other Model(s).

A Model mayexecute directly after some other Model(s).

State-oriented Model. There are different tymedh¢lasses) of State-oriented Models that can be defined,
according to the application.

A State-oriented Model has some State Space

A State-oriented Model has some Event Set

A State-oriented Model has some Time Set

A State-oriented Model has some Transition Fundibomansition between states.



A State-oriented Model has some Clock Functiordizaace "time".
A State-oriented Model has some Initial State.

6.2.3 Analysis of Urban Systems
Related projects: Project 1.2,2.1,2.2,2.3, 2.4

Similar to the previous section, capturing the wasianalysis applications may be seen as a sexpefriment
management. We must capture the concepts of apatyzit, output, as well as the analysis itselbtimer words,
how is the output determined from the input? TH¥gng concepts may be required for the Analysiteasion:
» Analysis: A set of rules or criteria applied to soAnalysis Input to obtain some Analysis Output.
An Analysis may take only certain class(es) ofanses as Input.
An Analysis will output only certain class(es) néfances as Output.
* Analysis Input: An Analysis Input is input for sorAaalysis.
* Analysis Output: An Analysis Output is output freamme Analysis.

6.2.4 Visualization of Urban Systems
Related projects: All of Theme 3

The concepts defined in the iCity ontology (anddhta they define) shall be interpreted for visealderings; to-
date no additional requirements have been idedtifie
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