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Foreword

ISO (the International Organization for Standardization) and IEC (the International Electrotechnical
Commission) form the specialized system for worldwide standardization. National bodies that are
members of ISO or IEC participate in the development of International Standards through technical
committees established by the respective organization to deal with particular fields of technical
activity. ISO and IEC technical committees collaborate in fields of mutual interest. Other international
organizations, governmental and non-governmental, in liaison with ISO and IEC, also take part in the
work.
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Introduction

The intended audience for this document includes municipal information systems departments,
municipal software designers and developers, and organizations that design and develop software for
municipalities.

Cities today face a challenge of how to integrate data from multiple, unrelated sources where the
semantics of the data are imprecise, ambiguous and overlapping. This is especially true in a world
where more and more data are belng openly publlshed by various orgamzatlons A morass of data
is increafpt '

used effectively, it is necessary for the data to be unamblguously understood so that 1t can be correctlly
combinegl, avoiding data silos. Early successes in data “mash-ups” relied upon an independengte
assumptjon, where unrelated data sources were linked based solely on geospatial location, or|a
unique identifier for a person or organization. More sophisticated analytics projects that require the
combination of datasets with overlapping semantics entail a significantly greater effertito transforjm
data into|something useable. It has become increasingly clear that integrating separatedatasets for thlis
sort of anjalysis requires an attention to the semantics of the underlying attributes(and their values.

A commg¢n data model enables city software applications to share information, plan, coordinate and
execute dity tasks, and support decision making within and across city servieges, by providing a precige,
unambiglious representation of information and knowledge commonly shared across city services. This
requiresfa clear understanding of the terms used in defining the data; as-well as how they relate to one
another. [Chis requirement goes beyond syntactic integration (e.g. common data types and protocols) it
requiresfsemantic integration: a consistent, shared understanding/of the meaning of information.

To motivfate the need for a standard city data model, consider the evolution of cities. Cities deliver
physical pnd social services that have traditionally operated’as silos. If during the process of becoming
smarter, fransportation, social services, utilities, etc. were'to develop their own data models, the resylt
would bg smarter silos. To create truly smart cities, data needs to be shared across these silos. This can
only be accomplished through the use of a common'data model. For example, “Household” is a category
of data tlat is commonly used by city services. Mémbers of Households are the source of transportatign,
housing, [education and recreation demand. This category represents who occupies a home, their agde,
their occppations, where they work, their.abilities, etc. Though each city service can potentially gathpr
and/or upe different aspects of a Household, much of the data needs to be shared with each other.

D

Supportipg this interoperability ameng city datasets is particularly challenging due to the diversity
of the dgmain, the heterogeneity of’its data sources, and data privacy concerns and regulations. Tte
purpose pf this document is tosupport the precise and unambiguous specification of city data using the
technology of ontologies[ll.[2l-as implemented in the Semantic Webl3l. By doing so it will:

— enablle the computel Tepresentation of precise definitions, thereby reducing the ambiguity jof
interfpretation;

— remgve theihdependence assumption, thereby allowing the world of Big Data, open source softwaile,
moblle apps;etc., to be applied for more sophisticated analysis;

— achig ] 2
available from datasets spread across the Semantic Web;

— enable the publishing of city data using Semantic Web and ontology standards, and
— enable the automated detection of city data inconsistency, and the root causes of variations.

With a clear semantics for the terminology, it is possible to perform consistency analysis, and thereby
validate the correct use of the document.

Figure 1 identifies the three levels of the ISO/IEC 5087 series. The lowest level, defined in
ISO/IEC 5087-1 (this document) provides the classes, properties and logical computational definitions
for representing the concepts that are foundational to representing any data. The middle level, defined
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in ISO/IEC 5087-2:—1, will provide the classes, properties and logical computational definitions for
representing concepts common to all cities and their services but not specific to any service. The top level
provides the classes, properties and logical computational definitions for representing service domain
specific concepts that are used by other services across the city. For example, ISO/IEC TS 5087-3:—2),
will define the transportation concepts. In the future, additional parts will be added to the ISO/IEC 5087
series covering further services such as education, water, sanitation, energy, etc.

Service-level ontologies Serivce domain concepts
Mid-level ontologies City concepts
Foundational ontologies Foundational, common ¢oncepts

Figure 1 — Stratification of.city data model

Figure 2 depicts example concepts for the three levels.

|
| |
Services-level | | Transportation Trip Public Vehicle Parking :
| Network Transpert, |
|
|
|
| [
| |
o . . . |
City-level : Sensor Building Land Use Household City Service Indicator Bylaw |
| |
| |
| N |
| Contact Person Organization City Resident City Contract Infrastructure Transportatio |
| Infrastructurg | |
| |
| |
i i |
! Units of Resource Activity Recurring Agent Agreement |
: Medsure Event |
Foundation | [
Common-level | o L |
! Location Time Change Mereology rganization City Units Provenance !
| Structure |
| |

Figure 2 — Example concepts for each level
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of ISO/IEC 30145-2. As specified in its Scope, ISO/IEC 30145-2:2020 “specifies a generic knowledge
management framework for a smart city, focusing on creating, capturing, sharing, using and managing
smart city knowledge. It also gives the key practices which are required to be implemented to safeguard the
use of knowledge, such as interoperability of heterogeneous data and governance of multi-sources services
within a smart city.” Figure 3 depicts the smart city knowledge management framework as described
in ISO/IEC 30145-2. The smart city domain knowledge model includes a (cross-domain) core concept
model and several domain knowledge models. This document defines the foundation level of the core
concept model. ISO/IEC 5087-2 is intended to address some of the core concept model and cuts across

1) Under preparation. Stage at the time of publication: ISO/IEC DIS 5087-2:2023.
2) Under preparation.
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the domain knowledge models. There is a possibility that subsequent parts of the ISO/IEC 5087 series
(not yet defined) will define knowledge models for the services of citizen livelihood, urban management
and smart transportation illustrated in the Figure 3.

~

= Smart City Knowledge Knowledge Knowledge Knowledge
o5 ~wn Management o o hi
=25 23 Acquisition & Mining & Trustworthiness
D@ S B |[storage|  [Retrieve|  [Access Organization Analysis Evaluation
g0 25 y
SNy
5 5 a0

@ 09 o

E 192 ‘

Smart City Knowledge Base ’ J

ﬁ support @ feedback

)/

I
I I
2 1
5 i Domain Domain Domain support § = § =
> 1| Knowledge Model Knowledge Model Knowledge Model 1 Qo ™ O )
ut i for Citizen for Urban forSmart :<:I ? g _é_ -Ef. E_ % §
9 : Livelihood Management Transportation X % @ g ® g ; %
| 1 == ) =
K T ! = & s Eﬂ% S o
s ssz{Ex= =%
P extend extend extend ®S 3 g5 o @
g Q) a S
> _ | Pa =
= (Cross-domain) Core Concept Model

/ [PPOIN 98pajmouy] \ /

(
W\

Figure|3 — The framework of smart city knowledge management from ISO/IEC 30145-2:202(

There arg other existing standards that overlap congeptually with some of the terms presented in this
documert. The relationship between ISO/IEC 50871 and existing documents that address similar pr
related cpncepts is identified in Annex A.
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Information technology — City data model —

Part 1:
Foundation level concepts

1| Scope

This document is part of the ISO/IEC 5087 series, which specifies a common data modelAfor cifies. This
document specifies the foundation level concepts.

2| Normative references

The following documents are referred to in the text in such a way that'some or all of theil content
constitutes requirements of this document. For dated references, only the edition cited applies. For
undated references, the latest edition of the referenced document(including any amendments) applies.

[SO/IEC 21972, Information technology — Upper level ontology‘for smart city indicators

OC GEOSPARQL, A Geographic Query Language for.RDF Data, OGC 11-052r4, Open Ggospatial
Consortium, 10 September 2012. https://www.ogc.org/standards/geospargl
0

HE ONTOLOGY IN OWL, W3C Candidate Recommendation 26 March 2020, https://www.w3lorg/TR/
wl-time

PROV-0O. THE PROV ONTOLOGY, W3C Recomniendation 30 April 2013, https://www.w3.org/TR}prov-o/

THE ORGANIZATION ONTOLOGY, W3C, Récommendation 16 January 2016, https://www.w3lorg/TR/

vdcaborg/
3| Terms and definitions
For the purposes of this. decument, the following terms and definitions apply.

[0 and [EC maintainnterminology databases for use in standardization at the following addre§ses:

— IS0 Onling-browsing platform: available at https://www.iso.org/obp

— IEC Eléctropedia: available at https://www.electropedia.org/

311
cardinality

1 £ .1 4 o 4
nunroer-orerenTents ira sct

[SOURCE: ISO/TS 21526:2019, 3.11]

3.2

description logic

DL

family of formal knowledge representation languages that are more expressive than propositional logic
but less expressive than first-order logic

[SOURCE: ISO/IEC 21972:2020, 3.2]
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manchester syntax

compact,

human readable syntax for expressing Description Logic descriptions

[SOURCE: https://www.w3.org/TR/owl2-manchester-syntax/ (Copyright © 2012. World Wide Web
Consortium. https://www.w3.org/Consortium/Legal/2023/doc-license).]

3.4

measure
value of the measurement (via the numerical_value property) which is linked to both Quantity and

Unit_of_
[SOURCH
3.5

namespace

collectiol
and attri

Note 1 to
[SOURCE

3.6
ontology
formal re
definitio
interrela

[SOURCH

3.7
ontology
ontology|

Note 1 to
Semantic

[SOURCE
https://W

[leasure

: ISO/IEC 21972:2020, 3.4]

1 of names, identified by a URI reference, that are used in XML documents as._element nam
bute names

entry: Names may also be identified by an IRI reference.

: ISO/IEC 21972:2020, 3.5, modified — Note 1 to entry has been added.]

4

1s and axioms that make the intended meaning explicit and describe phenomena and the
Fionships

: 1SO 19101-1:2014, 4.1.26]

' web language
language for the Semantic Web with formally defined meaning

entry: OWL 2 ontologies provide lasses, properties, individuals, and data values and are stored
Web documents.

fww.w3.org/Consortium/Legal/2023/doc-license).]

3.8
quantity

property]
expresse

Note 1 to

EXAMPLH

of a phenomenon, body, or substance, where the property has a magnitude that can }
d by mean§ ef a number and a reference

entry: QUantities can appear as base quantities or derived quantities.

presentation of phenomena of a universe of discourse with an underlying vocabulary including

- https://www.w3.org/TR/owl2-overview/ (Copyright © 2012. World Wide Web Consortium.

ir

e

1~ “Length, mass, electric current (ISQ base quantities).

EXAMPLE 2 Plane angle, force, power (derived quantities).

[SOURCE: ISO 80000-1:2009, 3.1, modified — NOTEs 1 to 6 have been removed; new Note 1 to entry and
two EXAMPLEs have been added.]

39

Semantic Web
W3C’s vision of the Web of linked data

Note 1 to entry: Semantic Web technologies enable people to create data stores on the Web, build vocabularies,

and write

rules for handling data. The goal is to make data on the Web machine-readable and more precise.

© ISO/IEC 2023 - All rights reserved
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[SOURCE: https://www.w3.org/standards/semanticweb/(Copyright © 2015. World Wide Web
Consortium. https://www.w3.org/Consortium/Legal/2023/doc-license).]

3.10
unit_of_measure
definite magnitude of a quantity, defined and adopted by convention and/or by law

[SOURCE: ISO/IEC 21972:2020, 3.9]

4—Abbreviated-terms-and-namespaces
an

L description logic nQV
gqwL ontology web language i ,\‘,V
RDF resource description framework X '\
RDFS resource description framework schema (0\)
IRI international resource identifier /,C)

. . — N
The following namespace prefixes are used in this document: O

— activity: https://standards.iso.org/iso-iec/5087/-1 /ed-l/en/%ghf?ogx[Activitﬂ

— agent: httDs://standards.iso.org/iso-iec/S087/-1/ed-1/ehg\) ntology/Agent/

— agreement: https:ZZStandards.iso.orgZiso-iecz5087@ ééd-l /en/ontology/Agreement/
E\}
— change: https://standards.iso.org/iso-iec/5087, d-1/en/ontology/Change

— cityunits: https: .iso. iso-iec &7 CityUnits

— genprop: httDs://standards.iso.orgliso-i:\é\CgS087/—1/ed—l/en/ontologv/GenericPronerties

. O
— geo: http:ZZWWW.opengls.netZOntf’ge sparql#

— i72: http://ontology.eil.utoro \}a 5087/2/is021972/

— mereology: https://standards.iso.org/iso-iec/5087/-1/ed-1/en/ontology/Mereology/

— org: http:[[ww;@@c.org[ns[org#

— org_s: htt %andards.iso.or iso-iec/5087/-1/ed-1/en/ontology/OrganizationStructur¢/

— owl: b@ZZWWW.W&OI‘gZ2002[07ZOW1#

—1p hole: https://standards.iso.org/iso-iec/5087/-1/ed-1/en/ontology/Mereolo

— %rov: http://www.w3.org/ns/prov-o#

— 5087prov: https://standards.iso.org/iso-iec/5087/-1/ed-1/en/ontology/Prov/

— rdf: http://www.w3.0rg/1999/02/22-rdf-syntax-ns#

— rdfs: http://www.w3.0rg/2000/01/rdf-schema#
— recurringevent: https://standards.iso.org/iso-iec/5087/-1/ed-1/en/ontology/RecurringEvent

— resource: https://standards.iso.org/iso-iec/5087/-1/ed-1/en/ontology/Resource/

— time: http://www.w3.org/2006/time#

— xsd: http://www.w3.0org/2001/XMLSchema#
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The formalization of the classes in this document is specified using the following table format, which
is a simplification of description logic (DL) where the first column identifies the class name, the second
column its properties (a class is defined as the subclass of all of its properties) and the third column
each property’s range restriction. It shall be read as: The <Class> is a subClassOf the conjunction of
the associated <property>s with their <value>s. Range restrictions are specified using the Manchester
syntax. For example, Table 1 specifies that Agent is a subclass of the intersection of genprop:hasName
exactly 1 xsd:string and resource:resourceOf only resource:TerminalResourceState and performs only
activity:Activity.

——————Table 1l —Example-classformalization
Class Property Value restriction
Agent genprop:hasName exactly 1 xsd:string
resource:resourceOf only resource:TerminalResourceState
performs only activity:Activity

The follojving value restrictions are used in this document:

— “min/n”: Specifies that the property has to have a minimum n values.
— “max n”: Specifies that the property has to have a maximum n values;
— ‘“exag¢tly n”: Specifies that the property has to have exactly n values.

— “only”: Specifies that the values of the property can only be.aninstance/type of the class specifigd,
e.g., f string, integer or another class such as Organization,

CamelCase is used for specifying classes, properties and instances. For example, “legalName” instead fof
“legal_ngme”. The first letter of a class name is capitalized. The first letter of a property and instanfe

name arg not capitalized. An instance of a class-shall satisfy the class’s definition. The instancg’s
properti¢s and values shall satisfy the value restrictions of the class it is an instance of.

The formpalization of the properties in thig\document is done similarly, using the following table
format that allows for the identification pf\properties and their sub-properties, inverse properties, pr
other characteristics. It is to be read as: Fhe <property> is <characteristic> of <value>, or simply the
<propertly> is <characteristic> if no_value is applicable. For example, in Table 2 hasPrivilege is a sup-
property|of the agentlnvolvedIn property. Characteristics are specified using the Manchester syntax.

Table 2 — Example property formalization

Property Characteristic Value (if applicable)
hasPrivilege rdfs:subPropertyOf agentlnvolvedIn
Irreflexive

In the cape of DL definitions of classes where the simplified table representation is insufficient, the L
specificar:ion will be supplied.

The patterns defined in this document have also been implemented in OWL and made available online.
The location of these encodings is identified in Annex D.

5 General

5.1 Unique identifiers

All classes, properties and instances of classes have a unique identifier that conforms to Linked Data/
Semantic Web standards. The unique identifier is an IRI. When using ISO/IEC 5087-1 (this document)
in an application, a class is identified by the IRI for the pattern of which it is a member, followed by the
class name. In the Agent example in Clause 4, the Agent class’s unique identifier would be:
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Breaking the IRI down:
“5087” identifies the series number
— “1” identifies the part number
— “ed-1” indicates that the class is defined in edition 1 of the standard

— “en” indicates that the class is defined in a pattern implemented in English

— The first “Agent”_identifies the Agent pattern

— The second “Agent” identifies the Agent class within the Agent pattern
The IRI can be shortened using the prefix’s defined in Clause 4:
agent:Agent

where agent: is the prefix for the Agent pattern.

Properties are identified in the same manner. The IRIs of individuals created by an application of
0/1IEC 5087-1 would have IRIs unique to the application.

p—
@)

5|2 Reference to existing patterns

The practice of reusing and referencing existing standard vocabularies is an important practjce in the
cantext of the Semantic Web. It is important that exjsting standard patterns are included as normative
rgferences where appropriate, rather than duplicatinng and inserting the appropriate contentasfp pattern
wlithin this document. The use of shared vocabularies directly enables interoperability and shgreability
b¢tween implementations and avoids the additional work of attempting to map to these standgrds after
tHe fact. Where possible, existing standardized ontologies have been included as normative r¢ferences
td specify the patterns below. In cases Where an extension is required, this is done in such|a way as
td preserve the content of the normative reference in order to support interoperability and make the
rglationship transparent.

6| Foundational ontologies

6{1 General

Beyond the domfain-specific subjects that are clearly identified in consideration of the requjrements,
there are fundamental concepts that are necessary to formulate an accurate definition of thg domain.
These concepts are defined in a series of foundational ontologies, so-named because they provide a
usable-feundation for the development of other ontologies for city services. The clear definition
d un¢oupling of the foundational concepts make the fundamental commitments of the fity data
odel ‘clear and accessible to potential adopters. It also ensures interoperability and copsistency
i i i TOTT: i irres eleven
foundational patterns to capture these concepts. A pattern is a set of concepts that are related by
topic and inter-connected by properties, thereby forming a graph. A foundational pattern is a pattern
composed of a set of foundational concepts. These are described in the following subclauses.

6.2 Generic properties

6.2.1 General
Most of the properties are identified and defined relative to a certain Class and in the context of a

particular pattern in the following subclauses. However, there are certain exceptions where generic
properties can be recognized as applicable to a wide range of classes with no common theme amongst
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them. Such properties are defined separately as generic properties. This allows for the reference to
these properties independent of any particular pattern. These generic properties are imported by all of

the patte

rns defined in the ISO/IEC 5087 series.

6.2.2 Key Properties

The following generic properties have been identified:

— hasName: identifies the name of a certain object;

— hasll

— hasl

6.3 Mg

6.3.1 (

Notions

can be m
differend
with the
car. For ¢
this relat
the front
a vehicle

proper p

escription: speciiies a description or a certain object;

dentifier: specifies an identifier for a certain object.
reology pattern

feneral

bf parthood are ubiquitous. While sometimes conflated, there are_cleatr distinctions whi¢

ade between different types of parthood. The Mereology pattern focuses on identifying the
es and making them explicit. The distinction between types of parthood may be best explaing

use of examples. An item may be contained in a car, but that does'not make it a component of

xample, there may be a need to describe passengers or carge being contained in a vehicle, b
ion needs to be distinguished from the parts and components that make up a vehicle. Similar
of a car is intuitively a part of the car, but not a component of the car. While components
may be defined, different city zone systems (wards,)postal codes) are not components, b
hrts of larger areas.

6.3.2 Key classes and properties

They key
types of
[10] reve
that may
describe

— part]

— Pprog
of it

— com
on aq

properties are formalized in Table 3. The Mereology pattern identifies the following differe
barthood: proper-part-of and companert-of. A more detailed analysis, presented in Referen
als clear, ontological distinctions.-between these relations (as well as a containment relatio
formalized clearly with a set ‘of) first-order logic axioms. The different properties may 1
] as follows:

Of: specifies a part-whole'relationship between objects

erPartOf: specifies apart-whole relationship between objects where an object cannot be palrt

elf

ponentOf: specifies a part-whole relationship between objects where the part is defined bas¢

tual boundaries. The parts are often also defined according to distinct functions. For examp

a trunk is a componentOf a car.

— im

ediateComponentOf: specifies a componentOf relationship where the if

°2)

oA o

it

v
of

Ce
)

pe

immpgdiateComponentOf y, then there does not exist a z where x immediateComponentOf

immediateComponentOf'y.

The aforementioned analysis (presented in Reference [10]) also identifies the expressive limitations of
OWL, which prevent a complete representation of this semantics, and discussed the various possible
approximations. It is important to consider what should be captured, and what distinctions should be
made in the introduction of properties, in contrast with what is actually expressible in the logic. Since
the required semantics cannot be completely captured in OWL, some trade-off(s) is required for any
partial specification, (e.g. OWL only allows the specification of transitivity for simple object properties).

The difficulty with such an approximation is that the resulting theory defines a semantics for something
else entirely. Inherently, some semantics are omitted, which can potentially not be required for one
application but can potentially be important for another. For example, if transitivity is a key aspect of
some required reasoning, then perhaps a parthood relation would be defined as transitive, and some

6
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omissions would be made with respect to the formalization of other restrictions (e.g. cardinality) that
should be applied to the parthood relation. Certainly, the use of approximations will be required in some
cases, for example in order to support some desired reasoning problems. However, precisely which
axiomatization is most suitable will vary between different usage scenarios. The Mereology pattern
therefore omits a detailed, partial axiomatization in favour of an under-axiomatized specification of
the key relations, in order to avoid prescribing one trade-off over another. This leaves the commitment
open-ended and variable to suit individual applications’ needs.

This ontology defines the general properties such that the commonality between domain-specific
part-of relations may be captured, and more detailed semantics may be defined in extensions of the
properties. This creates a means of indicating the intended semantics of a relation by Adentifying
tHe type of parthood that it is intended to capture, while allowing for the specificatiofn)of|different
partial approximations of the semantics (and possibly also specializations of thissemantics), as
rgquired. For example, a notion of parthood arises in the description of a building and the ynits it is
divided into. In this case, this relationship can be identified as a sort of hasCompohent relatign; a new
property hasBuildingUnit can be identified then as a subPropertyOf hasComponeént. The mosf suitable
approximation of the component-of relation can then be defined for the hasBuildingUnit relation. The
approximation chosen for one type of parthood relation does not constrain,the choice of apprgximation
far another.

Figure 4 illustrates the use of the properties defined in the Mereology pattern to serve ap generic
parthood properties. In this example, the hasComponent propexty is made more specific [with the
hasBuildingUnit subObjectProperty defined between Building’and BuildingUnit classes.

<<owlClass>> <<owlClass>>
Building +hasComponent BuildingUnit

<<objectProperty>>

+hasBuildingUnit

<<aobjectProperty>>

N N
| |
| |
<<rdfType>> <<rdfll‘ype>>

| I

| |

- +hasComponent

<<owllndividual>> <<objectProperty>> <<owlIndividual>>
build1t1 +hasBuildingUnit A A
:Building :BuildingUnit
<<objectProperty>>

Figure 4 — Example use of the Mereology pattern

6J3.3 Formalization

Table 3 — Key properties in the Mereology pattern

Property Characteristic Value restriction (if applicable)
partOf
properPartOf inverseOf hasProperPart
hasProperPart inverseOf properPartOf
componentOf rdfs:subPropertyOf properPartOf
inverseOf hasComponent
hasComponent rdfs:subPropertyOf hasProperPart
inverseOf componentOf
immediateComponentOf rdfs:subPropertyOf componentOf
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6.4 City Units Pattern

6.4.1 General

Units of measure are an important concept due to the observational nature of city data collection. It
is particularly important to capture the relationship between some quantity and the unit of measure
it is described with. This allows for a representation in which the same individual quantity may be

associated with several values, according to different units of measurement.

The representation of quantities and measures information shall conform to the ontolo
in ISO/IEC 21972. ISO/IEC 21972 is a standard that defines classes and properties required for
nal representation of indicators, of which units are an integral part. It is included.in its

foundati

entirety with the prefix ‘172"

6.4.2

The City [Units pattern provides a structured vocabulary to describe, among other,things, the differe
values (npeasures) that are associated to given quantities. This allows for the proyision of greater det4

Key classes and properties

regardinf specific measurements that are defined in the ontology.

This patfern extends ISO/IEC 21972 with the classes and properties outlined in Table 4 and Table
respectiyely, to include the wider scope of quantities required for city data, such as those pertaining

physical fescriptions.

Figure 5 [illustrates the use of the City Units Pattern to capture ntmerical values and their associatg
units. This example shows the representation of a vehicle’s:speed. The speed is a single obije
(“veh123s1t1”) that can be associated with multiple different'values (e.g. 62 or 100) depending on the

associatdd unit.

+unit_of_measure

specified

a

ht
il

>,

<<owlClass>>
SpeedUnit

<<objectProperty>>’

+unit_of measure

<<objectProperty>>

<<owlClass>> <<owlClass>> <<owlClass>>
Vehicle Speed Measure
+hasSpeed +value
<<objectProperty>> <<objgetProperty>>
N AN N A
1 ! ! 1
<<rdfType>> y ) !
rdfType <<rdfType>>, — — <<rdfType>>
1 ! : :
| | 1 |
) - <<owlIndividual>> 1
[<owlIndividual>> +hasspeed _|<<owllndividual>> +value : :
veh123t1 <<objectProperty>>
:Vehicle 4 perty %&L <<objectProperty>> :
+numerical_value = 62 1
— - <<rdfType>>-;
I

<<owlIndividual>>

+value

<<objectProperty>>

+numerical_value = 100

Figure 5 — Example use of the City Units pattern

AN AN
I I
<<rdfType>> :
| <<rdffype>>
I
<<owlIndividual>> |
I
erHr 1
:SpeedUnit !
1
I
I
I
. <<owlIndividual>>
+unit_of measure
<<objectProperty>> kilometerPerHr

Fo

pd
ct

Quantities, units, and/or measures that are defined using domain-specific concepts (e.g. vehicles, lanes)
are defined by reusing and extending the City Units pattern in the relevant ontologies, such that the
necessary concepts may be captured and the foundational ontology is not complicated with domain-

specific concepts.
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6.4.3 Formalization
Table 4 — Key classes in the City Units pattern
Class Property Value restriction
Area rdfs:subClassOf i72:Quantity
i72:unit_of_measure only AreaUnit
AreaUnit rdfs:subClassOf i72:Unit_of _measure
Length rdfs:subClassQf i72:Quantity
i72:unit_of_measure only LengthUnit
LengthUnit rdfs:subClassOf i72:Unit_of _measure
Speed rdfs:subClassOf i72:Quantity
i72:unit_of _measure only SpeedUnit
SpeedUnit rdfs:subClassOf i72:Unit_ofimeasure
VplueOfMoney rdfs:subClassOf i72:Quantity

rdfs:subClassOf

i72:AmountOfMoney

i72:value only MonetaryValue
MonetaryValue rdfs:subClassOf i72:Measure
hasRelativeYear exactly 1 xsd:gYear

i72:unit_of_measure

only i72:Amount_of _money unit

Cardinality_unit_per_time

rdfs:subClassOf

i72:UnitDivision

i72:hasNumerator

only i72:Cardinality_unit

i72:hasDenominator

only TimeUnit

TlimeUnit rdfs:subClassOf i72:Unit_of_measure
ayerage rdf:type Function
Duration rdfs:subClassOf i72:Quantity
i72:value only i72:Measure and (i72:hasUnit
only TimeUnit)
rdfs:subClassOf time:TemporalDuration
Riatio rdfs:subClassOf i72:Quantity

712:Ratiolndicator

—

rdfs:subClassOf

Ratio

Vplume rdfs:subClassOf i72:Quantity
i72:value only i72:Measure and (i72:hasUnit
only VolumeUnit)
Table 5 — Key properties in the City Units pattern

Property Characteristic Value (if applicable)
hbsAggregateFunction rdfs:domain i72:Quantity

rdfs:range i72:function
aggregateOf rdfs:domain i72:Quantity
aggregateOver rdfs:domain i72:Quantity

6.5 Time Pattern

6.5.1 General

To define an ontology pattern for time, it is necessary to identify the objects of interest, i.e., which
things will be described. In general, three approaches to a representation of time can be identified:
point-based, interval-based, and mixed. In a point-based representation, the objects of interest are

© ISO/IEC 2023 - All rights reserved
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timepoints. The passing of time is described as an ordering over time points, and periods of time can
be represented as a series of timepoints. In an interval-based representation the objects of interest are
time intervals, whereas the mixed representation includes both timepoints and time intervals. Key to
all of these representations is that there is an ordering that holds over these time objects. It is important
to be able to describe whether one time object is before another; in the case of time intervals, it is also
important to be able to describe other relationships, such as whether one interval is contained in or
overlaps with another. The representation of time information shall conform to the ontology specified
in the W3C Candidate Recommendation “Time Ontology in OWL”. It specifies a mixed representation
that includes time points and intervals. It is included in its entirety with the prefix ‘time’.

6.6 Chlange pattern

6.6.1 (General

Many of the concepts identified in the urban system ontologies are subject to change..For example) a
Vehicle will have one location at one time, and another location at a later time; it éah’have only ofe
passengdr at one time, and four passengers at a later time. Similarly, many attributes of Persors,
Households and even Transportation Networks are subject to change.

Change ¢ver time plays a role in many domains and thus the representation of change is by 1o
means a[new research topic. To this end, several approaches for capturing change in OWL have be¢n
proposed11l.l12], Despite these solutions, Semantic Web practitioners lack clear and precise methogls
for how to apply these approaches to capture change at a domain-lével, whether reusing a temporjal
ontologylor developing an ontology from scratch. The Change patterh serves as a clear guide to suppojrt
a consistpent approach to representing change over time.

6.6.2 Key classes and properties

The key [classes and properties are formalized in.Table 6 and Table 7, respectively. An approach fo
representing changing properties, or "fluents"”, that leverages the 4-dimensionalist perspective was
proposed in Reference [11]. A similar approach’is adopted in this document, based on the design
pattern gresented by Reference [13], requiring-the representation of objects that are subject to change
as subcldsses of the Manifestation class. Manifestations may be interpreted as “snapshots” of an objelct
at some point in time. This enables the representation of changing values of properties of an obje(t,
without Josing information about its\past values. The properties of the class can then be identifi¢d
as properties that are (and are ndt))subject to change, in order to distinguish between the static afd
dynamicfaspects of a particular entity.

The Manjfestation class is defined using the following properties:

— exisfsAt: identifies\the TemporalEntity that reflects the time Instant or Interval during which the
snapgshot of thegbject holds (is valid).

— hasNextManifestation: identifies the immediate successor Manifestation (i.e. the subsequeht
snapshot of the object).

has ravionscManifoctation—idontifi
IV IOoOIITaOIIIrc oTtuacrIur TUCTICIT

the object).

— hasFirstManifestation:identifiesthe FirstManifestationthatisrelated toaparticular Manifestation
(i.e., for some snapshot of an object, it identifies the first such snapshot of the object).

The class FirstManifestation denotes the first recorded manifestation of an individual. No prior
manifestations (in time) exist for the individual. It is a subclassOf Manifestation and contains the
following additional properties:

— precedesManifestation: identifies all subsequent Manifestations that follow a FirstManifestation.
In other words, the FirstManifestation is related to each and every subsequent manifestation via
the precedesManifestation.
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— hasLatestManifestation: identifies the most recent Manifestation that is related to a particular

FirstManifestation (i.e., for some snapshot of an object, it identifies the most recent snapshot of the
object).

Manifestations sharing the same FirstManifestation, and often connected in a series (e.g. via the

hasNextManifestation property), form a group of descriptions about a particular entity. Some
applications may require the explicit representation this individual. In other words, there is
a need to represent a single, distinct individual while also capturing its changes over time. The
hasManifestation property is defined to support this requirement: a constant object class can
be related to its counterpart subclass of Manifestation via the hasManifestation property. In an

A
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th
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p1
p¢
tg
p1
b
di
S
is
M
a
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Manifestations, defining how the object changes over time. Note that this may also bhéJac
representing the objectas constantand reifyingits variant properties as subclasses of Mani
Different representation choices can be selected as appropriate for different applications.

of an object at some time (i.e., a temporal snapshot of some individual). Thejindividual is 1
all manifestations in a series via the hasManifestation property.

key aspect of the representation of change is the task of distinguishingbetween invariant an

the application(s), whereas variant properties are expected to possibly change in the c
e application(s). This assessment will likely vary betweensapplications, such that some p
ay be considered invariant for some applications, but variant for others. In a broad sense,

operties (except those associated with an object’s identity) may be considered variant given

brspective. While it is true that historical properties, (e:g: a person’s date of birth) are much 1
change, even in this case it is plausible that some applications include the possibility of re
ior knowledge. Similarly, the perception of a particular class as subject to change or not

ptween applications. Use of the Change pattern is an implementation decision that is lg
scretion of users of the model presented here;In other words, no classes in the ISO/IEC 5087
ries are defined as subclasses of Manifestation. This provides the flexibility of representing ¢
necessary (e.g. where it is important*te‘track or enforce constraints on changing informa
anifestation, while maintaining some-degree of interoperability with implementations th
lopt the same decisions. The alternative, to require that a specific set of concepts (or all, or
fined as subclasses of Manifestation is impractical and would decrease the utility of the ISO

andard series.

generic approach can be adopted to extend the Change pattern to capture change as it
ecific classes throughout the city domain. This approach is a variation on the original logid
ittern outlined invdetail in Reference [13] and can be summarized with the following sed

1plementingthe/design pattern. For each class, C, that is subject to change:

Distinguish between the variant and invariant properties of C i.e., identify which propertig
may change over time and which must remain the same for any instance of C, for as long as

instantiation, a single instance of some object class could be associated to multiple ins}tances of

ieved by
festation.

hasManifestation: identifies a Manifestation that captures the instantiatien of variant gttributes

elated to

d variant

operties. Invariant properties are those that are not expected to (6rshould not) change in thie context

bntext of
Foperties
nearly all
 suitable
pss likely
vision of
will vary
ft to the
standard
nly what
ion) as a
ht do not
none) be
[EC 5087

pccurs in
al design
uence of

eps, where theunderlined terms indicate placeholders for domain-specific terms to be speciffied when

s’ values
it exists.

Befine the concept, C, as a subclass of Manifestation.

Axiom: C subClassOf Manifestation

3) Annotate the class C by identifying any invariant properties using the haslnvariant

annotation to identify the property with its IRI.

C hasInvariantProperty invariantProperty

Property

The following example illustrates the approach in detail. Figure 6 illustrates a simple representation of
objects that does not account for changes over time. The veh_123 object is an instance of Vehicle that
represents an individual vehicle. It has a model, model_x, an owner, alice, and a location, represented
by the object loc_1. No changes to veh_12 are expressible with this representation. For example, any
change to the associated location (via the hasLocation property) would be captured with a rewrite of

©
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the statement about veh_123. In this approach it is not possible to state that the value was loc_1 and is
now loc_2. This representation supports a single snapshot of objects in its domain.

<<owlClass>>
loc:Location

+loc:hasLocation

<<objectProperty>>

<<owlClass>>
Vehicle
M
+hasOwner — !
<<owlClass>>
<<objectProperty>> Person |
I
N <<objectProperty>> [
I I
I +hasModel I
M |
: <<owlClass>> | <<rdfType>>
Model H
| 0% | |
<<rdfType>> I I
1
| | |
I I I
|
I /I\ <<rdnype>> |
|
I <<rdfType>> I
i
4I_’ ! |
I
<owllndividu.al>> +hasModel <<owlindividual>> I
|

veh_123:Vehicle .
’ <<objectProperty>> model x:Model

+loc:hasLocation

‘ +hasOwner

<<objectProperty>> alice :Person

<ZobjectProperty>>

Figure.6'— An atemporal representation

The defqult (atemporal) approach exemplified by the Vehicle class may be adapted to a temporjal
approacH (one that represents objects potentially changing over time) by introducing a relationshifip
with the [classes Manifestation, FirstManifestation, and TemporalEntity) as follows:

Step|1: Introducé<lasses Manifestation and FirstManifestation. The class that will have a temporfal
representationy(possibly changing properties) should be defined as a subclass of Manifestation.

In this case'(Figure 7), Vehicle is defined as a subclass of Manifestation. This means that aj
instgdncesof Vehicle are now interpreted as snapshots of an object in time. Several differentinstancgs
of Vehidleeanreferto-the sameobjectat differentpointsintimeForexamplereachinstance Vehiele
may have different values of a data property, such as an odometer reading or object property such
as hasLocation, but may still maintain the same object relationships values, such as owner. Each
instance is fully interconnected with other data being represented beyond the classes defined in
the pattern. In addition, it is not necessary that the value of an object property be a Manifestation.
For example, the value of hasLocation, loc_1, can be a simple instance of Location where change
management is not applied. Note that Manifestations that share the same FirstManifestation form
a group of Manifestations that describe the same object. So, in the example given, there can (and
likely will) be multiple such collections of instances of Vehicle, each describing the changes of a
different object.
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<<owlClass>>

+existsAt TemporalEntity

<<objectProperty>>

<<objectProperty>> . .
+hasNextManifestation

<<owlClass>>
Manifestation

<<owlClass>>
+precedesManifestation FirstManifestation

<<objectProperty>>

L<<rdfs$ubClassOf>>—

<<rdfsSubClassOf>>

<<owlClass>>
loc:Location

+loc: hasLocation

<<objectProperty>>

<<owlClass>>
Vehicle
T
I
+hasOwner <<pwlClass>> |
<<objectProperty>> Person |
I
N <<objectProperty>> |
| |
| +hasModel I
I
M :
: <<owlClass>%, | <<rdfType>>
Model [
| I |
<<rdfType>> | |
I I |
I I |
| ! |
| 0 <<rdfType>> |
l
: <<rdfType>> I
I

<<owlIndividual>

|
I
| I
| loc 1
I
I
I

<<owlIndividual>> +hasModel _|<<owlIndividual>>

<=objectProperty>> model x :Model

+loc:hagdlocation

+hasOwner | <<owlIndividual>>

<<objectProperty>> alice :Person

<<objectProperty>>

Figure 7 — Introducing the Change pattern

Next4t is necessary ta dic‘ringnich hetween invariant and variant properties A consequend of Step
1 is that all of the property constraints that were associated with Vehicle are now interpreted as
"time variant". In other words, the restrictions only apply at instants/intervals in time (to individual
snapshots), so the values of these properties may change over time. In this example, the model of a
Vehicle is invariant whereas the other two properties are not. It does not matter that the location will
likely vary with much greater frequency than the owner of the vehicle (which might not vary at all).
Both are interpreted as invariant properties, and any snapshot of the vehicle will allow for changes to
either. The property hasModel will be annotated in the Vehicle class as an invariant property.

Step 2: distinguish between invariant and variant properties for the class that will have a temporal
representation. At minimum, this shall be done by annotating the invariant property with the
annotation hasInvariantProperty with a value of hasModel.
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Existing instances of Vehicle are interpreted as representing the state of a Vehicle at a given Instant
or Interval in time. Therefore, as shown in Figure 8, an additional assertion should be made as to
the TemporalEntity at which each Vehicle individual exists.

Now that Vehicle is a subclass of Manifestation, each instance of Vehicle inherits the property existsAt.

A temporal value, either an Instant or Interval, can be specified for which the individual is a temporal
snapshot.

Step 3: assert an applicable TemporalEntity for which the instance is valid, for the existsAt
property. Implicitly, all existing instances of Vehicle are now the first manifestation in a possible
serigsof changing snapsnots.

At this ppint all instances of Vehicle represent separate vehicles, and are the first manifestatiofi°of the
instance| To reflect this, each of the instances are made to have the type FirstManifestation to-reflect
that they|are the first temporal snapshot of what are to be many snapshots for each instance.

Step|4: assert all instances to be of type FirstManifestation (Figure 8).
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. <<owlClass>>
+existsAt TemporalEntity
<<objectProperty>>
. < ———————
<<objectProperty>> I
+hasNextManifestation I
<<owlClass>> |
Manifestation |
<<owlClass>> I
+precedesManifestation FirstManifestation |
<<objectProperty>>| :
L e |
[
<<rdfsSubClassOf>> I
<<owlClass>> |
loc:Location |
+loc:hasLocation, I
<<objectProperty>> I
<<owlClass>> I
Vehicle |
(.
|
+hasOwner <<owlClass>% | I
<<objectProperty>> Person | :
/[\ <<objectProperty>> I I
| I
| +hasModel : |
I 7~ . I
| <<owlClass>> | <<rdfType>> |
Model | |
I I | <<rdfType>
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<<objectProperty>> 0. q
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Figure 8 — Adapting existing instances
With’these revisions comnlete subseguent instances mav bhe asserted to describe changes that occur
T 7 T 7 5

to a particular object over time. Each new snapshot of an instance, i.e. manifestation, will also be
associated with a TemporalEntity. In addition, the first instance (manifestation) will be associated
with all future instances via the precedesManifestation property. All instances will be related to any
subsequent instance with the hasNextManifestation property. Examples of the assertion of subsequent
instances are illustrated in Figure 9.

Step 5: The initial, FirstManifestation instance will be related to all subsequent manifestations of
an object via the precedesManifestation property.

Step 6: Each manifestation will be related to its following manifestation (i.e. the instance
representing the next change to the object) via the hasNextManifestation property.
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Step 7: Each manifestation will be related to the first manifestation via the hasFirstManifestation
property

16
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Figure 9 — Asserting new instances
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It may be desirable to support inferences regarding the inheritance of invariant properties. In such
cases, rules languages (formalisms outside the OWL standard) may be specified. Alternative approaches
to formalizing this semantics for implementations are described in Annex A.

6.6.3 Formalization

Table 6 — Key classes in the Change pattern

Class Property Value restriction
anitestation EXISTSAT €xactly I time:TemporalEntity

hasNextManifestation max 1 Manifestation
hasPreviousManifestation max 1 Manifestation
hasFirstManifestation exactly 1 Manifestation

FirstManifestation rdfs:subClassOf Manifestation
precedesManifestation only Manifestatioh and not (FirstManifes-

tation)

hasLatestManifestation exactly 1 Manifestation
Inverse(hasManifestation) exactly;T owl:Thing

Table 7 — Key properties in the Change pattern

Property Characteristic Valuerestriction (if applicable)
ekistsAt rdfs:range time:Temporal Entity
hhsNextManifestation rdfs:domain Manifestation

rdfs:range Manifestation
hpsPreviousManifestation inverseOf hasNextManifestation
precedesManifestation rdfs:domain FirstManifestation

rdfs:range Manifestation and not (FirstManifestation)
hpsFirstManifestation inverseOf precedesManifestation
hhsLatestManifestation rdfsidomain FirstManifestation

rdfs:range Manifestation
hpsManifestation rdfs:range Manifestation

6/7 Location pattern

6J7.1 General

The ontology for representing location information shall conform to the vocabulary specified ih OGC 11-
0%2r4 (GeoSPARQL). To capture generic spatial objects requires concepts of location as well as|concepts
gegmetry in order to describe shapes that are more complex than a smgle pomt in space. Infaddition,
eptainment,
overlap). The GeoSPARQL Ontology is used in the Locatlon pattern to achleve thls It is 1ncluded in its
entirety with the prefix ‘geo’.

The GeoSPARQL Ontology has been selected to form the basis of the representation of location
information because it is the defacto standard for geospatial information on the Semantic Web. Along
with the formalization of ontology concepts the GeoSPARQL standard also specifies requirements for
the implementation of query functions. Conformant Semantic Web data stores provide the ability to
employ these functions to enable geospatial queries over information that is represented using the
vocabulary defined in the GeoSPARQL Ontology. It is therefore of practical importance to any users of
the ISO/IEC 5087 standard series that the terminology used to describe locations utilize the GeoSPARQL
labels.
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6.7.2 Key classes and properties

The key classes and properties extended from GeoSPARQL are formalized in Table 8 and Table 9,
respectively. Specifically, the class Location is added, and and the properties hasLocation and
associatedLocation are introduced. These terms represent a minor extension of the GeoSPARQL
ontology.

— Location: a specialization (subclass) of geo:Geometry that refers to a geospatial representation of
the space occupied by some object.

In additior—the
locationd by other

classes:

— hasljocation: specifies the Location of an object.

— associatedLocation: captures the association of a non-spatial object with a Location’ For example,
an agtivity is not a spatial object but may be associated with some location in whichGt fmostly) takgs
place.

The Mer¢ology pattern is imported in order to specify the relationship between‘the mereotopologidal
propertig¢s defined in GeoSPARQL for Spatial Objects and the more general(part-whole relations thpt
can also|apply to other types of entities; namely, to relate geo:'tangential-proper part’ and geo:n¢n
-tangential proper part properties with the partwhole:properPartOf preperty. These relationships afe
illustratqd in Table 9.

The diagfam in Figure 10 illustrates the use of the Location pattérn to represent a vehicle’s Location.
Note thaf the Location of a particular Vehicle individual can then be associated with other Locations
(e.g. via & containment relation). Note that the Location object may be a point or other more complex
shape and may be associated with more than one data property based on different serializations (su¢h
as well-khown text, shown here).
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<<owlClass>>
geo:SpatialObject

<<rdfsSubClassOf>>

<<owlClass>>
geo:Geometry

<<owlClass>>
Vehicle

+hasLocation

<<rdfsSubClassOf>>

<<owlClass>>
Location

M

I

I

I
<<rdfType>>

<<owlIndividual>

<<objectProperty>>

+hasLocation

K
I I

|
<<rdfType>>

|

I

|

I

— — — —<<rdfTypes> 0—=— — —

<<owlIndividual>>

+geo:contains

%<objéectProperty>>

<<owlIndividual>>
loc12 :Lo€ation

veh123 :Vehicle

<<objectProperty>>

+asWKT = POQINT(-79.170867
43.809123)

Figure 10 — Example use of the Location pattern

6{7.3 Formalization

Table 8 — Key classes in the Location pattern
Class Property Value restriction
Liocation rdfs:subClassOf geo:Geometry

al

Tqble 9 introduceStwo new properties and extends a subset of properties in GeoSPARQL so
e integrated-with the Mereology pattern.

Table 9 — Additional properties introduced in the Location pattern

that they

Property Characteristic Value (if applicable)
hlasEbcation rdfs:range Location
associatedLocation rdfs:range Location
tangentialProperPart rdfs:subPropertyOf geo:'tangential proper part’

nonTangentialProperPart

rdfs:subPropertyOf

geo:'non-tangential proper part’

tangentialProperPart

rdfs:subPropertyOf

partwhole:properPartOf

nonTangentialProperPart

rdfs:subPropertyOf

partwhole:properPartOf

hasGeometry

rdfs:Range

geo:Geometry
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6.8 Activity pattern

6.8.1

General

The concept of activities arises in many cases in city data: there are trip activities that contribute to
the demand on a transportation system, and the routine activities that motivate these trips; there
are educational and recreational activities offered by various city services. In the most general sense,
activities are things that happen; events that occur (scheduled or not) or actions that are performed by
some agent. Activities may be descrlbed by the time and location of their occurrence, their preconditions

and effe

GESyaS-

There are many OWL ontologies that in some way address the concept of activities. However, mo
are lackipg with respect to the basic representation requirements. The Activity pattern adopts t

Activity

limitatiohs. The representation of activity specifications is based on the activity clusterssintroduced 1
Fox, Sathji, and colleagues[131.[16],

A precugsor to the TOronto Virtual EnterprisellZ] and Process Specification Llaiguagell8] activi
ontologig¢s, an activity cluster provides a basic structure for representing activity specification
[llustrategd in Figure 11, it consists of an activity connected to an enabling)and caused state, ea

of which|

disjunctipns of states.

State — enable cause’—»| State

Figure 11 — A generic activity cluster

In this approach an activity is interpreted as a class of occurrences, in Contrast with other approach

where act1v1t1es are separate entities that are related to occurrences via an occurrence of" relati
This dec

informa

$pecification design pattern that was presented in Reference [14] as a solution to addréss thep

may be a state tree that defines complex states via decomppsition into conjunctions and

e
e

Py

Ly
S.
th

tion regarding individual activities (i.e. occurrences or events). These activities may

categoriged via different subclasses of “Activity”, but there is no need to associate them with a sin

activity

type entity, unless it is wished to characterize the activity type itself. The capability for t

more complex formalization is supported, if necessary, by the Recurring Event Pattern (see 6.

Dividing[these representations-into two separate ontologies allows users of the ISO/IEC 5087 series t
discretiopn to only include what’is needed. In addition, much of the semantics that relate activity typ
and occuE

to captuie the concepts.of activities, their composition, preconditions and effects, and ordering.

6.8.2

The key [classes and properties are described below and are formalized in Table 11 and Table 1
respectiyely;

rences is not expressible in OWL. The Activity Ontology works within the limitations of OW

Key classes and properties

le
is

).

S
(L

Ll\.)

— Activity: An Activity describes something that occurs in the domain. It has the following set of core
properties:

hasSubactivity: identifies a more granular Activity into which the Activity may be decomposed.

hasStatus: identifies an ActivityStatus. This specifies the status of the Activity at some point or

interval in time. For example, the Activity may be “scheduled, “executing” or “completed”.

hasPrecondition: identifies a State that must be realized in order for the Activity to occur.

hasEffect: identifies a State that is realized once the Activity has occurred.

occursAt: identifies a time Interval over which the Activity occurs.

20
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loc:associatedLocation: identifies a Location where the Activity occurs.

scheduledFor: identifies the time Interval that an Activity was scheduled to be performed/occur
at.

occursBefore: identifies an Activity that the Activity occurred before.
An Activity may also be described with the following, supplemental properties:

enabledByState: identifies a State that in some (indirect) way enabled the Activity to occur.
An Activity is enabled by a State if the State is a precondition for the Activity or if the State
is a precondition of some subactivity of the Activity. The enabledByState property is a
generalization (super-property) of the hasPrecondition property.

causesState: identifies a State that in some (indirect) way was caused by the 'occurrerfce of the
Activity. An Activity is caused by a State if the State is an effect of the Activity or if the State
is an effect of some subactivity of the Activity. The causes property is @generalization (super-
property) of the hasEffect property.

occursDirectlyBefore: identifies an Activity that occurred immediately prior to the Actfvity. The
occursDirectlyBefore property is a sub-property of the occur§Before property.

beginOf: identifies the time Instant at which the Activity occtirs:
endOf: identifies the time Instant at which the Activity ends.

—t State: A State describes some situation in the world\which may or may not be satisfied (frue) at a
given point in time. States have the following coréset of properties:

hasStatus: identifies the StateStatus at some<point or interval in time. For example, the Jtate may
be “unsatisfied, “satisfied” or “completed”.

achievedAt: identifies the time Intervalor Instant during which the State was satisfied.
scheduledFor: identifies a time Interval during which the State is scheduled to be realizeg.
effectOf: identifies an Activity.that the State was realized by.
preconditionOf: identifies'an Activity that requires the State to be realized in order to ocfur.
A State may also be described with the following, supplemental properties:

enablesActivity:i-identifies an Activity that in some (indirect) way was enabled by the State. The
enables-praperty is the inverse of the enabledBy property and is a generalizatioh (super-
propeftty) of the preconditionOf property.

causedByActivity: identifies an Activity that in some (indirect) way caused the State to befrealized.
The causedBy property is the inverse of the causes property and is a generalizatiop (super-
property) of the effectOf property.

— TerminalState: A State may be either non-terminal or terminal. A TerminalState has no sub-states.

— ManifestationState: A specialization of TerminalState, the ManifestationState specifies a
Manifestation class that an individual must satisfy in order for the ManifestationState to be true.

satisfiedBy: specifies the Manifestation that is to be satisfied (i.e., realized).

— NonTerminalState: a NonTerminalState has child States, which may be TerminalStates, or further
define some other complex state types. A State cannot be both non-terminal and terminal.
NonTerminalStates have the following core properties:

hasDecomp: identifies two or more States into which the State may be immediately decomposed,
i.e. its direct children.
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NonTerminalState has the following supplemental properties:

hasSubState: identifies a State into which the complex state decomposes, at any level (i.e. its child
state, grandchild state, etc.). The hasSubState property is transitive and a super-property of
the hasDecomp property.

— ConjunctiveState: a ConjunctiveState is a type of NonTerminalState thatis defined by the conjunction
of its child States.

— DisjunctiveState: a DisjunctiveState is a type of NonTerminalState that is defined by the disjunction

f'tr hald Crotoc A Crod ot bo ol oo oty o d diod aetiva Coniiin orizn o d dioii oty
O 1 J CITITU JULALUL L. 71 JLdlU UdIITIUL UC UULIT LUITJUITILLIVO dITu UlojuIricviIve., \.‘\IAAJ UuriciIve dIiiru ul;)JullbLl e

Statds, which do have substates, are achieved at some time if their decomposition of Stateslis
achigved.

It is not possible to completely define the semantics of an ordering over occurrences in OWL:Howevg¢r,
the start|land end times of an activity may be used to describe the occursBefore propenty‘using objejct
property|chaining as formalized in Table 10.

Table 10 — Formalization of occursBefore

Property Characteristic Value (if applicable)
endOf o Hefore o inverse(beginOf) rdfs:subPropertyOf occursBefore
occursBefore TransitiveObjectProperty

occursAt|o intervalMeets o in- rdfs:subPropertyOf gccursDirectlyBefore
verse(ocqursAt)

Figure 1P illustrates the use of the Activity pattern to describe a class of objects that should be
identifiedl as “Drive to Work” activities, where the effect:6f such an Activity is a ConjunctiveState. The
ConjunctfiveState is decomposed into two TerminalStates, meaning that it should be interpreted as|a
State where both substates (“DriverAtWork” and “Ca¥AtWork”) are true.
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<<owlClass>>
State
<<rdfsSubClassOf>>’ <<rdfsSubClassOf>>
<<owlClass>>
Activity
<<owlClass>> <<owlClass>>
ConjunctiveState TerminalState
<<rdfsSubClassOf>>
<<rdfsSubClassOf>> <<rdfsSubClassOf>>
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| . .
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1 ! .
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I | |
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dtw123pxvx <<objectProperty>> :DriverAtWorkAnd |
Driveratork CarAtWork I
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l______________«rdrrype»_____ <<rdfType>>
+hasDecomp I |
<<owlIndividual>> +satisfiedBy <<owlindividual>> +hasDecomp <<owlIndividual>> +satisfiedBy <<owlIndividugl>>
statep123t1 stateveh1tl
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:Manifestation e 1qn
+hasLocation | _wiindividual>> | +hasLocation
<<objectProperty>> 123 :Feature <<objectProperty>>
Figure 12 — Example use of the Activity pattern
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6.8.3 Formalization

Table 11 — Key classes in the Activity pattern

Class Property Value restriction
Activity hasSubactivity only Activity
hasStatus exactly 1 ActivityStatus
hasPrecondition only State
enabledByState only State
hasEffect only State ('\03
causesState only State qQV
scheduledFor exactly 1 time:Interval ! o
occursAt some time:Interval X 1Y
beginOf some time:Instant 93\)"
endOf some time:Instant /'C)
loc:associatedLocation only loc:Location A\\V
occursBefore only Activity ‘(})U
occursDirectlyBefore only Activity r‘\\ 2
State preconditionOf only ActivitlQ -
enablesActivity only Act'@‘ly) )
effectOf only’A&iv\lty
causedByActivity on}yﬁ\\c{tivity
scheduledFor .@‘; 1 time:Interval
achievedAt ) a@ only time:TemporalEntity
hasStatus K\ exactly 1 StateStatus
TerminalfState rdfs:subClassOf , \,O State
disjointWith \‘\(\)t NonTerminalState
hasDecomp C)V exactly O State
ManifesthtionState rdfs:subClassOf TerminalState
satigﬁ@y only change:Manifestation
NonTermjinalState rgl-ﬂﬁ:\S'dbClassOf State
<Tg'\sfointWtih TerminalState
Q% hasDecomp only State and min 2 State
R hasSubstate only State
ConjunctjveState Q\(‘ rdfs:subClassOf NonTerminalState
N disjointWith DisjunctiveState
Disjunctir@é rdfs:subClassOf NonTerminalState
disjotmtWittr ComjurnctiveState
ActivityStatus rdfs:subclassOf owl:Thing
StateStatus rdfs:subclassOf owl:Thing
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Table 12 — Key properties in the Activity pattern

Property Characteristic Value (if applicable)
hasPrecondition rdfs:subPropertyOf enabledBy
hasEffect rdfs:subPropertyOf causedByActivity
enablesActivity inverseProperty enabledByState
preconditionOf rdfs:subPropertyOf enablesActivity
causedByActivity inverseProperty causesState
effeetOf refsstubPrepertyof eattseadByAetivity
ofcursDirectlyBefore rdfs:subPropertyOf occursBefore
occursBefore TransitiveObjectProperty —

hpsSubState TransitiveObjectProperty —

hhsDecomp rdfs:subPropertyOf hasSubState

6{9 Recurring Event pattern

6/9.1 General

Alspecification of recurring events, in particular those that are defined according to calendar dates (e.g.
eyery Monday, every March), is required in order to capture information regarding hours of operation,
rgad restrictions, restrictions on parking policies, and so on»A recurring event is a means of describing
sdenarios where some activity is scheduled to recur at:some regular interval. It is importar]t to note
tHat recurring events such as scheduled transit tripstand operating hours represent planned or usual
o¢currences. But exceptions to the planned recurrence can exist. For example, while a businefgs can be
open at some recurring intervals, it is possible that in the case of some exceptional circumstdnces (for
example, a power failure) they are not open during the predefined days and times.

6]9.2 Key classes and properties

The key classes are formalized in'Table 13. The Recurring Event pattern adopts the following
rgpresentation of recurring events: daily, weekly, and monthly recurring events (and theiﬁ related
properties) are defined. However; the pattern may be extended with similar definitions of other types
of recurring events, as required.

Npte that despite the elosé relationship, a recurring event is distinct from an activity. An|instance
ofl a recurring event corresponds to a class of activities (e.g. all of the occurrences of a Tuesday, all of
tHe occurrences of.the weekly waste pickup), but it is not itself an activity. The intuition i that the
o¢currences of d recurring event are all the same type of activity. What defines a recurring ¢vent is a
cgmbination.oflthe activity type (e.g. a transit trip from point A to point B or the provision of  service)
and the frequency at which it recurs.

The pattérn captures the associated activity type with the hasOccurrence property thdt relates
rgcurring events to activities. Classes of recurring events may be captured by identifyjng their
assoctated-elasses-ofactivitieswhite-individual reeurring-events-may-be-assoctated-with-on€ or more

instances of an activity.

The Recurring Event pattern uses the Activity pattern, as the concept of an activity is central to the
notion of a recurring event: the activities are the recurrences. It is important to note that while the
concept of Activity defined in the Activity pattern is necessary for the definition of a RecurringEvent,
it is not the case that the concept of RecurringEvent is required for the definition of an Activity. This
allows for a simpler representation of events in cases where the notion of recurrence is not required.

Recurring events are also identified based on the regular interval at which they occur. This is captured
using some combination of the startTime, endTime, dayOfWeek and onDateTimeDescription properties.
Using these properties, the pattern supports definitions of specializations of the RecurringEvent class.
In particular, subclasses for daily, weekly, monthly and yearly recurring events are defined; other
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classes of recurring events may be defined similarly, as required. In addition, the properties startState
and endState are used to identify recurring events that occur due to certain circumstances, i.e. States,
rather than at specific points in time. Fuzzy sorts of recurring events that recur over imprecise periods
of time are not included in this pattern. However, the specified representation may be consistently
extended to include fuzzy recurring events with the introduction of classes to define concepts such as
fuzzy days or fuzzy times on which such an event would recur.

Exceptions to recurring events can also be defined. For example, a business that normally operates
on Monday-Friday, except for public holidays. Exceptions may also be defined on specific dates (e.g.
June 23, 2018), for example due to construction or on special calendar days (e.g. holidays) with the
ExceptionDay class. These exceptions can be defined for recurring events with the recursExeept
property} Conversely, so-called exceptions can involve an additional, unusual occurrence. This’[is
captured with the recursAddition property.

A RecurrfingEvent is defined to have the following properties:
— has(Qccurrence: identifies the Activities that take place at the time and location.
— associatedLocation: identifies the Location where the event recurs.

— hasYubRecurringEvent: identifies the sub-recurring events that comprise' the RecurringEvent. As
with| an Activity, a RecurringEvent may be decomposed/decomposediinto simpler/more compléex
RecyrringEvents to support varying levels of granularity.

— starfTime: specifies the start time of the RecurringEvent's activity using xsd:time format.

— endTime: specifies the end time of the RecurringEvent’s activity using xsd:time format.

— beginsRecurringTime: specifies the start time of thé RecurringEvent’s activity with a timle:
TemporalEntity from the Time pattern.

— endgRecurringTime: specifies the end timevof the RecurringEvent’s activity with a time:
TemporalEntity from the Time pattern.

— hasIDayOfWeek: specifies the day of the week on which a Weekly RecurringEvent occurs with the
timejDayOfWeek class from the Timé pattern.

— onDateTimeDescription specifies the date-time description (as defined in the Time pattern) ¢n

RecyrringEvént.

— recursExcept: defines the exceptions for the RecurringEvent, i.e. conditions when it does not occyr.
This|can specify a time, day of the week, or specific dates.

— recursAddition: defines a condition when the RecurringEvent should be added to. This can specify
a time, day of the week, or specific dates.

An ExceptionDay specifies a day or days that recursExcept and recursAddition use to specify unique
days that do not recur on the same day each year, for example, holidays. Similar sorts of exceptions
(e.g. for times or months) can be specified, but are not included in this pattern. It has the following
properties:

— hasName: the name of the exception day, e.g. Labour Day.

— time:hasTime: specifies the year/month/day on which the exception occurs.
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A DailyRecurringEvent occurs every day. It has a maximum of one associated time, the start time.
Typically, a daily-recurring event will occur at the same time every day, but it is also possible that no
commitment is made to a recurring start time for the event, in which case no start time is specified. A
DailyEvent does not necessarily have a recurring end time (this would require a constant duration),
therefore this is not part of the definition (although it is possible to specify).

A WeeklyRecurringEvent recurs regularly on the same day of the week, as specified by the dayOfWeek

property.

A MonthlyRecurrlngEvent recurs regularly on the same day of each month as spec1f1ed by the

rLy.
onthly-recurring event: in this formallzatlon a MonthlyRecurrngvent is any event th
rggularly on the same day of each month; other interpretations sometimes consider events_that
tHe same day of week, or first or last day, in which case the day of month will vary. Such ‘a¥epre
is|not included in this pattern but could be captured in an extension.

Figure 13 and Figure 14 illustrate how the Recurring Event pattexn'€ould be used to define th
ofla scheduled bus trip. In this example, the scheduled bus trip,“sched_bus_trip” recurs daily af
s@ all occurrences of the event (i.e. activities “bustripl_123",<bBustripl_321") ought to occur a
on their respective dates. For reference, a more complex examiple is outlined in Annex C.

<<owlClass>>
RecurringEvent

<<rdfsSubClassOf

<<owlClass>>
DailyRecurringEvent

<«rdfsSubClassOf

<<owlClass>>
ScheduledBusTrip

+hasOccurrence

AlYearlyRecurringEvent recurs regularly on the same day of the same manth, as specifisg
omDateTimeDescription property. As with MonthlyRecurringEvent, there ¢an be ambiguity 1
tHe semantics of a yearly-recurring event. However, this formalization captures only the notion of an
eyent that recurs on the same day of the same month (e.g. a birthday).

<<owlClass>>
Activity

<<rdfsSubClassOf

<<owlClass>>
BusTrip

A

<<rdfType>>
|

<<objectProperty>>

A7
Ly

[ <<rdfType>> — I <<rdfType>>

tics of a
it recurs
recur on
bentation

d by the
egarding

e concept
8:00 am
8:00 am

<<owlIndividual>>

:ScheduledBusTrip

startTime = 08:00:00

+hasOccurrence

<<owlIndivi

<<objectProperty>>

<<owlIndividual>>
bustripl 321
:BusTrip

+hasOccurrence

<<objectProperty>>

Figure 13 — Example use of the Recurring Event pattern
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<<rdfsSubC]assOf>>—T

<<owlClass>>
RecurringEvent

<<owlClass>>
DayOfWeek

+dayOfWeek

+startTime: xsd:time
+dayOfMonth: rdfs:Literal

<<objectProperty>>

<<rdfsSubClass <<rdfsSubClassOf>>

J ‘ T—<<rdf55ubClassOf>>
f>>

<<objectProperty>>

<<owlClass>>

+hasMonth

iy RAcur g iy Recaring MonthiyRecariingEvent VearlyRoautinghvent
Figure 14 — Basic structure of the Recurring Event pattern
6.9.3 Hormalization
Table 13 — Key classes in the Recurring Eventpattern
Class Property Value restriction
RecurringEvent hasOccurrence only activity:Activity
associatedLocation only loc:Location
hasSubRecurringEvent only RecurringEvent
startTime only xsd:time
endTime only xsd:time
dayOfWeek only DayOfWeek
onDateTimeDescription only time:DateTimeDescription
beginsRecutringTime only time:TemporalEntity
endsRecurringTime only time:TemporalEntity
beginsRecurringState only State
endsRecurringState only State
recursExcept only time:TemporalEntity or DayOf-
Week
recursAddition only time:TemporalEntity or DayOf-
Week
DailyRecprringEvent rdfs:subClassOf RecurringEvent
startTime max 1 xsd:time
WeeklyRecugringEvent rdfs:subClassOf RecurringEvent
hasDayOfWeek exactly 1 DayOfWeek
MonthlyRecurringEvent rdfs:subClassOf RecurringEvent

onDateTimeDescription

Exactly 1 (time:DateTimeDescription
and time:day exactly 1 rdfs:Literal and
time:month exactly 0 rdfs:Literal and
time:year exactly O rdfs:Literal)

YearlyRecurringEvent

rdfs:subClassOf

RecurringEvent

onDateTimeDescription

exactly 1 (time:DateTimeDescription
and time:day exactly 1 rdfs:Literal and
time:month exactly 1 rdfs:Literal and
time:year exactly 0 rdfs:Literal)

28

© ISO/IEC 2023 - All rights reserved



https://standardsiso.com/api/?name=747e7f355c2469eb7c761d584aa04343

ISO/IEC 5087-1:2023(E)

Table 13 (continued)

Class Property Value restriction
ExceptionDay genprop:hasName some xsd:string
onDateTimeDescription some time:DateTimeDescription

6.10 Resource pattern

6.10.1 General

Resources are an important aspect of activities. They often capture important preconditions and
efffects of activities. In the context of city data, resources such as vehicles, income and,trandit passes

T
Wi
daq(
a(
p1
ST
A

A
T

ill impact travel behaviour. The representation of resources is also important for tdsks
agset management. For example, city infrastructure and its scheduled maintefiahce activjiti
falilure rates are important factors for predicting the performance of various city.séervices.

10.2 Key classes and properties

he Resource pattern defines the following-€lasses, formalized in Table 14:

he Resource pattern adopts the view presented in the Toronto Virtual Enterprise modgqlll9 that
hether or not an object is considered a resource is dependent on the rol€ that it plays for a particular
tivity. A Resource can be associated with an activity in different(ways: it can be intendg¢d for an
tivity (this is captured with the Planned Allocation class), or it“0an be actually consu
oduced, or released by an activity (this is captured with the Terminal Resource State clags and its
ecializations, which can be used to describe the enablingand caused states of an activit, i.e. the
Ctivity cluster described in the Activity pattern).

d, used,

h object may be classified as a different type of resource; dependent on its participation in ar activity.
he Resource pattern reuses the Activity pattern.

Resource: A Resource is an objectthat plays, or is intended to play, a role in some Activity. Various
types (subclasses) of Resourcesmay be defined as required. A Resource class may be uged by or
consumed by some Activity ‘class. The specification of the Resource and the quantity used or
consumed in an activity js\defined by the UseState and/or ConsumeState, which are part pf a State
definition that is linkedto an Activity by an enablesActivity property. If some Resource i§ used by
an Activity, then whén the Activity occurs, the Resource needs to be (partially) not avaijable. If a
Resource is consutmed by an Activity, then the Resource (partially) ceases to exist by the gnd of the
occurrence. Resources have the following core properties:

hasCapacity;jidentifies the quantity that specifies how much of the Resource exists, e.g. itp volume,
if it isliquid; how much it can hold, if it is a container.

hasAvailableCapacity: identifies the quantity that specifies how much of the Resource isjavailable
for use.

hasAllocation: specifies a planned allocation for the Resource. This indicates a State and time
interval to which the Resource has been allocated.

participatesIn: identifies the Activity by which the Resource is being used, consumed, produced,
or released.

hasLocation: identifies the Location (as defined the in the Spatial Location pattern) where the
resource is located.
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For additional detail, a Resource may be classified according to more specific resource types. A Resource
may either be a DivisibleResource or a NonDivisibleResource, but not both.

Figure 1%, Figure 16, Figisre 17 and Figure 18 illustrate the Resource pattern employed to describe the

DivisibleResource: may be divided for use or consumption between multiple Activities.
NonDivisibleResource: may only be used for a single Activity at once, even if it isn’t fully utilized.

Planned Allocation: the planned assignment of a Resource to an Activity via a State. It has the
following properties:

forResource: specifies the Resource that is allocated

forState: specifies the State to which the Resource is allocated.

hasQuantity: specifies the amount of the Resource allocated.

—

hasTime: specifies the time:TemporalEntity (i.e. time interval or instant) at which.the'Resource
llocated to the State.

S

inalResourceState: The Resource pattern extends TerminalState (défired in the Activify

CongumeState: identifies a Resource and(quantity it consumes. The quantity is removed from the
Resagurce.

ProduceState: identifies a Resource.and quantity it produces.
UseState: identifies a Resource and quantity it uses (without consuming).

RelepseState: identifies.4 Resource and quantity it releases (after using).

30

resofirces associated/with a pothole repair activity. The basic activity cluster, represented according
to the Activity\pattern, is shown with a single instantiation in Figure 15. The representati¢n
describes thé\FixPothole activity as being enabled by a state where resources are available and| a
pothple exists (ResourcesAvailPotholeExists). This state class is then more precisely specified ad a
conjunctive state that is decomposed into a state where resources are available (ResourcesAvail),
and p State where the pothole exists (PotholeExists state). Similarly, the activity causes a stake
where the pothole is fixed, and the resources have been affected in some way (consumed or made
available). The FixPothole activity class and associated states describes the generic requirements
(enabling and caused states) of any pothole fixing activity, whereas the instances describe specific
occurrences of a pothole fixing activity, including specific instances of enabling and caused states.
For example, Figure 15 also depicts a particular instance of the FixPothole activity that is enabled
by a specific state where resources are available, s11, and a specific state where a pothole exists,
s12.
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<<owlClass>>
Activil
<<owIClass>> v
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T <<rdfsSubClassOf>>
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+enabledBy +causes
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<<objectProperty>> | N [ <<objectProperty>> M <<objectProperty>> | /N [<<objectProperty>>
thasDecompyl | haspecomp ¥/
<<owlClass>> | <<owlClass>> +hasDecomp +hasBeeomp
ResourcesAvail PotholeExists
<<owlClass>> <<owlClasg>>

| |
| |
<<rdf'|1‘ype>> <<rdfll'ype>> ResourcesAffected <<rdf|]'ype>> PotholeFijed
| |
| |
| |
| |
I I

l <°W“"::’id“al> +enabledBy ! <owlindividual> ! scauses” [N oamaidual> |
| :ResourcesAvail <<objectProperty>3 al:FixPothole [<<objectProperty»> ResourcesAffected |
PotholeExists
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| | | <<objectProperty>> <<objectProperty>> |
| +hasDecomp +hasDecomp | | +hasDecomp +hasDecomp |
<<owlIndividual>> <<owlIndividual>> <<owlIndividual>> <<owlIndividual>>
siL s1z .Remnf;zeslAﬂmd sz

Figure 15 — Example definition and instantiation of a basic activity cluster with resdurces

Focusing on the representation of required* (enabling) resources in more detail, the ResoufcesAvail

stlate can be decomposed into three terminal states, corresponding to the required resoufces. The
identified states, illustrated in Figuret16, are AsphaltConsume, a consume state indicating that the

rgsource is to be consumed by the-activity, TampUse, a use state indicating that the tamping[tool is to
b¢ used by the activity, and Road Segment Use, a use state indicating that the road segment [with the
pothole) is to be used by the activity.
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<<owlClass>>
TerminalResourceState

<<rdfsSubClassOf>> -T T—«rdfss\;bclassof»

<<owlClass>> <<owlClass>>
ConsumeState UseState
| <<owlIndividual>> ! !
|<<rdnype>>J s11 <<rdfType>> <<rdfType>>
:ResourcesAvail 1 |
| <<objectProperty>> I <<objectProperty>>
[ +hasDecomp +hasDecomp | haspecomp
1
<<owlIndividual>> <<owlIndividual>> <<owlIndividual>>
5111 :Asphalt. 5112 :Tamp Use 5112 :Road.
Consume Segment Use

Figure 16 — Decomposition of individual r¥esource states

This level of detail can be sufficient in some cases. Howeyeét if there is a need to capture the planng¢d
allocatiop of resources, then the planned allocation class can be instantiated. Figure 17 illustrat
an allocdtion defined for the Asphalt Consume state,;’s11. This indicates that a quantity (masll,|a
measurement of mass) of a particular resource (asphtl1, an instance of Asphalt) has been allocated fo
the statelat time, t1.

19%
(%]

<<owlIndividual>>
s111 :Asphalt
Consume

<<objectProperty>>
+hasAllocation

<<owlIndividual>>
as11 :Planned
Allocation

<<objectProperty>>

<<objectProperty>> <<objectProperty>>
+hasTime

+hasQuantity

<<owlIndividual>> <<owlIndividual>> <<owlIndividual>>

Figure 17 — Example instantiation of PlannedAllocation

+forResource

If or when it is required, the actual resource use (or consumption, production, or release) can also be
defined for individual states. The diagram in Figure 18 illustrates the specification that the resource
that was allocated (i.e. planned for use) to the Asphalt Consume state was actually used, but the
quantity and the time at which it was used were different than planned.
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+hasQuantity

<<objectProperty>>

<<owlIndividual>>

<<objectProperty>>

s111 :Asphalt
Consume

]

<<objectProperty>>

+hasAllocation

<<owlIndividual>>

Allocation

6J10.3 Formalization

+forResource

<<owlIndividual>>

aspht11 :Asphalt

+hasResource

<<objectProperty>> <<objectProperty>>

+hasQuantity

<<objectProperty>>

#hasTime

<<owlIndividual>>

mas11 :Mass

<<owlIndividual>>

o 8
iTemporalEntity

Table 14 — Key classes(in the Resource pattern

Figure 18 — Example representation of actual resource use (and consumption)

Class Property Value restriction
Resource hasLocation only loc:Location
hasCapacity, exactly 1i72:Quantity
(functional)
capacitylnUse exactly 1i72:Quantity
(functional)
hasAvailableCapacity exactly 1i72:Quantity
(functional)
participatesin only activity:Activity
hasAllocation only PlannedAllocation
DivisibleResource rdfs:subClassOf Resource
disjointWith NonDivisibleResource
NonDivisibleResource rdfs:subClassOf Resource
disjointWith DivisibleResource

PldnmedAllocation

time:hasTime

exactly 1 time:Tempora

|Entity

forResource exactly 1 Resource
hasQuantity exactly 1i72:Quantity
forState exactly 1 activity:State
TerminalResourceState rdfs:subClassOf activity:TerminalState
hasQuantity only i72:Quantity
hasResource only Resource
hasAllocation only PlannedAllocation
ConsumeState rdfs:subClassOf TerminalResourceState
ProduceState rdfs:subClassOf TerminalResourceState
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Table 14 (continued)

Class Property Value restriction
UseState rdfs:subClassOf TerminalResourceState
ReleaseState rdfs:subClassOf TerminalResourceState

The properties in Table 15 are defined for use by other patterns.

Table 15 — Additional properties in the Resource pattern

Property Characteristic Value restriction (if applicable)
hasAsset]

hasResoyrce inverseProperty resourceOf

has Allocption inverseProperty forState

6.11 Agent pattern

6.11.1 General

An Agent is defined in the context of an Activity that it affects or is affected by, or their role withjn
an organfization. An Agent can refer to something like a person, organization, software or mechanidal

device.

6.11.2 Key classes and properties
The key ¢lass in this pattern is formalized in Table 16.

— Agent: An Agent affects, is affected by, or performs some Activity(s). Examples of an Agent inclugle
perspns and organizations. An Agent has the following core properties:

hasName: an identifier for the Agent;

esource pattern, where the Agent would be considered to be a resource from the perspectiye
f an Activity that uses it-iniSome way. For example, a construction activity may use some
persons(s) and those person’s would be considered a Resource for that Activity.

resoErceOf: identifies what State the‘agent may be a resource of. This is specified using the

perfprms: identifies activities that the Agent performs.

6.11.3 Hormalization

Table 16 — Key classes in the agent pattern

Class Property Value restriction

Agent rdfs:subClassOf <http://xmlns.com/foaf/spec/#term Agent>
genprop:hasName exactly 1 xsd:string
resource:resourceOf only resource:TerminalResourceState
performs only activity:Activity

Note that the term Agent defined in the foaf vocabulary referenced above is introduced to support
identification of the relationship (subclass of, a specialization) between the class Agent defined in this
document and the foaf vocabulary term <http://xmlns.com/foaf/spec/#term Agent>. The term from
the foaf vocabulary is not defined with any formal definitions and does not add anything to the formal
definition here, but enables mapping with other representations that use this term, such as the W3C
Recommendation “The Organization Ontology” which is a normative reference used in the Organization

Structure pattern.
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6.12 Organization Structure pattern

6.12.1 General

The representation of organization structure information shall conform to the ontology specified in the
W3C Recommendation “The Organization Ontology”. It defines a standard set of classes and properties
to describe organizations. It is included in its entirety with the prefix ‘org’.

In the W3C Organization ontology, an Organization may act as an agent and is comprised of a collection
of people, organized with some structure, and with some common goal. In this pattern, an Organization
is| defined as a subclass of org:Organization with extensions and specializations relevaﬁt to this
dpcument.

6{12.2 Key classes and properties

The key classes are formalized in Table 17. In this subclause, a subset of the W3C.Organization Ontology
replicated and specialized. This extension is needed to identify a formal relationship befween an
Organization and an Agent.

e
(%]

— Organization: an Organization may act as an Agent and is comprised of a collection df people,
organized with some structure, and with some common goal,

6J12.3 Formalization

Table 17 — Key classes in the Organization Structure pattern

(@]

lass Property Value restriction

(@]

rganization rdfs:subClassOf agent:Agent

rdfs:subClassOf org:Organization

6{13 Agreement pattern

6J13.1 General

Ah agreement exists betwe€n'two or more agents. It is established at some point in time and |t may be
cansidered valid only in Some Location and/or for some interval in time. An agreement may b defined
afl varying levels of detail, this is supported with the introduction of the ComplexAgreement and
AtomicAgreement claSs. A complex agreement may be decomposed into sub-agreements, whereas an
omic agreement-cannot. Similar to the approach taken for the representation of activities, 4 complex
agreement may be decomposed into disjunctive or conjunctive sub-agreements. This allowjs for the
rgpresentation-of both types of agreement composition. At their simplest level, the AtomicAgreement
dé¢scribesia/commitment to some activity; this is captured with the commitsToActivity property.
Finally;-agreements involve some specification of rights or commitments of the involved parti¢s. This is
rdgprésented as a relatlonshlp between the involved Agent and a partlcular act1v1ty The precige nature
ofl the relationshi defined dccording
to the elements of the so-called primary rules[20] of the Hohfeldian analytical system,[21] (and their
opposites): claim and privilege.

6.13.2 Key classes and properties

The key classes and properties are formalized in Table 18 and Table 19, respectively. The class
Agreement has the following properties:

— involvesAgent: identifies the Agents that are party to the Agreement.
— validIn: identifies the Location where the Agreement is valid.

— establishedOn: specifies the Instant of time at which the Agreement was created.
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— validFor: specifies the time Interval during which the Agreement is in force.

ComplexAgreement is a subclass of Agreement and has one additional property:

— hasSubAgreement: identifies two or more Agreements that comprise the Agreement.

Elements of the Hohfeldian analytical system are used to define the following sub-properties of the
inverse of involvesAgent (agentInvolvedIn) in order to represent the nature of the agreement between
two (or more) agents in greater detail:

— has
by a
of w

— hasN
the d
serv
serv

— hasH
desc

(priy

— haslIl
Cont
to in

The relat
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— Ifag
— Ifag
— Ifag
— Ifag
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— forA
— invel
— invel

— invel

other Agent in the Agreement (i.e. the Agent with the duty to fulfil the Activity), e.g. payme
hges, provision of services.

[oClaim: the hasNoClaim property indicates that an Agent has no claim on (i.e. has no right t
escribed Activity. For example, under certain circumstances an Agent can have no claim to

ces provided by a bar).

Fibed Activity. For example, if gratuities are left to a person’s discretionthen they have the rig
ilege) not to include a tip in their payment.

puty: the hasDuty property indicates that an Agent is required‘to fulfil the described Activit
rary to the example above, if gratuities are mandatory, thenthe person is required (has a dut
Clude the tip in their payment.

5 and correlatives, as originally identified by Hohféld:[21]
ent A hasClaim, then A lacks a hasNoClaim

ent A hasPrivilege, then A lacks a hasDuty,

ent A hasClaim, then some agent B hasDuty

ent A hasPrivilege, then some agent B hasNoClaim

breement is a subclass of Agréement. It has no decomposition and specifies the “essence” of
ht. In particular, it identifies how Agents participating in the Agreement are involved:

ctivity: identifies theActivity the AtomicAgreement is for.
se hasClaim:dink’s the Agreement to any Agent that has a claim.
se hasNoClaim: links the Agreement to any Agent that does not have a claim.

se hasDuty: links the Agreement to any Agent that has a duty to perform the Activity.

ce provided by another Agent (e.g. a person under the legal drinking age hasne claim to ajpy

'rivilege: the hasPrivilege property indicates that an Agent is not\fequired to fulfil the

ionship between these properties in a given Agreement can be summarized by the following

ht

D)
a

ht

y.
)

L 1)

— invel

se hasPrivilege: links the Agreement to any Agent that has the privilege to perform the

Activity.

Figure 19 illustrates the use of the Agreement pattern to represent agreements at different levels of
detail. The example shown captures a complex DisjunctiveAgreement that can be decomposed into two
simple Agreements. One option (“agr0012”) describes “alice”’s right (claim) to have lawn maintenance
be performed by “bob”, (also read “bob”’s duty to perform lawn maintenance for “alice”).
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Figure 19 — Examplée’use of the Agreement pattern

6J13.3 Formalization

Table.18 — Key classes in the Agreement pattern

Class Property Value restriction
Algreement involvesAgent min 2 Agent
validln only loc:Location
establishedOn only time:Instant
validFor only time:Interval
ComplexAgreement rdfs:subClassOf Agreement
hasSubAgreement min 2 Agreement
AltomicAgreement rdfs:subClassOf Agreement
hasSubAgreement exactly 0 Agreement
forActivity min 1 Activity
inverse hasDuty only Agent
inverse hasPrivilege only Agent
inverse hasClaim only Agent
inverse hasNoClaim only Agent
disjointWith ComplexAgreement
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Table 18 (continued)
Class Property Value restriction
Agent rdfs:subClassOf agent:Agent
hasClaim only AtomicAgreement
hasNoClaim only AtomicAgreement
hasDuty only AtomicAgreement
hasPrivilege only AtomicAgreement
DisjunctiveAgreement rdfs:subClassOf ComplexAgreement
disjointWith ConjunctiveAgreement
ConjunctjveAgreement rdfs:subClassOf ComplexAgreement
disjointWith DisjunctiveAgreement

Table 19 — Key properties in the Agreement pattern

Property Characteristic Value (if applicable)
hasClaim rdfs:subPropertyOf agentInvolvedIn
hasNoClgim rdfs:subPropertyOf agentlnvolvedIn
hasDuty rdfs:subPropertyOf agentlnvolvedIn
hasPrivilege rdfs:subPropertyOf agentlnvolvedln
agentlnvplvedIn inverseOf involvesAgent

6.14 Prpvenance pattern

6.14.1 General

The condept of provenance is important for many applications in the smart city domain. It is oftg
important to represent the origin of a particular record, document or other object. To do this
a consisfent way requires a mechanism .td_represent the provenance of objects. The ontology fi

represen
“PROV-0

properti¢s for the representation ofprovenance information in any domain.

6.14.2 Key classes and properties

The key dlasses are formalized in Table 20. The core classes of Agent and Activity in PROV-0 are extendé

with spe
order to
Without

PROV-O yith theAgent and Activity classes defined in the Agent and Activity patterns, respectively.

6.14.3 Hormalization

king provenance shall conform_to the ontology specified in the W3C Recommendati
The PROV Ontology”. PROV-Q is a W3C standard that defines an appropriate set of classes a

cialized classés (subclasses). These classes extend the original classes defined in PROV-0O

this extension, there would be nothing to connect the Agent and Activity classes defined

formalize the relationship with the Agent and Activity patterns defined in this document.

P
1
DI’

n
d

pd
in

i1

Table 20 — Key classes in the Provenance pattern

Class Property Value
Agent rdfs:subClassOf prov:Agent
rdfs:subClassOf agent:Agent
Activity rdfs:subClassOf prov:Activity
rdfs:subClassOf activity:Activity
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Annex A
(informative)

Implementation alternatives for additional change semantics

cgses, a rule of the following form may be specified, property, where invariantProperty rep
placeholder for the property:

FirstManifestation(?x) &  invariantProperty(?x,?y) &  precedesManifestation(?x}

ariantProperty(?n,?y)

The SWRLrules languagel22] is used above as an example. However, in practice, the'chosen rules
ill vary depending on the intended implementation. This asserts that all(subsequent manifi
should inherit the invariant property from the first manifestation. Returning to the example,
expressions asserted for Arc in the adapted representation now apply)to each snapshot of a
other words, at any point in time an Arc should have exactly one TT{value, exactly one start
exactly one end Node. If startNode and endNode are identified as ifivariant properties, then th
b¢ annotated as such in order to be interpreted correctly. As’described above, a rule of the
fgrm could also be asserted to support this interpretation:

FirstManifestation(?x) & startNode(?x,?y) & precedesManifestation(?x,?n) -> startNode(?n,?y]
FirstManifestation(?x) & endNode(?x,7y) & precedesManifestation(?x,?n) -> endNode(?n,?y)

Npte that with this approach, any property thatis identified as invariant is defined so univers
cqn require the definition of class-specific preperties in cases where a property is identified 3
fgr one class, but invariant for another (foryexample, the height of a person vs. the height of a t:

I order to maintain decidability, OW L2 restricts the use of some class expressions to simple pj
The use of object property chaining results in all invariant properties being non-simple. T

rgasoners. For this reason, it-is not possible to capture the semantics of invariant proper
property chains of the folowing form as it would preclude the use of any class restrictions
invariant property:

inverse (precedesManifestation) o invariantProperty -> invariantProperty

Injstead, the Change pattern proposes the use of a property annotation, and possibly supplemel
td support the-hecessary inference in implementation.

An alternative approach would be to define a separate object property for all subsequent manifg

ort inferences regarding the inheritance of invariant properties. In such

Fesents a

7n) o>

language
estations
the class
n Arc. In
Node and
ey should
following

ally. This
s variant
ible).

operties.
herefore,

cgrtain class expressions (e.g..cardinality) for invariant properties will not be supported with OWL2

Lies with
1sing the

ntal rules

stations,

e.g. “inheritsInvariantProperty”. This could be defined with the object property chain,|and the

canstraints could be specified for the original property. Returning to the Arc example described in 6.5,

the resulting alternative representation would be as shown in Tables A.1 and A.2.

Table A.1 — Formalization of Arc with separate inherited properties

Class Property Value

Arc rdfs:subClassOf change:Manifestation
arcHasInheritedStartNode exactly 1 Node
arcHasInheritedEndNode exactly 1 Node
hasTTI exactly 1 TTI

Arc and FirstManifestation startNode exactly 1 Node
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Table A.1 (continued)
Class Property Value
Arc and FirstManifestation endNode exactly 1 Node

Table A.2 — Formalization of separate inherited properties

Property

Characteristic

Value (if applicable)

arcHasInheritedStartNode

rdfs:subPropertyOf

inverse(precedesManifestation) o startNode

arcHasInfrerttedEnmdNode

TafSSubPTOpertyof

MVerse(precedes Mantfestation) o enaNode

This apgroach requires the definition of an additional property and some additional assertior]s.
However it has the advantage of being fully expressible within OWL 2.
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