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Executive Summary

TheCOGIT®igital Twin platform aims to enable interoperability with existing and emerging standards and data
modelscoveringdifferent domains.Semantic interoperability in the COGITO platfaeties on ontologies that

will be exploited throughout the COGITO infrastructiard will be used to semantically represent the
information exchanged

This document details the methodology and technologiiciibstructure used to develop the COGITO ontology
network, as well as the first version of the ontologies thrtke upsuch arontology network.

The followed methodology is called LQTand includes four activities: 1) ontology requirements specification,
2) ontology implementation, 3) ontologyublication,and 3) ontology maintenance.

The current version of the COGITO ontology network [8gere7) consists of threenodulescorresponding to
the construction itself, the constructioprocessand the construction resources (s@able9). These modules
have already been conceptualiséthplemented,and published and will be modified and complemented with
new modules as the project progresses.

Some of the ontologies reviewed in previous steps of the project (in péaticin Task 3.1) have been reused
according to the results of a requirement coverage analysis, vaiiotved ugo identify that some of the terms

that appear in the requirements also appear in the ontologies greater or lower extent. Likewise, it has
allowedusto identify potential extensions currently not covered by the analysed ontologies such as: description
of the construction as a whole, quality of construction elements, of relevant resources (wagaipment,and
materials) and their relatioship with the construction process, and of metrics on the construction process such
as the quality or the cost of tasks.

The next steps will be devoted to continuitggcollectmore ontological requirements from the pilots and from

the architectureto iteratively evolve the COGITO ontology network. The COGITO ontology portal will serve as a
living repository for the different ontologies and will contain the latest version of the developed ontologies and
of all the related artifacts.
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1

Introduction

1.1 Scope and Objectives of the Deliverable

TheCOGIT®igital Twin platform aims to enable interoperability with existing and emerging standards and data
modelscoveringdifferent domains.Semantic interoperability ithe COGITO platformelies on ontologies that
will be exploited throughout the COGITO infrasture and will be used to senmtically represent the
information exchanged

Ly O2YLJzi SNI a0OASyOSs 2yG2t23ASa INBE RSTAYSR
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COGIT@ntologies will bedevelopedusingthe W3C Web Ontology Language stand@uVL)! reusing existing
resources and standards whenever possifilbisdevelopmentis based orthe technical specification of the
COGITO architecture and is based on a set of requirements extracted from its diffeneponents.

This deliverablelescribeghe environment that supports the development of the COGITO ontologies. To do so,
on the one hand, it describethe methodologyto be followed to developthe ontologies and theontology
developmentinfrastructure deloyed to supporsuch developmeniOn the other hand, it presents the outcomes

of the first ontology development sprintst summarises all the requirements that were extracted from the
COGITO use cases and architectwigich are used to analyse the coage of existing ontologies to the project
requirements Finally, this document presents an overview of thierent version of theCOGITO ontologies that
are available online in the COGITO ontology pdrtal.

The version of the ontology presented in thiscdment is the version produceoh the date ofwriting of this
document. Two other versions of this deliverable will be delivered in month@p8l 2022 and 24(October
2022 and will present the updated versions of tbatologies,as well as a more congie coverage analysis. In
any case, the COGITO ontology portal will contain the latest version of the ontologial rafated artifacts for
ontologydevelopment.

1.2 Relation to otherTasksand Deliverables

This deliverable is based on the use catfted in D2.J2] andon the COGITO architectudefined in D2.43].
Furthermore,D3.1[4] wasalso considered for identifying potential existing ontologies to reushénCOGITO
ontologies.

The COGITO ontology network described here will allow the sharing and interoperability among the different
components of the COGITO architecture, especially in the communications with the Digital Twin platform. That
is why this doament and the future versions of the ontology will be so important when developing each
component of the COGITO architecture, thstthe future results of work packages 4, &,and 7and their
integration in work package. 8

1.3 Structure of the Deliverable

f
f
f

=

Section 2provides an overviewf the methodology used to develop the COGITO ontolagies
Section3 presentsthe requirements that should be satisfied by the COGITO ontologies;
Section4 describes the methodology and results for analyshegcoverage oéxisting ontologies tahe

project requirements

Section5 provides adescriptionof the COGITO ontologies

Section6 presentsthe deployed ontology development infrastructyrend
Section? provides some conclusions airgightsinto future work.

! https:/iwww.w3.org/TR/owl2primer/
2 https://cogito.iot.linkeddata.es/
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2 OntologyDevelopment Methodology

This section presents the ontology development methodgloged for the development of the COGITO ontology
network. This methodology includes four activities: 1) ontology requirements specification, 2) ontology
implementation, 3) ontologypublication, and 3) ontology maintenance. This development methodology is
namedLinked Open Term&O7 [1] and is based on the NeOn methodoldgy. It has been used and refined in
previous ontology development processes frtime European projects VICINI[BY, BIMERR7] and DELT/8],

and adaptedo the particularities of COGITi®ee section8 and5).

Figurel showsan overview of the activities that are performed and thetefactsthat result fromthem: the
ontology requirements specification docume(@®RSD), the ontologynplementation the ontology available
online, issues, bugs, etthe following subsections detail each activity (and produot}he figures included in

this section, these artefacts are represented in green squares and are assigned a number; the different activities
in the methodology enumerate in a green circle thenbers of all the input artefacts that are used in the activity.

« Ont. Devel. « Ont. Devel. = Ont. Devel. « Ont. Devel.
« Users * Users » Users * Users
« Experts » Experts * Experts » Experts

@ LIl Ontology Ontology . Ontology

requirements

specification implementation publication maintenance

v ¥ ¥ v
ORSD Ontology Online ontology Issues, bugs, stc.
™
)
v =
o ="
o="

i i . tivity fl g
i Actors Activity Artefacts activity tlow
[ °[input] Artefact

reference

Figurel - Ontology development methodology followed in COGITO

2.1 OntologicalRequirementsSpecification

The aim of the requirements specification activity is tentify and define the requirements the ontology to be
createdneedsto fulfil. During this first activity, it isecessaryo involve experts in thelomainto generate the
appropriate industry perspective and knowleddegure2 shows the workflow for the ontology requirements
specification activity.
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Ontology requirements specification

« Ont. Devel. + Ont. Devel. H i « Ont. Devel.

» Users * Users E- Ont. Devel. i * Users i- Oont. Devel.i
s Experts « Experts H H « Experts ; i
Purpose and Eunc\inﬂal ont a Functional Ont : .
Us?ﬁ(-aﬁu“ 1 SCope 3 requirements 3 requirements =] fom?a?zgﬁu“ impcl)enr:\?elstg:tiun poug}i?ﬂlft?:n mgiattzlrcl'ag:ce
spec identification proposal completion
v v T v v
[ [ 1 [ 1 & & &
¢ ¢ v v ¥
unctional Ont unctional Ont i
Ontolos Online ontolof Issues, bugs, etc.
Use cases Dntology purpose requirements requirements ORSD Y ay 9
and scope (early stage) (verified)
s Ont. Devel. i H
= Users i= Ont. Devel.;
= Experts ; H
Functional Ont
Data exchange __| L » Requirements

formalization
(oplipnal)

Data
documentation Test suite
& examples

Figure2 - Workflow for ontology requirements specification

identification

2.1.1 Identification of Purposeand Scope

The goal of this step is to define the purpose and scope of the given ontology or mbelthiis.end, the ontology
development team works in collaboration with users atmmain experts to define the purpose and scope of
each ontology or module to be developed.

2.1.2 DataExchangeldentification and Use Case Secification

During thisstep, the ontology development team needs to gather the necessary documentation about the
domain to be modelled. This documentation might corresptmthe following.

i Standards

1 Datasets

1 API specifications
 Use cases

This documentation needs to be collectedlimth the ontology development tearmnd domain experts.

2.1.3 OntologicalRequirement Proposal

Taking as input the documentation and the data provided by domain experts and users, the ontology
development team generates a first proposal of ontological requirementtten in the form of Competency
Questionsor assertions

The format used for thissquirementproposal follows a tabular approach and includes the following fields:

Requirement identifier, whicimustbe unique for each requirement.

Partner whoproposedthe requirement.

Componentof the COGITO architecture from which the requirement was extracted.
Sprint in which the requirement is planned to be implemented.

Competency question assertion

Status ofthe requirement, which can be: (1) Proposed, (2) Accepted, (3) Rejectd@eridjng.or (5)
Deprecated.

In case the requirement is deprecated, the identifier of the updatglirement is used.
Commentson the requirement.

Provenance of the requirement,@, use case or standard.

Priority of the requirement, which can be: (1) High,N®dium, or (3) Low.

=A =4 =8 -4 -4 -4

=A =4 -4 =4
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The ontological requirements are completed iteratively, as tbkowing ontology development process is
incremental.

2.1.4 Completionand Validation of Ontology Requirements

During thisactivity, domain experts andisers,in collaboration with the ontology developmeigam, validate
whether the ontology requirements defined in the previous step are correct and complete.

2.1.5 Prioritization of Ontological Requirements

Prioritizationof requirementsallowsdevelopment teams to schedutbe development of thentologyin sprints.
Inthe COGITO project, this prioritization will be performed if thegenisedto prioritisefunctional requirements
mainly for those sprints with a high number of requirements in which the implementation of some of the
requirements has to be postponed farfuture sprint

If this prioritisation is needed, to carityout, the ontology development team works with the domain experts to
identify which requirements need to be fulfilled first.

2.2 Ontologylmplementation

During the implementatioractivity, the ontology is built using a formal language based on the requirements
identified in the previous activity.

Taking as input theet of requirementsollected in the previous activitghe ontology implementatiomctivity

is carried out througheveral sprintsTothis end, the ontology developers schedule the ontology development
according to therequirements that were identified, anthe ontology development team builds the ontology

iterativelybyimplementing only a certain number of requirentsrin eactiteration. The output of each iteration

is a new version of the ontologynplementation Figure3 shows the steps that are followed in this ontology

implementtion activity.

Ontology implementation

» Ont. Devel. » Ont. Devel.

» Users » Ont. Devel. » Users

* Experts * Experts
ol @

Ontology
. Ontology Ontology Ontology Ontology Ontology
requirements Ea S e— . — : P f
specification conceptualization encoding evaluation publication maintenance
I I I
I I L) I L)
I I 1 I L)
') ') ') Y Y
Evaluated )
ORSD Ontology model Ontology code ontology Online ontology Issues, bugs, etc.
A A
\ e
: @ A 4 ' Referenced artefacts from other
! : : activities
I :
- - - Ontology reuse - -' :
—> o Data documentation &
H examples

= Ont. Devel. o ORsD

Figure3 - Workflow for the ontology implementation activity

2.2.1 OntologyConceptualzation

The aim of this activity is to build an ontology model from the ontological requirements identified in the
requirements specification procesthat represents the domain of the ontologyrherefore, diring the

§2M COnstruction phase
COGITQ GA ID. 958310 T
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conceptualization of the ontologyhe domain knowledge obtained fromhe previousactivity is organized and
structured into a model by the ontologlevelgpment team

2.2.2 OntologyEncoding

The purpose of the encoding activity is to implement the ontology in an implementation language, such as
OWL. The ontology codesultingfrom this activityincludes,in additionto the ontology classes, properties,

and axiomsFurthermore following theFAIR principle], the ontology code also includes ontology metadata,
suchas thecreator, title, publisherlicense,and version of thentology,in addition to the metadata for each of
the ontology.

To manage the ontology versions developed in the COGITO projeft|ltheing versionconventionwas
adopted.Following this convention, each release will follow the pattern v.major.minor.fix, where each field
follows the rules:

1 major: The field is updated when the ontology covers émtire domain thatit intends to model. That
is, it is a complete product and covers the final goal of the development.
I minor: The field is updated when:
o All the requirements of a subdomain are covered.
o Documentation is added to the ontology.
9 fix: The field is updated when:
o0 Typos or bugs are corrected in the ontology.
o (Qasses, relationships, axioms, individuals, or annotations are adigéeted,or modified,
but the domain is not covered.
In eachiteration, the minor and fix fields might be changed from zero to sevirats.

2.2.3 OntologyEvaluation

Once the ontology is encoded, it should be evaluated before its online publicatftendevelopment of the
ontologymustguarantee the following aspects:

1 The ontology is consistent.

1 The ontology does not have syntactic, modellingsemantic errors.

1 The ontologyfulfils the requirements scheduled for the ontologyo ensurethat the ontology is
completed regarding the domain experts needs

2.3 OntologyPublication

During tre ontology publication activitythe ontology development team provides an online ontoldbst is
accessible both as a humaeadable document andsa machinereadable file from its URFigure4 shows an
overview of the steps performed during the ontology publication activity.

= &
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Ontology publication

: 1 » Ont. Devel. '
+ Ont. Devel. : e Users i = Ont. Devel.
« Experts '
Clntology a n
Ontology Propose release 3 Ontology 3 n S > Ontology
(e LT implementation candidate documentation T P T maintenance
specification
1 1
| | !
Y Y 4
Ontology release HTML

ORSD Ontology Online ontology Issues, bugs, etc.

candidate w documentatiorm

Referenced artefacts from other i
activities

o Evaluated ontology

Figure4 - Workflow for the ontology publicationactivity

2.3.1 ProposeReleaseCandidate

Once the ontologylevelopers have implemented and evaluated the ontology, the next task is to decide whether
the current version is going to be published on the Web (or shared among other project partners, for example
software developers making use of the ontology) or wieetis needed to document such version of the ontology

for any other reason (for example a set of requirements are fulfilled and triggers a new release). In this case, the
version at hand becomes a release candidate. In case the ontology is not selectldaa®, the ontology
development team generates a prelease version of the ontology. Both release andiglease versions of the
ontologies are evaluated and ready to be used.

2.3.2 OntologyDocumentation

Takingthe ontology generated in the previoastivities as inputthe ontology development team generates
the ontology documentation. This documentatiorcludes the following:

1 An HTML description of the ontologjyat describes the classesbject properties,and dataproperties
of the ontology, the licens&JRI,and title being usedDomain experts must collaborate with the
ontology development team tdescribeclassesindproperties. This description also includestadata
such as creator, publishedate of creation, last modification, or version numbdt also includes links
to different formats of serialization of the ontology, such as TEQN.D,or RDF/XML

9 Diagramsthat store the graphical representationf the ontology, including taxonomy and class
diagrams.

2.3.3 OnlinePublication

During thisactivity, the ontology, whictshould alreadype validated and documented, is published on the Web.
This ontology is accessible through its URI as a mackauable andhumanreadablefile using content
negotiation.

2.4 OntologyMaintenance

During thisactivity,the ontology is updatedandnewrequirementscan be proposed to be added tive ontology
Furthermore during thisactivity,the ontology development team, together with domain experts and users, can
identify and correct errors in the ontologkigure5 shows the steps téollow in the maintenanceactivity of the
ontology.

[52] g
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Ontology maintenance
_____________________

« Ont. Devel.
* Users

Ontology
requirements
specification

Ontology
implementation

v v

Ontology
publication

¥

ORSD Ontology

Online ontology

Issues, bugs, etc.

Referenced artefacts from other
activities

o Evaluated ontology
o HTML documentation

Figure5 - Workflow for the ontology maintenanceactivity

2.4.1 BugDetection

Once the ontology developers have published the ontology, any dsseloper,or domain expert can detect
and inform about bugs. This notification should be darsingan issue trackerallowingall the information

related to the bug, as well as the actibiat identifies it to bestored.

2.4.2 NewRequirements Proposal

During thisactivity,new requirements can be proposéar the ontology.Ontologydevelopers, domaiexperts,
or users can propose madifications to improve the published ontology version. Tpsgaishould be done
throughan issudrackerso thatall the information related to it is stored.

- - COGIT@ GA ID. 958310

&S<=
§§M COnstruction phase
dlgital Twin mOdel
COGITO



. -

COGITO Data Model and Ontology Definition and Interoperability Design

3 OntologyRequirementsSoecification

Since the goal of the ontology is facilitate data sharing and interoperability among the COGITO components
through the Digital Twin Platforn{seeTablel), we decided tcanalyseeach component of the architecture,
defined in D2.43], in order to gather information about the data it needs as input from other comptsand

the data it produces as output to other components.

Severameetingswith the partners involved in the componentso far, Process Modelling and Simulati¢@SN),
Work Order Definition and Monitoring todWODM), and Internet of ThingsI6T) data preprocessinghave
helped us to specify requirements aligned with the needs of those compon@&hisse requirements per
component have beeneorganisednto three different domains: the construction its€that is, the result of a
construction proess) the constructionprocess and the resources used in that proc@&sdle2 presensthe list
of requirements for the domains we have identified

Tablel ¢ General information abouthe ontology requirements specification

PUIDOSE To facilitate data sharing and interoperability among the COGITO components
P throughthe Digital Twin Platform

Limited to the data shared among COGEBMmponentsthrough the Digital Twin
Scope Platform

Implementation
language Web OntologyLanguag€OWL)

COGITO components and application developers
users COGIT@ndusers and stakeholders

Annotated in English

Linked to standards when possible

Open license
Available online

Non-functional
ontology
requirements

Ontology
functional Detailed informatioron the COGIT®Ontology portal
requirements

Table2 - List of requirements per domain

Identifier

(domain-+id) Component Competency Question Fact

CONSL PMS A construction can contain one or several zones

CON® PMS, WODM A construction can have one or several spaces

PMS A zone can have one or several spaces

PMS A (construction) element has quality information
PMS A (construction) element is a spatial thing
WODM A construction is composed by elements
WODM Each(construction) element has a location
WODM A task has quality information

PRO WODM A task is related to one or several (construction) elements
PRO& WODM A (project) process has a cost, which is measured in a certain currenc

WODM Atask belongs to a certain process
WODM A task includes progress information
WODM A task can have a date of creation
WODM A task can have an order in the workflow

PROG WODM A task is related to one or sevefabnstruction) elements

§2M COnstruction phase
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_ WODM A task has requirements regarding resources
_ PMS Resources can be allocated to a task
_ PMS, WODM workers, equipment and materials are resources
_ PMS A resource is a spatial thing

_ WODM A resource has a location

_ WODM A worker has an identifier and a password
_ WODM A worker performs a role for a certain task
_ WODM A worker executes an action in a task
_ WODM Apiece of equipment has a status
_ loT A sensor measures the location
_ loT A location includes: altitude, longitude and latitude
_ loT A location also includes the time of the measure
_ loT A location includes the accuracytbe measure

&
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D3.2

4 CoverageAnalysis

This section presents the process that has been followed to analyse the coverage of exitiagiesregarding

the COGITO ontology requiremeniresented above in order tawlentify potential ontologies tde reused and

the needs for extensianAs mentioned in the previous sections, the set of ontology requirements was extracted
from the usecasegeported in D2.1 and the COGITO architecture that was extracted from D2.4.

4.1 Methodology

Themethodologyfollowed is shown ifrigure6. It is based on thentologyconformance approach proposed by
Fernandedzquierdo and Garci@astro[12] and consist®f 5 steps:

1. To specify the set of ontology requirements considering the use cases and the COGITO architecture.

2. To dentify the domains associatedith the proposed requirementdpr example building or process.

3. To generate the set of testesignshased on such requements following the test syntax proposed in
[12]. These tests should be abstract in the sense that they do not include any information thieout
ontology on which the tests are going to lexecuted,since they will be executed on multiple
ontologies.The tests will be stored in an RDF file following Wesification Test Case ontology

4. Toselect the ontologies to be analysed. These ontologies were selected from the set coitethed
survey presented in D3[4] based on the domains identified Btep2.

5. To «ecutethe testsgenerated inStep3 on the ontologies selected Biep4.

6. To analysethe results obtained from the test execution $tep5. This analysis should considi&2]:

1 The requirements that arpassedby the analysed ontology, which represents the coverage
between the analysed ontology and the COGITO requiren@ntologiesthat havemet the
requirements could be considered for reuse.

1 The requirements that result inndefined that is, the information that is included in the
requirement,are out of the scope of the ontology.

1 The requirements that result imbsent i.e., the information related to restrictions and
relations that are defined in the COGITO requirements but not in the ontology.

1 The requirenents that result inconflict that is, the incompatibilities between the COGITO
requirements and the ontology.

3 https://w3id.org/def/vic#
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Figure6 - Methodology forthe coverageanalyss

4.2 Results

This section presents theoverage results obtained aftapplyingthe methodology presented in the previous
section. The requirements were divided into three modules, namely:cd)struction (2) resources, and (3)
construction process.These modules are related the categoriesof requirements currently covered in the
ontology.
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D3.2

4.2.1 Construction

Regarding theConstruction module, we selected those ontologies identified in D3.1 related to the building
domain, namelyETSBAREF4BLB[7], W3CBOT[13], Brick, and BPO

Table3 shows the term coverage for each of the ontologies to be analysedTatde 4 shows the set of
requirements proposed dr the Constructiondomainand the test results for each tiieseontologies.The tests
used to check whether the requirements were satisfied are available online in the Qiggabitory?, andthe

tablessummarise the results of their exeton.

CONSL

CON&

CONS3
CONS&t

CONS
CONSS
CONY&

Table3 ¢ Term overage resultfor the Constructiondomain

Term
SAREF4BLDG
containsZone undefined
hasElement undefined
hasQualitylnformation undefined
hasSpace passed
location passed
Construction undefined
Element passed
Qualitylnformation undefined
Space passed
SpatialThing undefined
Zone undefined

Test results

BOT
passed
passed
undefined
passed
undefined
undefined
passed
undefined
passed
undefined
passed

Table4 ¢ Requirement coverage results for th@onstruction domain

A construction can contain one or sever:

zones

Requirement

A construction can have one several

spaces

A zone can have one or several spaces

A (construction) element has quality

information

A (construction) element is a spatial thing
A construction is composed by elements

Each (construction) element has a

location

SAREF4BLDG BOT

undefined

undefined

undefined
undefined

undefined
undefined
undefined

Brick BPO
undefined undefined
undefined undefined
undefined undefined
undefined undefined
passed undefined
undefined undefined
undefined passed
undefined undefined
passed undefined
undefined undefined
passed undefined
Test results
Brick BPO
undefined  undefined  undefined
undefined  undefined undefined
passed undefined  undefined
undefined undefined undefined
undefined undefined undefined
undefined  undefined  undefined
undefined  undefined undefined

The tables clearly show th#te requirements in the Construction domain are not directly covered by any of the
ontologies. This is expected, since one of the main concepts in these requirements is the construction one and
the analysd ontologies are mostly focused on buildings.

4 https://saref.etsi.org/saref4bldg/
5 https://w3c-lbd-cg.github.io/lbd/bot/

8 https://brickschema.org/

7 https://www.projekt-scope.de/ontologies/bpo/

8 https://github.com/oegupm/cogito-buildingontology/blob/main/tests/testsuite.ttl
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On the other hand, analysing the coverage according to the terms that appear in the requirements it can be seen
that SAREF4BLDG, BOT and Brick already include some of the required terms. The current regquaremen
focused on spatial and topological information (covered by those three ontologies) and on construction elements
(covered by SAREF4BLBGT,and BPQ2 SAREF4BLDG and BOT are potential candidates to be reused in the
COGITO ontology, since they cover these two aspects. In order to represent spatial and topological information,
even if one of the ontologies is reused, the approach to follow should trgetacompatible with asnany
approaches as possible. Besides, if in the future there are more requirements related to the schematic
description of building products, the BPO ontology is a good candidate to be reused.

The tables alsallow oneto identify those requirements that are currently out of the scope of thealysed
ontologies and that could lead to potential extensions. One of them, as mentioned before, is the description of
the construction, which encompasses more information than a perspectivebasiydon buildings. Thether is

the qualityof the construction elements.

4.2.2 Resource

Regarding th&kesource module, we selected those ontologies identified in D3.1 related tgeheraldomain,
namely,DICG, ifcOWEC® and BIMERR

Table5 shows the term coverage ffeeach of the ontologies to be analysed af@ble 6 shows the set of

requirements proposed for th&®source domairand the test results for each of the ontologiéghe tests used

to check whether the requirements were satisfiey these ontologes are available online in the GitHub
repository?, andthe tablessummarisethe resultsof their execution.

9 https://digitalconstruction.github.io/
10https://standards.buildingsmart.org/IFC/DEV/IFC4/ADD2_TC1/OWL#

1 https://bimerr.iot.linkeddata.es/

12 https://github.com/oegupm/cogito-resourcesontology/blob/master/tests/testsuite.ttl
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Table5 ¢ Term coverage results for thBesource domain

Term

executesAction
hasAccuracy
hasAltitude
haddentifier
hasLatitude
hasLocation
hasLongitude
hasRole
hasStatus
hasTimestamp
inTask
measures
participatesinTask
Action
Equipment
Location
Material
Resource

Role

Sensor
SpatialThing
Status

Task

Worker
WorkerParticipation

Test results

22

DIQO (Entities)

undefined
undefined
passed

undefined
passed

passed

passed

passed

undefined
undefined
undefined
undefined
undefined
undefined
passed

passed

undefined
undefined
undefined
undefined
undefined
undefined
undefined
undefined
undefined

ifcOWL

undefined
undefined
passed
undefined
passed
passed
passed
passed
passed
undefined
undefined
undefined
undefined
undefined
undefined
passed
passed
passed
passed
passed
passed
passed
passed
undefined
undefined

BIMERR
(Material,
Process)

undefined
undefined
undefined
undefined
undefined
undefined
undefined
undefined
undefined
undefined
undefined
undefined
undefined
undefined
undefined
undefined
passed

undefined
undefined
undefined
undefined
undefined
passed

passed

undefined
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RES&

RESG2
RESG3
RESG4
RESG5
RESO6
RESG7
RESG8
RES®

RESQ10
RESQ11

Table6 ¢ Requirement overage resultdor the Resourcedomain

Requirements

DICO

(Entities)

Workers, equipment and materials are resourc: undefined

A resource is a spatial thing undefined
A resource has a location undefined
A worker has an identifier and a password undefined
A workerperforms a role for a certain task undefined
A worker executes an action in a task undefined
A piece of equipment has a status undefined
A sensor measures thecation undefined
A location includes: altitude, longitude and passed
latitude

A location also includes the time of the measur undefined
A location includes thaccuracy of the measure undefined

Results

ifcOWL

undefined
undefined
undefined
undefined
undefined
undefined
undefined
undefined
undefined

undefined
undefined

BIMERR

(Material,

Process)
undefined

undefined
undefined
undefined
undefined
undefined
undefined
undefined
undefined

undefined
undefined

The tables show thats in the previous casthie requirements in the Resource domain are not directly covered
by any of the ontologies. However, it can be seen that the DICO Entities and ifcOVidgiestaover several
terms of the requirements, while the BIMERRtologies covepnly a few of them. ifcOWktovers more terms
than the DICO Entities ontology, due to its more genscalpe,and has potential to be reused. In any case, the
DICOontologiesalsohave thepotential to be reusedas a result otheir focus in the construction domain. The
BIMERR ontoljies may be relevantiii the futurethe requirements go deeper into the description of materials.

Out of the ontologiesscope of theanalyseds the description of workers and their activities in the construction
processwhichcould lead toa potential extension Another thingthat isnot present in the ontologies is detailed
information about sensors and their accuracy, but this is something already covered by I0T ontologies such as
SSN or SAREF.

4.2.3 Construction Process

Regarding the resourcesodule, we selected those ontologies identified in D3.1 related to the general domain,
namely,DICO Procesesontology, BB& [14] and W3C Timé.

Table7 shows the term coverage for el of the ontologies to be analysed afdble8 shows the set of
requirements proposed for theConstruction Processomainand the test results for each of trentologies. The
tests used to check whether the requirements were satisfied by these ontologies are available online in the

GitHubrepository'®, andthe tablessummarisethe results of their execution.

13 https://www.irit.frirecherches/MELODI/ontologies/BBO#
¥ https:/iwww. w3.0rg/TR/owdtime/
15 https://github.com/oegupm/cogito-constructionprocessontology/blob/master/tests/testsuite.tl
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ID

PRO€EL
PRO

PROG

PRO&A
PROG&
PRO&
PRO&
PROE&S
PRO®

Table7 ¢ Term coverage results for th€onstruction Procesdomain

Term

belongsTo
hasCost
hasCreationDate
hasOrder
hasProgress
hasQualityInformation
isAllocatedTo
isMeasuredIn
isRelatedTo
requiresResource
Cost

Currency

Element

Process
Qualitylnformation
Resource

Task

Table8 ¢ Requirement overage resultdor the Construction Process domain

DICO
(Proceses)
undefined

undefined
undefined
undefined
undefined
undefined
undefined
undefined
undefined
undefined
undefined
undefined
undefined
undefined
undefined
undefined
passed

Requirement

A task hagjuality information

A task is related to one or several
(construction) elements

A (project) process has a cost, which is undefined
measured in a certain currency

A task belongs to a certain process
A task includes progress information
A task can have a date of creation

Test results
BBO

undefined
undefined
undefined
undefined
undefined
undefined
undefined
undefined
undefined
undefined
undefined
undefined
undefined
passed

undefined
undefined
passed

DIQO
(Processs)
undefined
undefined

undefined
undefined
undefined

A task can have an order in the workflow undefined
A task has requirements regarding resourc undefined

Resources can be allocated to a task

undefined

W3C Time

undefined
undefined
undefined
undefined
undefined
undefined
undefined
undefined
undefined
undefined
undefined
undefined
undefined
undefined
undefined
undefined
undefined

Results
BBO

undefined
undefined

undefined

undefined
undefined
undefined
undefined
undefined
undefined

W3C Time

undefined
undefined

undefined

undefined
undefined
undefined
undefined
undefined
undefined

As in the previous cases, the requirements in the Construction Process domain are not directly covered by any
of the ontologies. Furthermore, in thimse the coverage of terms is minimal (only the Task term is covered by
DICO Processand BBQ

The W3CTime ontology does not cover any requirement or term, which makes sense since the current
requirements do not deal with theletailed representation of temporalinformation. Besides, both DICO
Processes and BBO are intended to represent processes, butdthet from different perspectives: DICO
Processes focuses on the description of activilw$ and changes of states through conditions affdcts,and

BBO is a formalization of BPMRherefore, none of the analysed ontologies is a candidate to be retigkt

now; however, once we have morequirementswe will analyse them again.

S
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The analysis shows a clear gap in the representation of processes according to their relationship with the
construction procesd.e., the resources (workersguipment,and materials) involved in the process, the quality
of tasks, and the cost of tasks.

S .
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5 Overview of the COGITOntology Network

The ontology network developed for theOGITQroject consists for now dahree ontology modules, where
each moduleorresponds t@ne specific domaimamely, constructiorprocessand resourceFigure?, provides
a graphical overview of the OGTOontology network showing the main concepts defined in each madule
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Colouredboxesare used torepresent modulesurrently implemented,while white boxes represent reused
terms from existingontologies.Ascan be observed, some of the ontologies reviewed in previous steps of the
project were reused according to the results of the process describ&bdation4, like BOT. Additional cross
domain ontologiessuch asVGS84were also reusedncerequirements and conceptualizations were analysed
in detail. The prefixes, and corresponding ontologieseated andreusedin the COGITO ontologye listedin
Table9 and Tablel0, respectively

Table9 ¢ List of the ontologies created in the COGITO project

(Proiic Namespace

https://cogito.iot.linkeddata.es/def/construction#
https://cogito.iot.linkeddata.es/def/process#
https://cogito.iot.linkeddata.es/def/resource#

Table10¢ List of the ontologies reused in the COGITO project

https://w3id.org/bot#
| geo |

http://www.w3.0rg/2003/01/geo/wgs84_pos
https://saref.etsi.org/core#
https://saref.etsi.org/saref4city#
http://www.w3.0rg/2006/time#

The main hierarchies between concepts are also includedsdihierarchies are represented by arrows with
white endings (triangles) and can be read as follaWws:class in the origin of the arrow is a subclass of the class
atthe end of the arrowAd hoc relations between different modules and within moduleszadse present Arrows

are used to represent these properties between classes and to represent R DFSand OWLconstructs.
More precisely:

9 Plain arrows with white triangles represent theubclasselationshipbetween two classes. The origin
of the arrows is the class to be declared asubclass of the class at the destination of the arrow.

1 Plain arrows between two classes indicate that the object property has declared as domain the class in
the origin and as range the class in the destination of thevariThe identifier of the object property is
indicated within the arrow.

9 Dashed labiled arrows between two classes indicate that the object property can be instantiated
between the classes in the origin and the destination of the arrow.idétifier of the object property
is indicated within the arrow.

1 Dashed arrows with the identifiers between stereotype signs (ke&s,>=2) refer to OWL constructs that
are applied to some ontology elements, that is, they can be applied to classes erteemlepending
on the OWL construct being used.

91 Dashed arrows with no identifier are used to representittietyperelation,indicating that the element
in the origin is an instance of the class in the destination of the arrow.

Datatype properties areehoted by rectangles attached to the classes, in a ‘dkitnted way. Dashed boxes
represent datatype properties that can be applied to the class it is attatheshile plain boxes represent that
the domain of the datatype property is declared to be thess attached.

For more details about thgraphicalnotation used in this diagranyou can see th€howlk Visual Notatidf

The omplete andup-to-datedocumentation of each ontology module is provided onliag explained iSection
3.In the rest of thé section only the main conceptand modeling decisions are detailed.

16 hitps://chowlk.linkeddata.es/chowlk_spec
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5.1 ConstructionModule
The current conceptual model defined for the Construction module is depictEayure8.

The main classemnd propertiesn this module are based on the Building Topology Ontology (BOT), iwhadd
to describe the topological concepts otanstruction.

1 constZone: is defined as subclasof bot:Zoneand, as such, a part of the physical or a virtual world
that is inherently both located in this world and has a 3D spatial extent.

1 constSpace is defined assaibclasof bot:Space and, as suchpart of the physical world or a virtual
world whose 3D sp@l extent is bounded actually or theoretically, and provides for certain functions
within the zone it is contained it is also asubclasof bot:Zone

1 constConstructionis defined as@mething constructed; a structurdtis aclass which is not caidered
in BOT, but we can include it into the bot:Zone hierarchy, as well as Space. A const:Construction can
contain const:Zone and cons:Space, reflected in the diagram by bot:cotainsZone and bot:hasSpace
respectively.

1 const:Element is defined as a sudss or bot:Element and, as suchnstituent of a construction entity
with a characteristic technical functiofgrm, or position A constElement can contaiaub-elements.A
constZone can contairsome const:Eements (and so do consfonstruction and corntsSpace).A
const:Element can have information about its quality (const:Qualitylnformation), which has been
defined as asubclas®of s4city:KeyPerformancelndicator.

These suktlasses have been created because we foresee some specifiprdgerties thatwill be needed for
them. They are alssubclassesf geo:SpatialThing in order to reuse its location properties.

= &
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saref Feature |€——saref refersToFeature——  sdcity:KeyPerformancelndicatorAssessment

saref.FeatureOfinterest [« aref: sdcity:quantifieskPI

sdcity:KeyPerformancelndicator

geo:SpatialThing bot Element const Qualitylnformation

consthasCQualitylnformation

constElement |

[
r
[N
P

processrelatesToElement
L

iconstifcldentifier String!

TR
bot:hasSubElement
1

process:Task

const:hasElement

bothasElement

process.Process

flocess: isRelatedToBuilding

const: Construction ﬁ

bot:Space icons’t:ifcldent'rﬂer:string - )
bot:Zone geo:SpatialThing

bot-hasSpace T
i botcontainsZone
¥

—D const-Space const:Zone

bothasElement

bot-hasSpace

Figure8 ¢ General overview of theCOGIT@onstruction ontology

5.2 ProcesdModule

The current conceptual model defined for tirocessmodule is depicted irFigure9. The main classeand
propertiesin this module have been defined anew:

1 process:Proess is defined aa series of actions aimed at accomplishing some reggulthis case, a
const:@nstruction)

1 process:Task is defined as a piece of work, which is carried out in a process:Process (process:helongsTo)
and is related to a const:ElementA process:Task can have information about its quality
(cost:Qualitylnformationaind a duration (process:hasDuratioiye carincludethe process:status and
the process:progress of a process:Ta&kprocess:Task takes place at a timerval (time:Interval)
defined by a beginning and an end instant

1 process:Cost is defined #se price paid to acquire, produce, accomplish, or maintain anyttim¢his
case, procesProcess and process:Task); and this price is measured (process:measuredin) in a currency
(process:Unit@Currency)

§§M COnstruction phase
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saref.FeatureOfinterest f:

const:Element

constifcldentifier: String

processisExecutedAfter

[€——processrelatesToElement:

s4city.quantifieskPI

sdcity:KeyPerformancelndicator

constQualitylnformation

L1

process Task

process:hasName:String

time:Interval

processisPlannedin

const:Construction #—process.isRelated ToBuilding—

process.Process

constifcldentifier:String

process:hasName:String -
process:hasCreationDate: DateTime |

_______________________ e

Figure9 - General overview of the COGITO process ontology

5.3 ResourceModule

process:belongsTo

process hasCost

process:Cost

process:amount -Float

process:isMeasuredin

process:hasCost

process:hasProgress:String

process:hasCreationDate:DateTime!
process:hasPriority:Infeger

processil

resource isAssignedToTask

process:UnitOfCurrency
) resource:Resource

il

[—process-hasDuration time:Interval

The current conceptual model defined for tiResourcenodule is depicted ifrigure10. The main classes and

propertiesof this module are the

following:

1 resource:Resource is defined asource of supply, support, or aid, esfallyone that can be readily
drawn upon when needd resource:Worker, resource:Material, and resource:Equipment are
subclassesf resource:Resource; and all of them have a location (resource:LocationProjtagglso
asubclas®f geo:SpatialThing in order to reuse its location properties.

1 resource:Waker is defined as laborer or employe&ho plays a role (resource:WorkerRole) and does
an action (resource:Action) for a process:Task

1 resource:LocationProperty is definedaplace of activity agituation,its coordinates are geo properties
of longitude, altitude, and latitude. Since a saref:Sensor will be used to measure this property, the
accuracy of this measured is also relevant (resource:hasAccuracy), as well as theviaseneasured

(time:Interval).
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process:Task

process:hasMame:String
process:hasCreationDate:DateTime
process:hasPriority-Integer
process:hasProgress:String

sarefisPropertyOf

:

LocationProperty —

sarefIMUSensor v
'geoclat:Float
\geo:long:Float

igeo-alt Float
rresource:hasAccuracy:Float

rescurce:measuredm—[

time:Interval

Figurel0¢ General overview of the COGITO resource ontology
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resource:hasStatus:String
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¥

resource-relatedTo

resource:WorkerinTask

resource:playsRoleForTask

| resource:WorkerRole |
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6 OntologyDevelopment Infrastructure

This section describes the ontology development infrastructure usedipportthe activities in the ontology
development processlescribed above

6.1 Infrastructure to Support the Requirements Specification Activity

The ontology development team used spreadsheets to store the requirements per component. An excerpt of
these requirements is shown Figurell.

Identifier Status (Proposed,

(component+id NaturC;T;:gti:Z); E:r?i::cnel(fact) Answer Accgpled, Rejected, Superseded by Comments E(fr‘:vi:ir:?e? (High, ;23:&?{. Low)
\ Pendina Denrecated)
pms-1 A construction can contain one or several zones minutes of meeting on PMS
pms-2 A construction can have one or several spaces minutes of meeting on PMS
pms-3 A zone can have one or several spaces minutes of meeting on PMS
pms-4 Resources can be allocated to a task minutes of meeting on PMS
pms-5 Workers, equipment and materials are resources minutes of meeting on PMS
pms-6 A resource is a spatial thing minutes of meeting on PMS
pms-7 A (construction) element has quality information minutes of meeting on PMS
pms-8 A (construction) element is a spatial thing minutes of meeting on PMS
pms-9 A task has quality information minutes of meeting on PMS
pms-10 A task is related to one or several (construction) elements minutes of meeting on PMS

Figurell- COGITO ontology requirements for PMS

These requirements per component wear@organisedper domain (seé&ection3) and converted intan HTML
file and uploaded to the COGITO ontology pditalith the most relevant informatiorfor users to facilitate
visualization Figurel2 shows an excerpt of the HTML documentation of @@GIT@equirements

Ontology requirements

COGITO

Here you can find the list of the requirements identified for the COGITO Construction Process antclogy and their main features.

Competency Question /

Identifier Component 7 Natural language sentence (fact) " Answer 7 Status Superseded by M Prioritf
PROC-1 WODM A task has quality information
PROC-2 WODM A task is related to one or several

(construction) elements

PROC-3 WODM A (project) process has a cost, which is
measured in a certain currency

PROC-4 WODM A task belongs to a certain process

PROC-5 WODM A task includes progress information
PROC-6 WODM A task can have a date of creation

PROC-7 WODM A task can have an order in the workflow
PROC-8 WODM A task has requirements regarding resources
PROC-9 PMS Resources can be allocated to a task

Figurel2- HTML requirements for the construction process

17 https://cogito.iot.linkeddata.es/
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6.2 Infrastructure to Support the Ontology Implementation Activity

To support the implementation activity, the ontology development teasesseveral tools to editstore, and
evaluate the ontology.

1 For ontologyedition, the ontology development team uses Protéd&which allows the creation,
visualisation, and manipulation of ontologies.
1 For ontology storage, the ontology development team uses GitH#bGitHub repository is created for
each ontolgy in the COGITO ontology network. Each repository includes:
o A folder with the implementation of the ontology.
o A folder with the ontology modelling diagrams.
o A folder with the documentation of the ontology.
o A folder with the requirements and tests of thatology.

The development team usethe OnToologs? tool to generate documentationand evaluate the ontology.
OnToology, which integrates the tools Widétfi0] and OOP$?[11], automatically generates a folder in the
GitHub repositorythat includes the resources: diagrams, documentation, and evaluation report.

6.3 Infrastructure to Support the Ontology Publication Activity

To support the publication activity, the ontology develogmh team createsin ontology portal onlineto make
the ontology and all the associated information (repository, requirements, tests, releasestoetis¢rs. This
ontology portal has different sections:

1 Ontologies
1 How we work

6.3.1.1 Ontologies

The Ontologies s#ion, which is the main section of the portal, shows the main information about the ontologies
created in the COGITO ontology netwdfigurel3shows an overview ofie information exposed in this section

of the portal. The section follows a tabular approach whictiudes the following:

Link to the ontology documentation published on the Web
OntologyDescription

Link to each GitHub repository

Links to eacl®itHub issue tracker

HTML description of the requirements identified by the domain experts
Link to each ontologyelease

=A =4 =8 -4 -4 -9

18 https://protege.stanford.e

19 https://github.com/orgs/oegupm/teams/cogito
20 https://ontoology.linkeddata.es/

2L https://github.com/dgarijo/Widoco
22http:/loops.linkeddata.es/
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Ontologies

COGITO

Here you can find the list of entologies developed for COGITO project

If you want to contribute developing ontologies please follow the guidelines we provide

Ontology + Description 4+ Requirements + Repository + Issue tracker ¢+ Releases

COGITO Construction This ontology aims to model the Ontology Requirements Ontology Repaository Ontology Issue Tracker Ontology

Process ontology construction process in the COGITO Releases
ontology

COGITO Construction This ontology aims to model the Ontology Requirements Ontology Repository Ontology Issue Tracker Ontology

ontology construction data exchanges in the Releases

COGITO project

COGITO Resources This ontology aims to model the Ontology Requirements Ontology Repaository Ontology Issue Tracker Ontology
ontology resources in the COGITO project Releases

Figurel3- Ontology section in the COGITO ontology portal

6.3.1.2 How We Work

Regarding thesection ‘howwe work, it provides a brief overview of the proposed process for developing
ontologies and some guidelines, which shobtuseful toanyone who wants to contribute to #hontologes.
This section includes informati@bout the following.

How shouldhe repositay be structured

Toolsrecommended to be used during the ontology development process
Ontology versioning

Management of issues.

= =4 =4 =4

6.4 Infrastructure to Support the Ontology Maintenance Activity

To provide supporfor maintenanceactivity, ontology developers use the GitHub isdtecker,which manages
and maintainsthe list of issues identifiedy domain experts and ontology developers. The GitHub issue tracker
provides thestatus of the issue, assignesnd descriptiorandallows oneto add comments to the issue to discuss
about it. Each issue tracker is associateih a GitHub repository and, consequentlyith an ontology in the
COGITO ontology network.

Tomanagechangesn the ontology,all new proposas and improvementsnustbe agreed uporby all members
of the ontology development team. If domain expertssers,or ontology developers want to add, deleter
modify concepts in thentology,they must create a new issue in the GitHub issue traeksodcated with the
ontology to be modifiedwhich will be used tdiscusghe approval or rejection of the propos&ligurel4 shows
the GitHub issue tracker fame of theCOGIT@ntologes
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Figurel4 - Exampleof the GitHub issue tracker
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