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D3.1

Executive Summary

This deliverable presenthe results ofa survey on exing data models and ontologies that are relevanthe
COGITAYF2NXI GAZ2Y R2YIAYyaQ NBIJdANBNGYiIiBRS® OXKP( SHmgS® KI &1
2F 9EA&GAY3 51GF a2RSta 3 hylil2t 2Thddsta@ modelsdndign®laples G SR { G
documented hereirare related to several domaimslevant to COGITtat the consortium has identifiedt this

stage of the projecti.e.,building, process, mulSource visual data, Internet of Things (loT), simulation, workflow
management and smart contracts, health and safety, and quality coftwalve data models ansventy-three

ontologies have been extread from the literature and briefly presentdd this document.

The aim of this document is to provié® overview of eisting data models and ontologies to be considered for
reuse and alignmenduring the development of the COGITO ontology. Moreovers giirveyalso aims at
identifying potentially missing elements to cover the information scope in COGITO.

From theresults of thesurvey, it has been observed that, in general, there are exiting ontologies and data models
related to themajority of the identified domainswith the exception ofthe multi-source visual data and workflow
managementdomains where no speific ontologiestailored to their scopewvere found.The survey hasalso
revealed thatwell-known ontologiesrelated to the Internet of Thingsimulation and construction crew and
safetydomainscould be considered as potential ontologies for reuse witBdGITOTwo ontologies and two

data modelsappear to becrossdomain and that are relevanb the majority ofthe COGITO domaipsesented

in this document i.e., the IFC and cityGML data models and the DICO and ifcOWL ontologies

This documentwill consttute the maininput in task 6T3.2¢ COGITO Data Model, Ontology Definition and
Ly G SNER LIS NI avhefethdiGOGIF S corisativiiliXletermineto what extent these identified ontologies
and data models can be reuséat the developmenbf the COGIT©Ontology.

= &
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D3.1

1 Introduction

1.1 Scope and Objectives of the Deliverable

Building Information Modéihg (BIM)[1] and reality capture technologies in the construction phhage gained
significant attention as blate, revealing the need foan efficient usage and exchangé dataacross the various
application areaghat the construction project entail In practice,drge scale construction projeatdten require
collaboration and information exchange among different actors and systeWghin COGITO, a
multidimensional, dynamically updatedijgital representation (twin) of a construction projeis introduced
using methods to ensure interoperability among th&atient components and technologies.

The Digital Twin platformthat will constitute the backbone of theCOGITOsolution aims toenable
interoperability with existing and emerging standar and data formats coveringarious domains.
Interoperability could B applied to different levels in information systems, namely, technical interoperability,
syntactic interoperability and semantic interoperability. Technical interoperability addreseegrioblems
related to the hardware and software elements involvedhie communications protocol, infrastructures, and
physical components to exchange data. Syntactic interoperability focuses on the exchange of data formats
between systems. Finally, sentaminteroperability aims at providing successful exchange and proupss
meaningful information in addition to raw data.

This deliverable presents a survey of the existing data models, ontologies, standards and proprietary data models
of prominent ICTiools that can be used in the COGITO environment for exchanging Tatagoal of this
document is to analyse the literatute identify what already exists and is available in the dom#ias are
relevant tothe scope ofCOGITOConsidering the fact thaadditionaldomains might arise during the project
lifetime, at thisstage of the projegtthe domains that arenticipatedto be studied in terms othe semantic
modelling arethe building proceses multi-source visual data, Internet of Things (ladiulation, workflow
management and smadontracts health and safetyand quality controdomains

1.2 Relation to other Tasks and Deliverables

This deliverable is based on the use cases defined in D2.1 an&f@Rdholder requirements for the COGITO
system and it will be used tadentify potentially missing element® cover the information scope cOGITO
anddevelop the COGITO ontologi¢ask T3.2) to support semantic interoperability in the project.

1.3 Structure of the Deliverable

The deliverable is striagred asfollows:

1 Section 2provides an overview ahe domainsthat have been identified as relevant to the COGITO
activities at this stage of the project;

1 Section 3presentsdata models, ontologies and standarttsat are related to the constructiorsite
domain, becusingon building,

1 Section 4presentsdata models, ontologies and standards related to te@structionprocess

1 Section5 showcasesdata models,ontologies,and standardsthat could partially but semantically
represent data that are capturedyithe asbuilt informationvia reality capture toolémulti-source visual
data, loTand simulatiof;

1 Section6 introduces data models,ontologies,and standardswhich are relevantto the workflow
management and smart contracts domains

1 Section7 summariseslata models, ontologies and standards relatedtte health and safetglomain;

Section8 summarises the relevant data models, ontologies and standards related to quality gontrol

1 and finally,Section9 concludes this work and provides some @tgs into he future use of this survey
results
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2 Relevantinformation Domains

2.1 Digital Twinsin the Construction Phase

During the last two decades, the Architecture Engineering and Construction (AEC) industry is evolving with the
incorporation of various@mputer tedinologies enabling modelling of whole construction site or building assets

along with their components (structural and natructural), providing the involved AEC stakeholders with a

shared resource of information which can form a reliable bfiglecis2 ya Yy R | OG A2y a (KNERdAK
lifecycle. The traditional papdyased information (e.g. drawings, specifications, etc.) collection and management

is currently shifting to electronic documents, fl@ased drawings, and digital data reciong.

Adoption of emerging technologies such as Building Information Modelling (BIM) is triggering a digital
transformation of the global AEC industBuilding Information Modelling (alsknown as Building Information
Managing) is based on managing InformatiModels which digitally represent the asset (building or
infrastructure) to beprojected, constructed or operatef@]. An Information Modeis a set of suctured and non
structured information containers, beinglM Models themain dructured container, so the rest of information
inside the other containershould referene to it (ISO 26501:2018). In a BIM model, the representation of an
element is defind through its physical and functional characteristics using parameters ancbnpies(3]. This
information is specified IN2 ANB a 4 A @St & RegeNomFlesigrkiGopéraiicn Mom@aveditfekeft S
stakeholders snultaneouslydevelop the BIM Model, storing on it th@oduct of their decisios. To producghis
collaborative works it has to be set procedures, ICT tools architectures and format&CaBIM Collaboration
Format(BCF)inside what is commonly nardeCommon Data Environments (CPH)

All this irformation is subject to the traceability of the changes that preduced during the entire life cyclef
the asset Usually,one sytem is usedhroughout the Delivery phase (Design and Constructing) and another,
during the Operation periofb].

According to[6], the Digital Twin idea was first introduced as an unnamed condeptProduct Lifecycle
Management(PLM) back in 2002 and wasbsequently called Mirrore&paces Model, Information Mirroring
Model and even Virtual Twin until its final denomination as Digital Twin il.28ihce this, the term has been
widely used irdifferent sectors for referring to digital replicas of physical entities.

The AEC sector has not been alien to the idea ofdDifivins, and as part of the process of technological change
happening in the last few years, more and more interest has anistre concept of Digital Twi].

We could say that Building Information Model provides thebis for a Digital Twiggt it does not provide direct
physicaidigital linkages to link informatiombout the current behaviauor state and as such does not serve as a
virtual operation tool7]. There is a lot of informatio from the building and its subsystems which extend current
BIM methodology including the integratiavith 10T (Iernet of Thirgs), BMS (Building Management System), ERP
(Enterprise Resource Planniray)BAS (buildingutomation system), to provide toote capture, store, and share
critical building informatior8].

In COGITO, the Digital Twin platform will handle and store all constructiortalbtang all the aslesigned and
asbuilt information together to create a digitaépresentation of construction projects enabling compuiéted
analysis and decision making via constructiorvises.To support these goals, the construction site, proesss

and management need to be properly molgel based on a common information mollevhile data must be
captured to populate that model. Especial attention will be paid to assist the delivery of services to safety
assurance, quality control, and workflow modelling and managemE&merefore,the following domains have
been chosen to beralysed in thiseport:

1 Constructiorsite:
o Building
1 Constructiorprocess
1 Reality-capture
0 Multi-source visual data
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0 Internet of Things
0 Simulation
1 Applications
o Workflow management and smart contracts
o Construction safety
0 Quality control

2.2 ConstructionSite

Diverse data modeland ontologiesierived from existing standard®uld be potential data formats to Hanked

towards developinga multidimensionaBIM-based ontology fobuilding and infrastructure anstruction sites

that meet the COGITO interoperabylitequirements In contrast to the Buildings domain, where various data

models and ontologies exist to semantically link multilevel information, the Infrastructures domains has so far
beenoverlooked. Although there is an upcoming standardised data mdaelndustry Foundation Clag$FC4.3

release candidafe that support many infrastructure types (e.gailways and roads), it has not been widely

tested. Thus, we decided to exclude timérastructure domain from this study, and further investigate itlag

S+ NX & &r8.2¢8GGITOData Model, Ontology Definition and Interoperability Desigh OG A A G A Sad L
mentioning though that the aforementioned data model inherits cquiséfrom the IFC4 that is briefly presented

in section3.1.1.1

2.2.1 Building

A building is a set of components related to the architectusdtuctural, and building gstems domains of
Architectural Engineering and Construction sector. These elements are grouped into nested subsets referring to
the stories, apartments and internal spaces and opening volumes following dikeestructure. As far as
construction manageent is concerned, in COGITO thailding model elements are grouped with respect to
respective time intervalselated to different castruction phases.

The architectural building elements refer to components of the building fabric which play aaestieetic role
to the overall buildag structure €.g. slabs, walls, opening volumes) as opposed to the structowdting
elements whichare vital to the support of the overall building structueed.beams, columns). Building systems
refer to devices Wichboth consume energy antbntribute to the building operation.

Additionally, many of the building components are also annotated wekieralproperties. Some of these
components appear as elements in different product catalogues, referring to exjatimtyicts in the market.

For example, a building wall is connected to a specific material layer bedding, where each material has specific
thermal properties, or a building boiler is connected to a set of performance measure values.

2.3 ConstructionProcess

oGartner defines business process as an ewdmien, endto-end processing path that starts with a customer

request and ends with a resufor the customer. Business processes often cross departmental and even
organizational boundarie%. Sincethe 1990S the business process is understood as a sequence of actions that

are manually, serrutomatically or automatically performed aimingto a8f@S G KS O2 YLJI y&Qa 3I 2| f

This leads to following conclusions: (a) The business processes are aligned toy@n@a k Odza G2 YSNAE =
(b) The business processes are executed on differeotial, virtual, physicalplatforms.

The construction process not just how something is builit is all the steps involved around the building of
something. From sitehoice to final inspection (and all the thousands of conversations with contractors and

L https://standards.buildingsmart.org/IFC/DEV/IFC4_GRHTML/

2 https://www.gartner.com/en/informationtechnology/glossary/businegsrocess

3 Michael Hammer, James Champysiness Reengineerirdie Radikalkur fir das Unternehmén Auflage.
CampusVerlag, Frankfurt/ New York 1995, ISBN93-35017%3
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stakeholders in between), the construction process covarsrfore than the actual construction phase itsdif.
can be broken dowimto 6 main parté

1 Conception
Desgn;
Pre-construction
Procurement
Construction
Postconstruction

=A =4 =4 -4 =4

The construction paris the physical processes of building, landscaping arbéfhing plus all the associated
activities, such as demolition, site clearanadministration and so on

In COGITO, the different phases of a construction project need to be represented in order to be ablgse anal
the tasks that have taken plaemdsuggest the following procedures.

2.4 RealityCapture

Within COGITOeality capture bols will collect all the necessary data regarding the status and conditions of the
construction site via imaging, laser scannilegalsation, and othermeans.

Data will fow continuously from these tools to the platform, reflecting the actual state prodgjress/evolution
of the construction site. Raw data captured by reality capture toolsseitve as input to the prprocessing
modules (Visual and loTwhich will populate data requested forthe COGITCQconstruction Digital Twin
Applications (Visual &eometric Quality Control, Health & Safety, and Workflow Simulation & Management).

2.4.1 Multi-sourceVisual Data

Devices that might be used for capturing the visual data couldnyedevice that includesauilt-in camera, for

example a smartphone, a tablet, a head mounted display device (such as AR goggles), a satellite, a video camera,
a, infraredor thermalcameras, etc. Those images might be direct captures as an imagerfiigidrbe a frame

capture of video.They might also be infrared images. Infrared images can be captured from infrared cameras
and basically expand the portion of the spectrum that the human eye can see, by visualizing and measuring the
thermal energy thatd emitted from an object. Everythgnwith an emitting temperature above absolute zero (0
degrees in Kelvin) emits heat that can be displayed in an infrared image.

There are two basic methods used for the description of images and image contents. Thedetagan be
treated as a physicaimiage representation and their meaning as a logical image represent@jofihe most
common form of the physical image representation is the raster form. It includes the image header @kescrib
the main image parameters, sueB formal, resolution, bits per pixel number and compression information) and
the image matrix (contamthe image data). In the logical image representation, the description of the image
object includes meta, semanticplour, texture, shape and spatiattdbutes. Many of the features can be
represented as sets of points tagged with labels to capture s&ay semantics.

2.4.2 Internet of Things

Apart from the multisource visual dataan Internet of Things (IoT) solution thi@) feeds the loT Data Rre

procesing Module with raw 10T streams from the construction field, anchfegtthe 10T datarequirements of

the COGITO Digital Twins (DT) Applications, will be desidaeeloped,and delivered. More specifically, real

time daa acquisition about the crew, hedv Y OKAY SNE | YR 230G KSNJ NBaz2dz2NDSaqQ f 2
by a subset of Qital Twin Applications, such as the Proactive Health and Safety and the Workflow Monitoring.

Initially, a thorough survey on a wide mge of hardwardoT technologies Wibe performed, followed by an

evaluation of available communicatigmotocols. Among manguch as computer vision, ultrasonic and infrared,

GKS &adzNBSe gAf & AFBLIRIFAARANIKEGZ & BH greRdedificatibni(RFimased wl RA 2

4 https://monday.com/blog/corstruction/what-is-a-constructionprocess/
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the Global Navigation Satellite System (GNBSgd and Bluetooth being the most promising.The
aforementiored survey will conclude to the Tosensor network that the COGITO project will propose as the
building and infrastucture construction phase lca§olution.

Regardless the results of the survey, the 10T solution will encompass numerous l0T devices whose data formats

and APIsvill be heterogeneous. Devices from different vendors, which will be considered, may repredant da

in different formats, and een when a common format is used, the internal data model schema may vary. Such

a diversity derives in semantic interoperabilitypstacles sinceach system can represent the same thing in

different ways. Apparently, the semta modelling of heterogeneousdevices is a notrivial task. The
RSOSt2LIYSydG 2F Iy L2¢ Y2RSTt eniicing hodvdN@ Rentail the iNPotceingQ a NB |j
a model which is not extensible beyond the initial application reducesnteroperability with other &isting

solutions.

Semantic Technologies, and more precisely ontcloaged approaches, can be leveraged to remedy the
aforementioned drawbacks. Among a wide range of available ontologies for 10T device metadata modelling and
semanticannotation, ontologies that are supported by standaadion bodies are introduced iSection5.2.1

2.4.3 Smulation

The aim of COGITO is to combineplned data with ral-world data so that the simulation models can be
calibrated to the actual state on construction sites. As much of the data is location data cséies data,
methods that account fosspatialtemporal correlations (e.g. ARIMA modelling, kriging) carnvéry useful.
Datasets created from redlme constuction site data will be noisy and careful organisation of datasets will be
needed to combine different types of data to be used in validation of simulation motidormation regarding
proximity of worlers and equipment in space and time andugmment nsor data will be collated from
construction site data to infer worker behaviour and equipment use on site. Network analysis methods and
graphical modelling approaches (e.g. Bayesian netwidi®l Chain Event Graph$1]) will be investigated for
capturing the dependencies exhibited by the datasets associated with different activities.

Once the simulation model has been developed aatibcated it will be used to optimise processes and
workflow. S me of the inputs to the simulation model are uncertain (e.g. unexpected weather, inaccurate sign
in records)c¢ if workflows are to be optimised robustly againtste reatworld (rather than themodel) this
uncertainty must be modelled and accoudtéor. Sane uncertainties arise from extreme events (e.g. weather)
so methods that deal with rare events (e.g. extreme value theory) will be tested. Other uncertaintjesatna
have any associated dasa methods for elicitation of probabilistic judgmeffitsm expets will be used. Bayesian
statistical emulators will be explored for speeding up simulations.

In this regard, data models and ontologies related to shraulationdomain @n be relevant to COGITO.

2.5 Applications

2.5.1 Workflow Managementand Smart Contracts

Workflow management is an integral part of a construction industry processes. It is used to control activities
YySSRSR FTNBY (KS O2yadNHOGA 2y Qral add Réhstructda fedfieditc they = (i K N
successful handover or even constructiondpér A 2y > RSLISYRAYy 3 2y OdzAaG2YSNRA ySS
agreed. Formalisation of the workflows in the real world highly depends on project complexity. Smak privat

projects usually rely on informal control and contractor experience. More congptg&cts incorporate workflow

control through the construction schedule and experience of the project manager, who is responsible for
managing all anticipated and plannedork. To follow and facilitate these realorld activities workflow

management toolgre to be incorporated into the digital twin counterpart created in the COGITO. It will lead to

better control,automatization, and optimisation of all processes throughdhe project lifecycle.

Nowadays blockchain has become a pervasive technologwidearange of sectors such as finance, security,
IoT or public serviceé blockchain is a growing list of records, cabimtks, whictare linked using cryptography.
Each block contains a cryptographic hash of the previous block so that once recomlddiahn any given block
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cannot be altered retroactively without altetian of all subsequenblocks.One key emerging use case of
blockchain technology involve& Y I NI O2y (i N} Oldaéd {YIFNILI O2y iGNNI OGa | NB
automatically exeute the terms of a contract. When a peenfigured condition in a smaxontract among
participating entities is met then the parties involved in a contractual agreement can be automatically made
payments as per the contract in a transparent manfi&y. In COGITGmart contracts will be introdwed to the

workflow modelling and automation process to enhance transparency and will provide trusted means to verify
completion of construction tasks, ass&ll@ase, etcto facilitate automated financial exchanges and minimise
transaction costs and admatrative overhead in construction.

o)

2.5.2 ConstructionSafety

Fatal accidents in construction remain on the top of occupational accident@gigi; the European Uniofi3]

and therefore, construction health and safety planning and management is an essential part of construction
projects. Construction health arghfety aims to establish a safe and healthy occupational environment for the
construction crew as wellsato foste a safety culture in the industry. According to the definition of occupational
health by the World Health Organisation (WH®@¢cupational health and safety focuses strongly on hazard
prevention. To achieve that, severales and regulations ést in naional level, which have been supplemented

by the EU guidelines for the construction industry, such as the EU Directive 92/57/EEC, which outlines the
minimum mandatory safety and health provisions for any constructionasitesets the obligatioto developa

Safety and Health Plan. In construction, safety planning typically includes the risk and hazard identification
process and the selection of corresponding safety meaqurgsinternational standards, such as ISID@0 set

the principles and guidelines for risk identification, analysis and evaluation.

COGITO aims to integrate modern information and communication technologies to enhance health and safety in
construction. Automated safety relchecking on continuouslchangingBIM data will allow for proactive
occupatioral safety on construction sites. Additionally, artificial intelligence and machine learning for human and
machinery trajectory prediction will potentially enable usfayesee hazardous situations amence, impove

health and safety in construction.

2.5.3 Quality Control

Quality Control (QC) in a construction project is a critical step to guarantee that the built elements meet the
quality specifications (e.g. geometric tolerances) in order to ensure thatdNe? 2agh@ves the intended level

2F al ¥Sde |y aSidass Gitchl dolehsird that the subsequent construction works are not
delayed, mainly due to unplanned remedy ks, resulting in additional cts

QC conplements (or may also be considered part@f)ality Assurance (Q#&)at setups a quality management
system (QMS) that ensurdisat processes (and/or products) meet specifications and regulatory requirements.
A QMS is typically built on the Pldo-CheckAdjust (PDCA) cycle method to ensure continuous improvement.
PDCA is promoted in ISO 9(as], the benchmark international standard on Quality Management Systems.

The current practice in Geometric and Visual @{es heaily on human input, which is prone to error,
inefficient, and poorly connected with digitalisation efforts. For example, wgelemetric surveying practice is
gradually (albeit slowly) adopting modern surveyiaghnologies like Laser Scanniting, analyss of the acquired
data to ensure that regulatory and projespecific specifications (tolerances) are met remains a manual and
tedious proces, prone to error.

COGITO aims to transform current Geometric and Visual QC processes by develdpitiatqguocess 3D point
clouds and 2D images from sites to automatically dethfects based on industry standard and organisation
specifications andecord them to the yital Twin platform for enhanced quality information retrieval and
visualisation. fis shall result in significant performance gains, in terms of productivity and fewerrences of
missed defects.

Taking the above example of Geometric QC, COGIT@naillse Laser Scanning data automatically to ensure
regulatory and projecespecific specifications (tolerances) are controlled systematically and very efficiently.
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Besides, integration with the DT will ensure that the geometric QC results are easilyaétard visualised for
fast information retrieval and decision making.

S .
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Survey of Existing Models, Ontologies and Associated Standardization Efforts

3 ConstructionSite

3.1 General

3.1.1 RelevantData Models

3.11.1 IFC

The Industry Foundation Class@iEC)s a standardisedschema for describing building and rbailding related
modelobjects. IFC represemtin open specification for BIM data that is exchanged and shared amongivario
stakeholders engageid a buildinginfr astructure construction or facility management proje&achiFCrelease

is a candidateénternational openBIM standasj published by building Smart InternatiofgbSI) (thelatest
standardisedversion appears it50 16739, 2018).

Its data are physically stored in a STH (readable with aext editor) usingthe EXPRESS datafidéion
language. In addition to the IEXPRESPecfication an ifcXML spdatation is published as well, following the
XML documenstructure.

The IFC specification includes terms, concepts and data specification items that originatediouse within
disciplines, trades, and professions of the construction and facility management indestoy.sThe data schema
architecture of FC defines four conceptual layewghile anindividual schema is assigned éachconceptual
layer.Figurel summarizes thisayered schema IFC architecture.
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Figurel ¢ IFC layered architectufe
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5 https://www.buildingsmart.org/
6 https://standards.buildingsmart.org/IFC/DEV/IFC4_2/FINAL/HTML/introduction.htm
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The fourlayers of IFC schema atee following

1. Resource layer the lowest layer includes all individual schemas containing resource definitimse
definitions do not include a globally unique identifier and shall not be used independently of a definition
dedared at a higher layer

2. Core layert the second to lowest layer includes the kernel schema and the core extension schemas,
containing the most general entity definitions, all erg#tidefined at the core layer, or above carry a
globally unigie id and optnally owner and historinformation.

3. Interoperability layert the second to highest layer includes schemas containing entity definitions that
are specific to a general product, process or resource specialization used across several disciplines, those
definitions are typically utilized for inteddlomain exchange ansharing of construction information.

4. Domain layert the highest layer includes schemas containing entity definitions that are specializations
of products, processes or resources specific to gagediscipline, those definitions are typically utilized
for intra-domain exchange and sharing of information.

IFC has a very accurate and detailed structungporting variougeometric representationfr building and site
elements which canbe adoptedfor all COGITO geometry related operations. In additidata from the
Architectural, Structural, Construction management, Electrical, Plumping and HVAC doouwdihalso beused
in the project

3.1.1.2 CityGML

CityGML is an open data modalhichhas beerrecoqrisedas a standard of the OGC since 2008. CityGML models
havebeen developed to reach a common definition of the basic entities, attributes and relations of a 3Dmodel
that goes beyondhe building level and aims to represetities, districtsor landscapeTheyhave beenwidely

used aghey providefeatures to share and manage the complexity of a ditye use of CityGML for the 3D digital
twinning of construction projects is an optiap for consideration.

The CityGML standard caihs definitions of themost important objects and their categorider the city
information model The CityGML information model consists of two types of modules: the core module and the
extension modules. The core module contains the basic concepts and components of thelCitf@Mation
model. Extension modulesnsurethat the addtion of new thematic classes tthe city information modelis
possible The most important objects of the city information model are divided into thematic modules according
to their characteristicsThese CityGML modelled themes include termmodels, buildings, bridges, water and
traffic areas, vegetation and street furniture, etc. Appearance can be added to-ttimeensional city objects,

and this can be any form of visualization. The appearaacevisualize items according to the shapxttire,
materials or themes. The Application Domain Extension (ADE) of the CityGML information model is an extension
feature that allows new items or properties to be added to the information model. The ADliEecalso used to

add energy information to bldings, for examplé.

TheQtyGML modelsisointroducesthe Level of Detail (LoD) concept which presents the possibility to geseerali
CityGML features from a very detailed to a less detailed description. an€ept of the building model of
CityGML is épicted inFigure2.

Many efforts have been made to achieve a higleel of geometric and semantic granularity in the modules,
especially in the building and comeodule. The LoD diffentiates a Geometrical and a Semantical Level of Detalil,
which are separately defined for the interiand exteriorfeatures of a building. Therefore, the features of the
real world are modelled, and two different types of represeidatareextracted. The&eombination of these types

of repregntation provides even more detailed information about the Level of Details, a better description of the
interior Level of Detail, a broadening of the opportunities for indoor modelling, and @&bassignability to &l
other modules represented in CityGML7]. CityGML can be used in COGITO to model the structures and
components of the exterior and interior of thereasof interestfor a constructiorproject

7 https://ivc.systems/en/explore/technicahrticles/citygny/
8 https://www.hel.fi/static/liitteet -2019/Kaupunginkanslia/Helsinki3D_Kalasatama_Digital_Twins.pdf
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Figure2 ¢ cityGML Building mod€]18]

3.1.2 RelevantOntologies

3.1.21

DICO Ontologies

Digital construction (DIC®dntologies are a suite of ontologiéseeTalle 1) that aim to capture the relevant

objects and proprties (relationships and attributes) that can be referrbg people or systems during the
management and execution of construction or renduatprojects.Theyinclude physical and spatial entities,
temporal regions, information contents, agents, actadti and groupings of object§he DICO ontologies have
been completed in the Linked Data and Ontologies work package of BIM4EEBfroject

Entities

Processes

Agents

Information

Contexts

Variables

TaHe 1 ¢ Ontologies in the DICO suite

Ontaloy

https://w3id.org/digitalconstruction/Entities

https://w3id.org/digitalconstruction/Processes

https://w3id.org/digitalconstruction/Agents

https://w3id.org/digitalconstruction/Information

https://w3id.org/digitalconstruction/Context

https://w3id.org/digitalconstruction/Variables

9 https://digitalconstruction.github.io/
10 https://www.bim4eeb-project.eu/

Identifiable entities with
classifications, breakdowns and
groupings

Activities, capabilities, constraints
and variables

Actors and stakeholders, and thei
relations and contracts
Information content entities
including designs, plans, events,
and issues

Multi-contexts data:
planned/actual, aslesigned/as
built, levels of detail

Variables and constraints to
support the representation of
incomplete plans and
management of changes
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ggﬁ;\e%?t https://w3id.org/digitalconstruction/OccupantBehavio Occupantehaviourand comfort
gsgl?t;/_\'r https://w3id.org/digitalconstruction/IndoorAirQuality  Indoor air quality

Bmldmg https://w3id.org/digitalconstruction/BuildingAcoustics Bulding acoustics

Acoustics

g;stregrﬁs https://w3id.org/digitalconstruction/EnergySystems  Energy systems of buildings
Building . . - . - . - .

Materials https://w3id.org/digitalconstruction/BuildingMaterials Building materials

Evolution of information over
Lifecycle https://w3id.org/digitalconstruction/Liecycle construction lifecycle and
refinement through LOD levels

The toplevelorganization of the DICO ontologies are providedH®Basic Formal OntolodBFQ. It divides the
entities into two classes, Occurrent (thing&ing place in time, such as processes) and Continuant (things taking
place in space, such as physical enditie spaial regions). Fronthe perspective of construction management,
Activity - a subclass of Processaptures the intentional efforts of aAgert. An Agent can be a Person or an
Organizatbn and can have Capabilities and assume Roles. The congtrpeticess is characterized la set of
Information ContentEntities, such as Designs, Plans, Contracts and Issues.

The ontologies use or are atigd with weltknown existing ontologies, as shownFigure3 (import relations are
shown as solid and reference relatioasdashed lines). The BFO is imported as theleygl ontology, the BIM
models can be provided in ifcOVi#ee section3.1.2.2 or BOT(see sectior8.2.1.2, and concepts from other
ontologies such as OWIime (see sectiord.2.1), PROVO, FOAF, QUDT, SSN/S@G®4a sectiorb.2.1.9, and
SAREFsee sectiorb.2.1.]) are usedo the extent required

Although BIM4EEBs andOGITQ &copesare not identical both deal with conceptghat are relevantto
constructbn projects That isvhy DICO ontologies camientially be a very useful resouréer COGITO

————————————————————————————————————————————————————————————————————————————

| d"‘"'"_ﬂ‘\ o ( — Y
‘ Aipql?gmy '“‘-,l' ‘ Acousti%s ’ @;ycle i ff
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Materials
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Figure3 ¢External ontologies related to DICO ontologfes
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3.1.2.2 ifcOWL

Industry Foundation Classes (IFC) are penospecification for Building Information Modirfy (BIM) dat&l.
ifcOWL is an OWL DL representation of the IFC sciedsing ifcOWL, whigkepresents the IFC data as directed
labelled graph, allows to link building data to related data sets such as ialadeta, GIS data, and sensor data.
Data management and exahge benefit from these linked data sets.

ifcOWL is relevant to COGITO becatiabows the specification of building lifgycle relevant data by open linked
data standardslFC is also orientet the representation of construction dathat may contain geometric and
non-geometric data about the construction project.

The complexit of the data model allows to exchange/store rich constructdn data sets. It must be evaluated
thoughif its high complexity benefits or hinders COGId@ardsdeveloping an efficient data exchange format.

3.1.2.3 BIMERR ontology network

The BIMERR ontologgtwork® represents the semantic models that describe the different aspects of building
renovation processes (e,gnergy efficiency, occupancy, building information models, etc.). Such models are
defined following a modular approach, that is in the shape network, in which each domain (KPI, materials,
building, etc.) could be reudéndependently(SeeFigure4 and Table2).
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Figure4 ¢ The BIMERR ontology network

1 https://standards.buildingsmart.org/IFC/RELEASE/IFC4_1/FINAL/HTML/
2 https:/technical.buildingsmart.org/standards/ifdt-formats/ifcowl/

B https://bimerr.eu/bimerr-tools/bimerr-ontology-network/

1 https://bimerr.iot.linkeddata.es/
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Table2 ¢ Ontologies in the BIMERR network

Onioiogy

Occ_upancy http://bimer r.iot.linkeddata.es/def/occupancprofile L O O CALUZ e T B
Profile buildings
Sensor Data http://bimerr.iot.linkeddata.es/def/sensodata t?jli}gi:;;n SETEEIS (eeRitse] Mty
Key http://bimerr.iot.linkeddata.es/def/keyperformance K ey Performance Indlcat_or.
Performance . information related to building
. indicator ;
Indicator renovation works
Weather http://bimerr.iot.linkeddata.es/def/weather weather data
Building http://bimerr.iot.linkeddata.es/def/building building data
Materla! http://b imerr.iot.linkeddata.es/def/materiaproperties prqurtles LD CLESE e
Properties building elemats
Annotation annotations and extra
. http://bimerr.iot.linkeddata.es/def/annotationrobjects  information attached to building

Objects

elements
Information  http://bimerr.iot.linkeddata.es/def/information files and documents attached to
Objects objects building elements
Renovation http://bimerr.iot.linkeddata.es/def/renovationprocess cops.tructmn Processes in a
Process building renovation project

annotation properties to support
Metadata http://bi merr.iot.linkeddata.es/def/metadata the ontology to data model

transformation

Since BIMER®s an ongoing projectve will have topay attention to additions and updates before deciding on
the suitability of itsontologiesto the COGITO project.

3.2 Building

3.2.1 RelevantOntologies

3.21.1 SARERALDG

SAREF4BLEGxtends the SAREF ontolodgee sectiorb.2.1.]) by integratingdevicesthat are definedin the
IFC version 4 Addendum 1(see sectiorB8.1.2.2) thus enabing the representatiomn of such devices and other
physical objects in building spaces.

SAREF4BLDG is an GLontology with 72 classes (67 defined in SAREF4BLDG and 5 reused from the SAREF
and geo ontologig'’), 179 object properties (17defined in SAREF4BLDG and 2 reused from the SAREF and geo
ontologies), and 83 data type properties (82 defined in SAREF4BLDG and 1 reused from the SAREF ontology).

Figure5 presents an overview of thclasses (only the top levels of the hierarchy) and the properties included in
the SAREF4BLDG extension. As it can be obseilvedclasse s4bldg:Building, s4bldg:BuildingSpace and
s4bldg:PhysicalObject have been declaredsalsclasses of the class ggwa8alThing in order to reuse the
conceptualkation for locations alredy introducedby the geo ontology. The modelling of building objects and
building spaces hastemmed from the SAREF ontology; in this sense, the new daskprecate the
saref:Buildin@bject and saref:BuildgBpace classes. In addition, a new class has been created, the
s4bldg:Building class, to represent buildings.

The concepts s4bldg:Builty and s4bldg:BuildingSpace are related to each other by meate qfroperties
s4bldg:hasSpacend s4bldg:isSpaceOf; such properties are defined as inverse properties among them. These

5 https://bimerr.eu/
16 https://saref.etsiorg/saref4bldg/
7 http://www.w3.0rg/2003/01/geo/wgs84_pos#
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properties might also be used to declare that a s4bldg:BuildingSpace has other spaces belonging to the class
s4bldg:BuildingSpace.

Therelationship between buildingpacesdevices and building objects has also been transferred and geseetali

from the SAREF ontology. In this regard, a s4bldg:BuildingSpace can contain (represented by the property
s4bldg:contains) individuals belonging the class s4bldg:PhysicalOljedhis generagation has been
implemented in order to support building spaces to contain both building objects and devices. Accordingly, the
classes s4bldg:BuildingObject and saref:Device are declared as subclabsestuifig: PhysicalObject.

Finally the clasghat represent building devices, namely s4bldg:BuildingDevice, is defined as a subclass of both
saref:Device and s4bldg:BuildingObiject. This class is a candidate for replacing the saref:BuildingRelated class.

geo:location >| geo:SpatialThing |< geo:location

| I
I I
1 A 1
i i
I i~hasSpace -------------5-+ - -contains  --------------o- £ |
| ] A | I | 1 :
! ! 1~ <<owliinverseOf>> ' | E 1~ <<owlinverseOf>> - - !
| I \il ‘I, | \i{ + |
Building |« -=------- isSpaceOf -----4 BuildingSpace |<€------- isContainedln - - - -4 PhysicalObject
g p g gop - L/ |
I , A l %
| | ! !
| ! i :
| | ! |
: ! hasSpace - | ‘
! asspace \ BuildingObject ‘ saref:Device l
oo isSpaceOf ------ ' i

BuildingDevice

Figure5 ¢ General overview of the top levels of SAREFABI[T85

The main contribution of this extension is the representation of the devices defined in the IFC standard and their
connectims to SARERs a resulta hierachy consistingf 62 classes has been creatednsideringhe subset
of the IFC hierarchy reladieto devices and adding several classes to clarify its casadjori.

The SAREF4BLb®&ologyappears to beof highrelevanceto COGITOsinceit has been deslopedtaking into
considerationthe Architecture, Engineering and Construction (AEC) and Fadiliieagement (FMJields. It
suppots mechanisms to facilitate the exchange and interoperability of data betwe¢orsagarchitects,
engineers, consultantgontractors, and product component manufacturers) along the different stages of the
building life cycle (Planning and Design, Construction, Commissioning, Operation, Retrofitting/Refurbishment/
Reconfiguration, an®emolition/ Recycling).

3.2.1.2 W3C BODntology

The Building Topology Ontolodg@7 [20]is a minimal OWL DL ontology for representing relationships between
sub-elements of a buildingTheBOT ontologgimsto combine multiple domai specific ontologies by following

the conmon W3C principlefor potential reuse. The BOT ontology is being developed by the W3C based LBDC
(Linked Buding Data Community) Group. This ontology presents a-lleiggi representation of the topology of
abuilding with spaces and stories including®Bsh geometry of these components. Buildings, sites, stories and
spaces areonsidered ason-physical objectshat describea spatial zon¢21].

In a nutshell,lhe scope of BOT is tepresent some specific relationships betwetle subelements of a building.

A building usuallgonsistsof the building itself and several stories, rooms, and building components possibly
related with each other. The object propess of the classes have specified domains and rangabatoa
reasoner can infer classes automatically.

= &



D3.1

The BOT ontology is designedaitow forresponseo various competehquestions such as: (1) how to describe
adjacencies between various zones (2\whim express a building site, (3) how to express interfaces batwee
element/element, zone/zone, or zone/element. Some specific ontologies for products, geometry, and properties
are designedisdomain working graps, all being aligned with BOT

Primary conepts described in BOT atiee bot:Element bot:Zone, anthe bot:Interface, as shown ifrigure6.
BOT Zones could be further categed asbot:Site, bot:Space, bdtorey and bot:Building. Zones could have
adjacent zones, related by the object property bot:adjacentZone. Zonesikepbuilding are described by the
property bot:.containsZone, which could be presented by the properties botiilbBg, bot:hasStorey, and
bot:hasSpace.

bot:Space -
bot:Space =R e

: o
. bol:conlo|nsZone|\" S0

w

]
i

= == i .

S . T~ ES )

/,_:"“:; . L !
. P N

bot:Zone

bot:Storey -« - g s ,
i — ,«_;’_:/"' ; ibof:conf‘oinsZo_ne‘E
bot:Bulding - o l"' . Y =, "{4\’
o Jd I@/’ P
" bot:hasStorey _{éfbw - /,/ DA
— ’//’ [
bot:Site - N e 0
- 1 bothasBuilding }’ - A
e == |bo|:con’roinsZone|- --"
I
\e\,\\ ///
_Lcj\ e
~ — ’/_/’

Figure6 ¢ Classes and relationships involved in Zofes

The BOT ontologg pertinent for COGITO not only for representing buildjimyt also theelationships between
their subelements such as theones and spaces included in them

3.2.1.3 BrickSchema

Brick Schemidis an opersource ontologyn RDFor describing the nature and atext of different data sources

in buildings. It incorporates a comprehensive class hierarchy describing the families of sensors, actuators,
equipment and other building subsystems and a minimal set of relationships forlsiagdhe associations and
conrections between those entities. An example of building subsystem representation is illustratiggra?.

Some of the notable charactstics of the Brick schema are the following:

1 Extensibility: Brick classes are composed of tadnich enables the semantic reasoning and the creation
of new classes in a strugted manner

91 Flexibility: Brick classes are hierarchical defined so develagerexpress their data requirements at
different levels of abstraction, ensuring prepfunctionality;

1 Consistency: Brick classes guarantee maximum interoperability by preventing inconsistent usage of the
metadatg

1 Usability: The semantiweb technologiegRDF) enable better interoperability as both the schema and
the data are accessible from theasdard RDF/OWL tools and technologies, e.g. SPARQL, Apache Jena.
They can used to support storage, querying, composition and visualization of the Brick instances

18 https://w3c-lbd-cg.github.io/lbd/bot/
19 https://brickschema.org/
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The Brick schema is relevant to COGITO because it is centred on the conéapBudtlingropologyjb) Things
(HVAC, building equipment) and their relations &o)dData Sources (gateways, controllers, databases).

Alr Handling Unit

Variable Air Volume Box | AHU1A | Variable Air Volume Box ‘
! feeds feads : HVAC Zone

Rt VAV2-4 [ VAV2-3 ] - "’; hasPart

Room 410

VAVZ2-3Zone

haspart -~ N\ —M———— o I  meemat1 - ‘
: e ([ Roomsrz_ ] |
i Room 412  [-------------
-"‘[ VAV2-4.DPR ][ WVAV2-4.ZN-T ][ VAV2-4.SUPFLOW ][ VAV2-4.SUPFLSP ]
hasPoint i 1 !
' ' 3 Brick Entity
‘ Supply Air Temp Sensor | ! ‘ Supply Alr Flow Setpoint | Point class
VAVZ-4 DPRPOS | ey A= Sy GEReEE | ——— Srif(_:k_tSchema
i eriniton
Equipment class

‘ Jamper Position Setpoint ‘

Figue 7 ¢ Semantic representation of an AHU using the Brick Schema

3.2.1.4 Building Product Ontology

The Builihg Product OntologyBPO}° defines concepts to describe (building) products in a schematic way. It
provides methods to describe assbiy stuctures and componeninterconnections andattach properties to

any component without restricting their types. Ttoav the description of complex properties, it also contains
terms for unordered, twedimensional lists.

The BPO's scope is on the egfatic description of produstonly, without including geometry or material
compositions.

The description of assebly stiures wittin BPO relies on three classes and two properties:

1 bpo:Components, which serseas an abstract superclass of the following two classes, for ease of
guerying and enhanced reasoning;

1 bpoElements, that are components that canngt or will not ¢ be decomposed into further
subcomponents and thereby pose as the smallest and most elemeataponents in this structure;

1 bpo:Assemblies, for componenthat consist of at least two subomponents (elements or other
assemblies);

1 bpo:onsitstOf, a property that is usedto indicate that anbpo:Assembly consists of the related
bpo:@mponent(s), for enhanced reasoningdhis property is defined to be transitivand

1 bpoisPartOf, the inverse property obpo:mnsist©Of that defines of whichbpo:Assembly a certain
bpo:@®mponent is a part of

Furthermore, a class for produc{®po:Produt) that is also inheriting from théopo:@mponent class is
introduced to indicate which components can be offered as produetv@ndoror manufacturer.

As shown irFFigure8, the BPO defines disjointness (red boxes) between all sibling classes with the exception of
the bpo:Product class. Thus, users can definetgroyAssembly obpo:Element tobe also abpo:Roduct.

The BPGadditionally provides two new reltions to define that a bpo:Assembly is composed dipa:Ftity
(bpo:isComposedOfEntitgnd that anbpo:Entity realises a component (bpo:realisesObject).

To describe the interconnectionsetween product's components, thépo:@mponentConnection class is
introduced. Tis class is complemented by five relations

20 https:/ilwww.projekt-scope.de/ontologies/bpo/
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1 bpohadOutgoinglonnection to define the relation between the output of apo:ktity and its
bpo:CanponentConnection

1 bpo:@nnectdnputOlf to definethe relation between épo:ComponentConnectioand an input of a
bpo:Htity it connectsto;

1 bpoisConnectedlo, a chain propertyto link two bpo:Etity directed from the output of the domain
entity to the imput of the range entity;

1 bpoisConnectedrom, the inverse property dipo:isConnectedT,and

1 bpoisConnectedVith, a symmetric propertyto define an undirected interconnection between two
components

[ bpo:ClassifiedObject ] [ bpo:Entity ] ]
k NTE 5

bpo:SingularEntity

Oasam
digjaintiith

& s
. subClassOf

[ bpu:ﬁ,.ﬂ"t;:'te ][ bpo:con;;onantconnection |]

[ bporDyns:nicEntlty ]

k[ bpu:;Rang?dAthibute ] [ bpo:Component ] J

P B
KU - o

pm——— R PR E PR PE PR '

: i = ' ~\
[ bpo:Assembly ] [ bpo:Element ] ] [ bpo:Entry2D ]

i :
LschcﬂazPropcrtWa LG: [ bpo:Product ] [ schcma:Stmcturc:E?luc ]<] [ bpo:intarval |
- , v N [ bpa:List2D ]
seas:Property | [schema:F'mductModel ] [gr:PdeuctGrSewiceMDdel ] 9 g,

Figure8 ¢ Overview of the BPO Class Hierard2y]

The BPO ontology is relevant to COGITO sincewiges means talescribe buildingproductsin a schematic
way, including the product structurets properties,and its interconnections
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4 ConstructionProcess

4.1 RelevantData Models
4.1.1 IFC Construction Management

The IFC4 scheméantroduced in Sectior8.1.1.1 alsocontains necess§ structures to describe construction
management activities such as scheduling, work execution processes, task sequencing and time allocation. As
Figure9 illustrates,under the man IfcProject clagsnultiple IfcProduct relatedtlasses are linked to IfcProcess
related classes and the construction management concepts: an instance of the abstract IfcProduetgiass,
IfcCurtainWall, is associated to an instance of the abstr&a®rocess classhe IfcTak class, via the
IfcRelAssignsToProduct relationship.

. e
N

IfcRalAggregates —| IficRelDeclares
Falsted Dbjects \
{INV} Decamposss f
spalial schadula
siructure ‘2"@‘29' structura
RelatingStructurs: RelatingControl
[IN%) ContainsElaments {INV] Controls
IfcRelContained HecRelAssigns
InSpatialStructure ToControl
RelatedElemenis RelawedChjects

{IMY) CantanedinStuchre (M) HasAssignmants

¥

elerancedB
r—-
il
Zl
EI
2
Bl
1
Chjmcots
(M) HasAssignmanis

1 TeProduct | %
L

Figure9 ¢ Work management classes linked to product related classes

RelabingProduct

(MY R

product task

ThelfcTasks are parts of IfcWorkP$awhich in turn are parts of an IfcWkiScheduleAsFigurelOdemonstrates,
the IfcTasks can be stacked horizontally in the saswel land split vertically into other IfcTasks (gabks) at a
lower level, via the IfcRelSequence and IfcRelNests relationships, respediive IfcTasks are also liek to
timing data via the IfcTaskTime, which refers to the starting time, the endimgand the time duration of each
task.

Within COGITOthe IFC Construction Process management classes can be used to support construction
management operationsuch as process workflow management and simulation, work order management and
blockchain execins and monitoring operations performed by respective COGITO tools.

§§M COnstuction phase
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Figurel0 ¢ Work management classes linked taskrelated classes

4.1.2 Business Process Model and Notation

Modern business process models are commonly represemtesing the Business Process Model and Notation
(BPMN) standard from OM(@.f?12?),

Therelevant concepts of the processeta model defied byBPMNare the following®:

T & ¢ | &hich B an atomic activity within a process flow of different types like send, receive, manual,
business rule task, script or serviges

T a{dzNRPOS&a4a¢é¢s 6KAOK Aa | O2YLIZASR I|réréss OA (& SELINBAASC

f aDIF{Sgleés ¢ K idiKe prodessdmwiHrough an ekcisive gateway (exactly one path),
a parallel gateway (simultaneously running several paths in parallel), an inclusive gateway (waiting of
all paths to fulfil conditions) ca specal event or complex gateway

& 9 @S yhigrissonmgething that happens during a Process and is either triggered externally or by the
process itself; there are different types of events, which can be classified in start, intermediate and
end events

f &5 I {whiéh3s described as input, output as storage; the definition of the data object is highly
relevant when building the digital twin of an organisation because it allows to identify requirement and
expectation of each activity that will be executedtfie workflow; and

 at22ft 3 [ Iy S ahatdgsRibeNt® felatiors Dgfideén objects and processes.

The BPMN specifies the expressiveness of the modelling language in terms of graphical elements and their
meanings. The formal definition of each elemé not coveredn the standard so each different BPMN modelling

2L https://lwww.omg.org/spec/BPMN/2.0.2/PDF
22 https://knowledge.boegroup.com/en/webinars/morethan-bpmn-2-0-bpmnit-for-businesspradicak

simplecomplete/
2 https://uk.boc-group.com/uploads/files/BOC_Poster BPMN_20_EN_web_03.pdf
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tools on the market use its own internal data model representation, however the exchange format of BPMN
diagrams is defined in the BPMN specification and is worked out in the BPMN Diatgechdnge (Dl) fonat.
The format for BPMN exchanges is therefdre BPMNDP*.

In the BPMN Diagram Intercharf§érmat the process information is divided in two sections containing(&)e
process model and (b) process diagram. The process model isreedabout the pocess content indrm of
tasks, eventsgateways, and their relations, hence of utmost importance when using BPMN in context of digital
twinning, such as COGITO@he process diagram is concerned about the graphical representation and visua
representationof the diagram, like theosition of every task in the model, their size or colour and soVda
consider this as important for avoidance of vendor latkut not relevant for the processing of a digital twin of
the organisation.

4.2 Relevarn Ontologies
4.2.1 W3C Time

OWL:Time*®is an ontology of tempal concepts, for describing the temporal properties of resources in the world

or described in wb pages. The ontology provides a vocabulary for expressing facts about topological (ordering)
relationsamony instants and intervals, together with information about durations, and about temporal position
including datetime information.

Figurell depictsthe core model of the ontology, whossarting classis time:TemporalEntity vih properties
time:hasBeginning andtime:haseEnd that link to the temporal instants that define its limitand
time:hasTemporalDuration to describe its extent. There are two subclaisesinterval andtime:Instant, and

they are the only two subclasse$ tome: TemporalEntity. Intervals are, witively, things with extent. Instants
are, intuitively, pointlike in that they have no interior points, but it is generally safe to think of an instant as an
interval with zero length, where the beginning and eare the same.

The classtime:lnterval has one subclasime:Properinterval, which corresponds with the common
understanding of intervals, in that the beginning and end are distinct, and whose membership is therefore
disjoint fromtime:Instant.

The clasgime:Properinterval also has one subclasisje:DateTimelnteval. The position and extent of a
time:DateTimelnterval is an element irtime:GeneralDate TimeDescription.

Four classes in the ontology support an explicit description of temporal position. #medralPosition is the
common superlass, with a propertytime:hasTRS to indicate the temporal reference system in use.
time:TimePosition has properties to alternatively describe the position using a number (i.e. a temporal
coordinate), or a nominal value(e.g. geologic time period, dynastic name, archeologicad).e
time:GeneralDateTimeDescription has a set of properties to specify atida¢eusing calendar and clock
elements. Its subclass time:DateTimeDescription fixes the temporal reference systeem@odgorian calendar.

Four additional classes support tlescription of the duration of an entity. time:TemporalDuration is the
common supeiclass. time:Duration has properties to describe the duration using a scaled number (i.e. a
temporal quantity). tme:GeneralDurationDescription has a set of properties &céfg a duration using calendar

and clock elements, the definitions of which are given in the associated TRS description. Its subclass
time:DurationDescription fixes the temporal reference systemttie Gregorian calendar, so the time:hasTRS
property may e omitted on individuals from this class. time:TemporalUnit is a standard duration which is used
to scale a length of time, and to capture its granularity or precision.

Two different sets of propdies are used for time:GeneralDateTimeDescription or tinageDimeDescription,
and time:GeneralDurationDescription or time:DurationDescription, because their ranges are different. For

24 https://fwww.omg.org/spec/BPMN/20100501/BPMNDI.xsd
25 https://lwww.omg.org/oceb-2/documents/BPMN _Interchange.pdf
26 https://www.w3.org/TR/owkime/
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example, time:year (in time:DateTimeDescription) has a range of xsa:ghé&h is a position in the Gregorian
calendar, while timgyears (in time:DurationDescription) has a range of xsd:decimal so that you can say "duration
of 2.5 years".

TemporalEntity
[ after : TemporalEntity
[ before : TemporalEntity
[ hasBeginning : Instant
[ hasDuration : Duration
[ hasDurationDescription : GeneralDurationDescription
[ hasEnd : Instant
[ hasTernperalDuration : TemporalDuration

M hasX50DDuration : duration

Interval
[ inside : Instant
Instant
[ inDateTime : GeneralDateTimeDescription
[ inTemporalPesition : TemporalPosition Zi:\

[ inTimePosition : TimePosition

I inX5DDate: date . Properinterval

I inX¥50DateTime : dateTime [ intervalAfter : Properinterval

B inxSDDateTimeStamp : dateTimeStarmp M intervalBefore : Properlnterval
M in¥SDgYear : gYear [ intervalContains : Properinterval
I inX5DgYearhMonth : gVearMonth .| [ intervalDisjoint: Properinterval

[ intervalDuring : Properinterval
[ intervalEquals : Properlnterval
[ intervalFinishedBy : Properinterval
[ intervalFinishes : Properinterval
[ intervalln : Properinterval

[ intervalMeets : Properinterval
/ M intervalMetBy : Properinterval

M intervalOverlappedBy : Properinterval
[ intervalOverlaps : Properinterval
[ intervalStartedBy : Properlnterval
[ intervalStarts : Properinterval

DateTimelnterval
[ hasDateTimeDescription : GeneralDateTimeDescription
M xsdDateTime : dateTime

Figurell ¢ Core model of temporal entitie¥

In COGITO, timeelated concepts ar@associatedo the different activities carried out during the construction
phase and the state of the construction site at a certain mom@imat is why this ontology can be useful for
COGITO.

4.2.2 BBO

BPMNBased OntologyBBQ [23] is alsoan mtology for business process representation based on the BPMN
2.0 metamodelwhich allows describing processes, input/output specifications, agents that pedbrattivity,
work process t@pecify the process that is required to produce it, and manufaagufaciliies where the process
activities should be performedhe code and documentation of the ontology are also available gilline

Figure12 shows the main BPM concepts reused in the BBO ontology. The starting class is bbo:Process which
can be described by indicating the bbo:FlowElements that compoSéhébbo:FlowElements classas two
subclassesbbo:SequenceFlow antbo:FlowNode.The bbo:SequenceFlow repsents transitions that ensure

the move from the sourcébo:FlowNode to the target one. Abo:SequenceFlow may depend on a given
condition, which is represented as an instarafebbo:Expression clas3he bboFlowNode class groups the
activities that compos a procesinto a bbo:Activity, which refers to the work to be performed.

27 https:/lwww .irit.fr/recherches/MELODI/ontologies/BBO#

[52] g
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Figurel2 ¢ Process class properties and related concepts from BPighsed in BB(23]

In order to represent the input and ¢put of each activityas shown inFigurel3, the ontology defines the
bbo:InputOuputSpecification which is related to a bbo:Resource. Moreover, to represent the parameter values
specifications, the BBO ontology defines the bbeoaReeterValueBinding, the bbo:Parameter and its subclasses
bbo:QualitativeParameter and bbo:QuantitativePamster, the bbo:ParameterValue, and the
bbo:PaameterExpectedValue.

Figurel13¢ InputOutputSpecification class, linked prapties and classes in BB23]

Regarding the manufacturing facilities, the ontology defines the bbo:Station, where a particular job is performed,
the bbo:Cell, which groups set of related operations in the production flowgtbbo:Shopwhere production is
carriedout, and the bbo:Faory which is the place where those production areas are located.
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