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Summary

The operation and maintenance (O&M) phase of a building is the longest and most expensive stage in its lifecycle
(Sattenini et al., 2011Henceinteresthas grown in applications to support the tasks performed eading to

the development oinformation technology (ITools spedic for this stageas a wayto enableboth long term
strategic decisiosand support for daily activities based on réiahe data(Carbonari, 2016)

However, the explosion of software dedicated to O&M generatelated islands of information that are difficult
for facility managers to combinand achieve actual cost savings and user satisfa¢@oalinhoto & Kiviniemi,
2014) On the other hand, there is the building informatiomodel (BIM)delivered as part of the handover
documentation. Itis a 3Ddatabasewith information accumulated throughout the design, engineeriagd
construction process that can be used to support the OgiskcessegCurry, et al., 2013Because of that3IM
is getting increasing attention asreference for theinformation generated byhe IT tools for O&Msince the
building is the common ground for these applicatig@adinhoto & Kiviniemi, 2014)

Combining the potentials dBIM data with O&M applications has several benefits for the maintenance and
management of facilitiesSome exarples from the literature are the autgopulation of IT tools for facility
managementless timespentto find information about a building resourcandimproved visualizationapability
(Parn et al.,, 2017)However, some challenges for implementation are reported fkedelling problems,
uncertainty about the information to be included in the modahd interoperability issue@PishdaeBozorgi et

al., 2018)Moreover,the Industry Foundatiotdasses (IF@3 a neutral format and open ISO stand#rdt brings
advantages for BIM software interoperability btis difficult to extendhas a large and complex structure, is not
easily querid, and is not web compliarifBonduel et al., 2018)

Considering the current knowledge gap, ttiesisaimsto analyse the possibilities of web technologiegreate

a webapp that integrates O&M dat and BIM data in a decentralized approdohbridge these islands of
information.Inside this maimbjective it also evaluatethe use ofsemantic weliechnologieso make BIM data
accessible on the webTherefore, the main research question of this thestgards the challengesf
implementingthis applicationfor a BIM model and 8uilding Management System (BM#B)d the potential it
can have to supportacility manager tasks the O&M phaseTo answer this questianthis studyinvestigates
potential use cases for the applicatiamd what kind of O&M dataould be integratedinto it. Moreover, it
defines the system requirementsfor the proposed approach anéxploreshow semantic weband web
technologiescan be used to implement thenfrurthermore, it aims tadentify the BIM challenges for this stage
of the building lifecycle.

Aliterature review in the topics dhcility management andr toolsfor O&M, BIM for O&M, semantic web, and
web technologiesvere performed b achieve these goal3his reviewwvas complementedby two study cases
the Zero Emissionab (ZELand the Atlas buildingboth in the TU/e campud’he potential use cases for the
application were basedn the facility management taskrom the study casesand thepotential uses for BIM
datafor O&M found in the literatureln addition, he system requirements were defined and implemented in a
proof of concept applicatiothat integrates theBIM model of thes™ and 9" floors of the Atlas building witldata
from a lighting BMS The infrastrieture to access this BMS is provided by titas Living Labit was used
theoretically to investigatethe system requirementdo retrieve data from thebuilding sensorssince the
laboratory was not operational during ithstudy due toCovidl9 preventive measures-inally the ZEL
architecture and MEP BIM models and theiodellingprotocol for the design stagaere analysed tadisclog
BIM modeling issuesto be improved for thehandovermodel and tocomplement the literature review in this
topic.

The opportunitiesidentified are inthe fields of maintenance, Logistics, space management, safety, indoor
conditions and cost managementheyrequirethe connection of data from these areas to the building elements
like the maintenance recordsyork orders, asset tracking data, and sendata from HVAC, Lightingr alarm
systems.This integrationin a web applicatiomprovides a singlg@latform to visualiz different datasetsand
support

1 the evaluation of the building elemerfisistorical conditior
9 the locationand statusof assets in the building
1 theuseof buildingdatafor spatial analysigefurbish and retrofit processes



1 the monitoring ofsafetythresholdsandindoor conditions
9 theinvestigaton of opportunitiesfor resourceconsumptionoptimization.

From trese potential use casg the current layout of the application works best to monitor sensors
measurementdor indoor conditions and energy consumptidhenables he facility manageto retrieve data
about thebuilding elements fronboth the BIM model andhe BMS systerthat couldalsobe consultedduring
site inspectionsn smarphones and tabletsThekey system requirement®r the app are:

Have a user interface that is independerfthe BIM authoring tool (e.g. RevitrchiCAD)
Have a intuitive desigrthat can be adapted for portable deviges

Display data from the BMS and BIM in a format easyntderstand

52y Qi NXBIj dzA NB i @@ shé dadadase| y2 6t SR3IS (2
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To implement tlesefunctionalities theAngular frameworkand the Chart.js andhe AngularMaterial libraries
were used to retrieve, procesand display datdaking irto consideration aresponsiveweb designscenario.
Moreover,the Linked Building Datantologies(LBD)vere used tadefinethe RDF graph of the BIM mdgehich
wasstored ina GraphDBveb database¢o enable communication with the gpThe resulting applicain allows
its usesto navigate back and forward in the buildihggrarchyand selecelementsto find information about it
Theuser interface also leafilter field where thefacility manager can type the element name or codéotrate
it faster. Moreover, theBIM data is displayed as a table with simple property/values pairs ansetimorenergy
metric report appears aa line chart with different colours for average, maximwnd minimum values.

In the app background, the application programming interface (API) is handling the HTTP requests, using SPARQL
to query the triplestore every time an element is selected, processing XML and JSON responses, and
synchronizing theensor data with théuilding element itefersto. Other system requirements werednd and
implementedin the literatureusing web techalogies Ore is the inclusion of a2D and 3Dviewer for better

building navigationwhich brings opportunities for research in the level of detailttef 3D geometry and
application performancegspeciallyfor lower-powered devicegHu et al., 2018; Mccaffrey et al., 201B)nother
istherepresenation of O&M data directly in the modalising colour schemas support assesmentsof indoor

quality, and thermal and energy performancesvhichcan be improved by simulation algorithri@hang et al.,

2018; Yan et al., 201.3pther examples aneport generatiorfor the O&M datawith a customizabldimeframe

and popup alertsfor critical thresholdgMccaffrey et al., 2015; Riaz et al., 2014)

Regarding the BIM da, the semantic web technologiessed solved the limitations ofhe model to be
implemented inthe appwith minors €manticconflicts anddata loss However, theguality of theBIM data will
rely on good modelling processesand welldefined requirementswith the involvement of the facility
management department-urthermore,the RDF graplyeneratedcan be linked tdhe O&M data toimprove
accesgo hard copy or digital filesommonlydelivered in this stag although some level of data transformation
and digitalization will be required This brings opportunities forinvestigation of domairspecific ontologiesoir
O&M andthe knowledge generation potential of thlinked data databas@gim et al., 2018)

Thus, thedevelopedweb applicatiorprovidesa simple user interfac® integrate BIM data with BMS datand
the APIdeals with the basic feature to enaltleis connection For this use case scenaribe app cald be used
to fast retrieve data about the building elements and the sensor readisiyg thebuilding structure to navigate
inside floors and spacemformation about different sensors could be shown the same platform to better
monitor energy consumption, occupancy status, humiditgnd temperature conditionsMoreover, dher
functionalities anddatasets can béncludedwith semantic web and web technologibsnging moreresearch
opportunitiesin the field of BIM for O&M



Abstract

The facility managers are responsible for keeping the building conditions and sextviceatisfactory level for
the facility users while aiming to decrease the operaticarad maintenanceost Due to thediversity ofdata
sourcesnecessary to achieve these ggadeveral IT solutionexistto aid the information management and
facility maragement tasks. Moreover, BIM models are being popularized as part of the handover documentation,
which brings possibilities for an objeatiented and semantic approach to deal with building data management
and better visualization capability of the buidi systems. However, these IT tobism different vendorsare

not easily integrated wét creates islands of informatigmpreventing the facility manager from quickly obtaining
the overall status of the buildingrherefore this thesistargetsthe problemof information managemento
support facility management taskin a decentralized approachsing web technologies to loosetpupled
integrate BIM data with BMS datd@his topiowas explored througltwo study cases anthe development of a
proof of concepfapplication. Theevaluaton includedthe BIM requirementsto be web compliant using semantic
web technologies, the common problerfaund in the BIM models delivered the handover stage, the system
architecture to enable this integratiomcluding the process and display of BIM data and BMS, datd the
potential use casesf this approachfor the facility managersThe resultsshowedthat a web app has the
potential to retrieve the information fsm different O&M data sourcesassociate them to the building elements
using the BIM data as its central referenemd displaythem in an easily readablavay. This can be used to
support task in the maintenance,logistics spatial management safety indoor conditions and cost
managementreas.Although, the current app layous better developedo supportthe visualization ofndoor
conditions and energy consumption sensoffie main system requirements aem easy to usenterface
adaptable for portable devicethat R 2 Y Q in té¢ihicad knowledgéom the facility manageMoreover, he
systempreconditionsarethat the BIM model neesito be converted to a RDF graph and included in a triplestore,
and that the BMShandles the sesor data storage and it&PI allovg third-party access to thisformation.

Keywords
BIMfor O&M, BIM and BMS integratioiyeb technologies for Facility managemge8emantic welechnologies
for BIM.
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1 Introduction

This chapter introducgthe problem assessed in this studyonsidering the presented contextdigscribes the
goals of the thesis and the research questions it aims to angaethermore, it includes the research design
that explains the strategy to achieve these targethich is complemergd by the reading guide, tdescribehow
this study i-locumented

1.1 Problem definition

The international facilitynanagement associatioiFMA)describesfacility management ad | LINR FSaai 2y
encompasses multipldisciplines to ensure functionality, comfort, safgiypdefficiency ofthe built environment

by integrating people, place, processmidii S O K y ZIEMA Zhal §Khodeir(2008)complements this definition

stating that as a multidisciplinary professional, tHacility manager needs knowledgemong othersin

engineering, architecture, accounting, finance, managenemi behavioral sciencén this context, technology

has risen in importance to gather information about the building conditions, its yaedsits daily operation,

andwas included in the definition of facility management in 2003 with the growth of diE tior this industry
segment(FMLink, 2003)

This technological advancement generatatdexpectation for the future of the facility managemeifyy some
callede-FM, where labointense functions and repetitiverocesgs ascollecting and processing datare solved

by technology(Smith, 2011)On one hand, the facility managespendless time searching for the information,
and one the otherthey have access to new data sources that alldbvem to make strategidong-term decisiors

as well as improve dayp-day operationsThe IT tools for operation and management (O&M) are commonly
classified in computeaided facility managemenfCAFM)software computerized maintenance management
systems (CMMS), and building management systems (BMS).

A CFAMapplicationstores and managethe building data inputted in the software like CAD files, inventory,
manualsandwarranties(Alileche, 2018)CMMSisa type of CAFM specialized in maintenance tasks such as work
order management, maintenaneelated cost and preventive maintenancplans (Alileche, 2018)BMSis a
system that controlsnechanical and electrical serviggse combination of senseiand internet access allows
the facility manager tononitor and manage the systewith commands ira computerandto get data analytics
about them(Wong et al., 2018 Hence,these systens and applicationsupport specific facility management
tasks such amanagdng the repair and replacemergxecutionand plaming preventivemaintenance schedules,
organizngthe supplies logistic strearmonitoring buildingindoor conditions and coordin@igimprovemensin

the facility spacesallocate people and activitiesnake risk assessments for systdailure and investigate
options to optimize resourceonisumption.

In parallel with these IT toolfor facility management another important development is the building
information model (BIM)ntroducedas part of the handover documentatiolt has the potential to becoma
structured 3D database full of information accumulated throughout the design, engineandgconstruction
process thatcan be used to support the O&M ake(Curry, et al., 2013)raditionally the data about these
stages is delived in hard copies or unstructured digitfiles (Hu et al., 2018)Thatmakesit difficult for facility
managers to find and utilise essential informatisnchas up to date asbuilt plans, product data sheets,
operation manualsand safety instructiog(Wong,et al., 2018) Moreover, a BIM model enald¢he visualization
of the building systemin 3D.

IT tools for O&M and BIM complement each oth#rBIM software can structure information in an object
oriented style and give visual geometric information about the facifitvkoriented IT toolscan better handle
the O&M specific tasks they are designed to perfoitowever, nore data demands better information
managemento not create islands of information that mak#sharder for facility managers to transform data
into actualknowledge(Smith, 2011)In this context,BIMdatais rising as an option tassociatehe information
generated by CAFM, CMMS, and ®&o the buildingelements(Codinhoto & Kiviniemi, 2014y addition, Dibley
(2011)points outthat the potential of BIM to increase produxity and efficiency in O&M is related to its capacity
to be connected to reafime datacollection systems (e.g. wireless sensor systems) in an automateed his

is complemented byParnet al. (2017)who state that when BIM is not fully exploited for decision support in
O&M the opportunity to enhance the building performanwith the rich semantic data in i lost. Edirisinghe
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et al.(2017)citesas application area of BHénabled facility managemepamongothers,asset tracking, indoor
navigation, lifecycle assessment, renovation planning and execuatimspace management

Nonetheless this integration has several barriers.&M applications are developed in different proprietary
software, with incompatible communication protocols or hardware, and distinct flataats (Smith, 2011)
Furthermore,the integration of BIM data with IT tools hard to achieve as the IFC file formateated to
exchange BIM data between applications in the AECO industngt webcompliant and cannot be reached by
thesefacility managementools (Sten, et al., 2010)Otherchallengedor the adoptionof BIM datain this stage
is the lack of clear requirements fahe BIM model early in the project developmenwhat results in the data
from the modelbeing incomplete in the handover stageith noconnection between its assembly and O&M
processes and elements with wrong semantic relations{@mlinhoto & Kiviniemi, 2014)

Therefore, although there is potential to metoward an e-FM and BlMenabled O&M, more convincing results
and researctare neededo transposes the integratiobarriers(Edirisinghe, et al., 20Lneapproachfor the

lack of compatibility is the possibility to integrate these data sources in a leosapled way by using web
technolodes This solution airmto comply with the fragmented nature of the industry by notyiagon only one
repository for all project information but ratheéake advantage of the individual strengthtbé applicationsand

at the same time overcome itsolation(Shen, Hao, & Xue, 2018) thisstudy, this decentralized approach was
implemented as an intermediate web applica to display the data from one BMS together with the
information from a BIM model without changing the underlying architecture of both data sources. This method
has some advantages for O&\chas the scalability of the solutiosincetheoretically itcan be expanded with

the inclusion of more applicationand portability, since a fully deployed web application could be used in any
device with access to an internet browser.

Moreover, regarding the access of BIM data on the webmantic webtechnologies are getting increasing
attention to elevatethe IFC format to a web compliant stat®ne of the approaches is to use tResource
Description Framework (RBBtandardto generate aRDF graplthat enables data linking andsharing on the

web (Curry, et al., 2013)fcOWE is a standard the provides Web Ontology Language (OWL) representation for
the IFC EXPRESS schénéddingSMART.d -a). However it aims to mirror the IFC EXPRESS sclieltyan an

OWL ontologyesulting in a large and complex RDF file which make#ituli to retrieve information from it,
since query writing becomes longer and manéricate (Bonduel, et al., 2018)hus, in this studythe Linked
Building Data ontologieswere applied as they cover the problems of the ifcOWL and vVeaimportant
developments in converting toglsuchas the IFCtoLBD converfesind Revitbot exporter?.

Considering the current knowledge gdhis master thesis aims to contribute to thexisting researcluinder a
decentralized combination of BIM data and O&M applicatiemssupport facility management tasksThis
includes an investigationfthe common BIM modelling problems for facility managsnt, and its repercussions
to a possible integration with other datsources, as well as its conversion to RDF, with th2drBologes
Moreover, it comprises the development of a proof of concept web applicatiarotmect this RDEraphwith
data froma BMS. This ainte assess the process of retrieving data, processiranid displaingit to the end
user under the scope of a use case scenario.

1.2 Research goals anguestions

Thisresearch aims at anaiyng whether a webbasedapplication which visually integrats the information
generated bya building management systewith the data from a&BIMmodel,hasthe potential to be a strategic
decision support toofor the O&Mtasks The end user of this application is the facility managed the task
target arethe location of assets and defective building elements and systems, suppagptaioningpunctual
interventions, refurbishment and retrofit process in the facilapalyses of indoor environmental conditiozusd
user occupancy pattesycritical thrediolds monitoring, angimulations forbetter management of resources
and building users.

! https:/iwww.w3.0org/RDF/

2 https://www.w3.0rg/OWL/

3 https://github.com/jyrkioraskari/IFCtoLBD

4 https://github.com/MadsHolten/revitbot-exporter
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Thus, this thesisexplores the topic oBIM and IT tools for facility management under the context of web
technology. Hence, not only the deficiencisd potentialitiesof BIM to support the O&M taskneed to be
assessed but aldwow this structured databasean be used in a web application. For &M IT tools, it means
understandng how a web servecan request and retrieve data from them and how it should process this data
to be useful for the endiser.

With this scope,ite main researchjuestion of this study can be defined as:

I What are the challenges and potentialities of implementing awabed application with building data
from a BIM model and a BMS to support tasks in the O&M phase?

And the related sukguestions for this reseahcquestion are:

1 What are the potential use caséw the application and what kind of O&M data is needed to enable
them?

1 Whatfunctionalities the system architecture should enable to supf®M tasksand how they can
be achieved?

1 WhatchallengeBIM data need tavercometo support these use cases?

1.3 Researctdesign

This thesis was structured in three main stafégurel). The first stage comprises the literature review and the
research abouthe two study cases. The scope of the literature review is associated with the research question
and subguestion, naméy, IT tools for O&MBIM-enabled facility managemenlinked data approach fdauilding

data, and data decentralized integration using web technologies.

CHAPTERS

[ Literature Review ] 2 Literature review
2
=]
=
g [ Case study 1: ZEL ] ---------- e .
E evaluation
4 3 Methodology
2 Case study 2: Atlas
Living Lab
v i v Use case

. scenario
Data Collection

- . i
& : E BIM model a Proof of concept_. data collection
E A 4 and system architecture
8 — System architecture +—
™3
=]
s > Prototype development
8 Proof of concept: Prototype
-4 [ 5 -
o 4 development and evaluation
Prototype test % Web-app
[
=
g Results evaluation 6 Study case results
=]
—
9 . . .
£ [ e ] 7 Discussion and conclusion
s}

Figurel. Research design

Thefirst study case ithe Zero Emission LAEL), a laboratory the TU/e campuslt complements the literature
reviewin the investigation of theeommonproblemsof usingBIM models made intte design phasim the O&M
stageby providinga real BIM model and related documentation. The secondystiae is the Atlas Livithgb,

an infrastructure to support researches about the use of the lighting system of the Atlas building, &fso on
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TU/e campus. It gives access to building management systenttdetanable the development of the proof of
coneept.

The development ofhe prototype application as a proof of concept a@at a practical approach tine semantic

web andweb technologies. Hollows a typical procedure for app development which includes data collection

the definition of the systenarchitecture, prototype developmenand testingln the data collectionthe insights

from the literature review and the two study cases were used to create a BIM model foi"tem@ 9 floors

of Atlas, which was used as the second data source in the developed application, and the use case scenario, that
defined the scope of thbasicsystem architecture.

The conclusion stage of this thesis compeghe evaluation of the results obtained vdfi complemens the
investigation phase to answer the research questions anebsigstions. It culminates in a final discussion about
implementation areasfor the application including suggestions for the prototype improvement and future
research opporturties in the subject.

1.4 Reading guide

This thesis is organizéad sevenchapters, the first being this introduction to the knowledge gap of BIM data for
O&M and itdack ofintegration withthe IT tools used in this phase and how this thesis aims to contribute to it.
The second chapter is the literature review. It comprises the gathering of information to base the amsheer
research questiomnd subquestions Thisincludesthe potential usecase for BIM data in the O&bbnsidering

the proposed approach, the BIM challenges for this staayed the common system requirements to support
facility management tasks.

The methodology of this study is divideddnthree chaptess. The firstbrings an werview of the applied
methodology and its justificatiorand the exploration of the two study cases. The sedomther developed the
data collection and the system architecture stages in the proof of concept applicatiothifdhene is focused
on the development stage, namely the data gathering, processamgl displaying. It also explains how the
application was alfa tested.

The sixth chapter comprises theritical evaluation of theesults obtained. It deliberates about the positive
aspects for fatity managers, the limitations of the applicaticand the challenges to achiieg a fully deployed
web solution. This chapter is followed by tHiiscussion andonclusiorchapterwhich finalize this thesis with a
reflection about the research questions and syiestions future possibilitiesand research limitations
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2 Literature review

This literature review chapter asrat describing key concepts ftine topics coveredby this master thesiso

enable the discussion proposéatdthe research questiondt gives a broad view of the facility manager role and

the new demands fathe operation and management of facilities, as well as an overafdie IT tools developed

to supportthis industnQ @eeds. Moreover, these ofBIM modelsand processsto support facility management

tasks are exploredegarding the potentials and challesg reported in the literature and complemented by a
non-exhaustive examination of research approaches to implement these potentials and overcome these barriers.
Furthermore,since the prototypeappiessemantic web and web technologielements this chaper presents

the basicconceptsin these topicsand how they were used in this thesis.

2.1 Facility Management

As mentioned in the introduction chapter of this thediacility management is a multand interdisciplinary
activity. The O&M processes should assure a sustainable strategy for the management of the building
infrastructure and servicealong withproviding a qualiitive environment for thehuman activitie{Parn,et al,

2017) Sustainabity is oneof the key aspects of facility management since the O&M phase is the longest in the
buildinglife cycle Itends up being the most expensive and the one with most waste of resources, like arater
energy(Hu, et al., 2018)acilitymanagement can be associated with the generation of revenue, in thistbase
facility manager is als@sponsible to maximize the profit by providing the best experience to the building users
and the best environment for them to develop their activit{esg. office buildings, universitidspspitalg.

In this context, the scope of facility management is growing throughout the years to include more integrated
services, longerm contractsandstrategicactivities(Talamo & Bonanomi, 2018)hisreflects the paradigm shift

of the industry from a focus in merely cost reduction to a gradual focus in strategic facility management that
addsvalue tothe core business, corporate real estate magementand businesso-businessnarketing(Jensen,

et al., 2012)Jenser(2010)in his facilitymanagement value map emphasizes the different wayshichfacility
manages can create and add value beyond cost reduction with effects in the main businessbss user
satisfaction, productivity, reliability, adaptation and company culture, as agi related businessireas like
economic, social, spatial and environmerda¢as The facilities, activities, real estate, technology, manpawer
and the knowhow are inputs for facility managers that enable planning, coordinating, contratithgmproving
processes to delivgroducts, space, services, developmartidrelations(Jensen, 2010)

Consequently, the g@ranization model increases in complexity, including new areas of interest and disciplines,
and demands the creation afew roles with new competenes and support tools to comprise with the
expectations of improved O&M procesg@alamo & Bonanomi, 2016ondeua et al(2006)present thejobs
responsibilities of the facility managers in nine major functional aeea®rdingto the IFMAdefinition of the
facility management tasks:

Longrange facility planning

Annual facility planning (tactical planning)

Facility financial forecasting and mayement

Real estate acquisition and/or disposal

Interior space planning, work specificati@nd installation and space management

Architectural and engineering planning and design

New construction and/or renovation work

Maintenance and operations of the physical plant

Telecommunications integration, secutignd general administrative servicéf®od services, records
management reprographics, transportation, mail services, etc.)

=4 =4 -8 -8 -8 -8 _a_a_°

Which are compatible witthe basic categories of demand for facility managiefined in the EN 15221:2007
and EN11522%:2011standardsfor facility managementlescribed byralamo & Bonanon{R016)in two main
domains:

1) Space and infrastructure
1 Accommodation (space)
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Workplace (working environment)
Technical infrastructure (utilities)
Cleaning (hygiene and cleanliness)
Outdoor (land, site, lot parking)

= =4 —a -9

2) People and organization
1 Health, safetyand security
1 Hospitality (supports for hospitable working environments)
1 Information and communication technologies

In this tresis, the Atlas building, an office and educational building, and the Eenission Lab, a combustive
engine laboratorywere used as study cases to define thain areas of interest of the facility managéos the
applicationand their associated taskisat were grouped according tbablel.

Tablel. Facility managerareas of expertise and related tasks

Areas Subareas Related tasks

Maintenance Gardenand indoor plantsvatering 1 Registeuseiscomplains
General epair and replacement 1 Assign personnel to solv
Indoor and outdoorleaning maintenance issues
Waste management (e.g. recyclableeofical 1 Make preventive maintenance
and biomedical) plans

1 Identify recurring issues and
perform root cause analysis
Monitor cleaning schedules
Ensurehe correct destination of
waste
logistics Office equipmentsupplies(e.g. printers, coffee { Schedule order supplies
and snack machines) f Check if the order is correct
Speciabupplies(e.g. laboratory supplies) 1 Performproductquality checks
1
1

Coordinate tender procedures
Provide information about ar
FaasSiQa t20FGA2

1 Plan the storage of assets that a
not currentin use

Asset tracking

Space Workspace and meeting room allocation 1 Verify if the users havenaavailable
management Parking space allocation space to perform their activities in
Renovation and refurbishment the correct time

1 Monitor the increase or decrease
in demand for space

1 Evaluatef the existing condition of
the spaces support the activities
developed in it

1 Analise how renovation and
refurbishment activities impact the
building users

Safety Fire safety 1 Analysis of the operational safety
Accesgontrol of the building.
Closedcircuit television(CCTVinonitoring 1 Make pobabilistic risk
Asset protection assessmerst
Risk management 1 Evaluae potential failures of the

building systera
1 Monitor who hasaccess tdhe
building
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9 Define extra safety measures for
valuable assets
Indoor Indoor environmentquality 1 Verify the compliance of legal

conditions Usersatisfaction and performance standards (e.g. Dutch working
conditions legislationWELL

building standary
1 Monitor andadjustthe ventilation,
lighting, heatingand humidity

systems
Cost Resource optimization 1 Monitor the consumption of
management Acquisition cosbptimization natural resources

1 Define longterm plarsto optimize
operational costs

1 Make strategic purchasing decisic
to minimize cost

2.1.1 IT tools forfacility management

The support tools fofacility management evolved in time and gained more functions with the advancement of
information technology (IT). IT involves the use of compbtesed information systems twllect, store, process
andtransmit information(Sooriyarachchi & Karunasena, 2010)

There areseveral classifications for the facility management IT tools. Some considerer CAFM as an umbrella term
to all applications that use IT software to manage building data collections and classify other applications as types
of CAFM that handle specific dasmurces (e.g. environmental management systems (EMS) and Computer
control and monitoring systems (CCMSmith, 2011Parn, et al. 2017)Someconsider CMMS and CFAM as two

IT solution branches, as the first computsased information systems used wereateld to maintenance tasks

(Aziz et al., 2016)Somesee it as a hierarchical chain that sgwith CAFM and as the technology evave
aggregates more tasks and change category to CMMS, then entegsset management (EAM), until an
integrated workplacenanagement system\(YMS)(Mohanta & Das, 203 %-igure2).

TWMS +Environmental impact assessment
* Lease management

EAM +Finance management
*Resource management

CMMS +Maintenance schedule
*Monitoring facilities
*Preventive maintenance

CAFM *Space planning
*Space management
*Tracking equipment

Figure2. IT tools for FM based on level of featufghanta & Das, 2015)

Whatever the classification approach is, it seems to have a clear distinction between this first generation of IT
tools and BMS. These Building Management Systems, also called Building Automation Systems, go beyond the
management of data collections to dsla the control and monitoring of the building system through an IT tool

in reaktime (Wong, et al., 2018 Commorbuilding services associated with BMS are power, heating, ventilation,
air-conditioning, access controls, pumping stations, elevatarsl lights (Alileche, 2018) Building Energy
Management Systems (BEMS) are often classified as a subset of BMS that are specific teysteargy BEMS

gained popularity as a way to promote enewgfficient buildingsand to ketter understand the gap between the
predicted versus actual values of enempnsumption(Ock et al., 2016)
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Making a parallel with théasks described in thprevious topi¢there areclear benefitan applying this IT wl

to support the operation and maintenance of faciliti®r exampleCMMS providsa platform to registeand
organizemaintenance procedures and work ordeWith the correctinformation about the problem and the
systems affected, the involved costs, and thedito solve them,it becomes a powerful database to perform
critical analysis of potential failures of the building systems and its repercussicosi and people safety
Maintenance based irisk assessmentsveryimportantwhen handling toxic or hazardous mateyisihce failure

in the systens for producing ortransportingthese substancesr in its monitoringsensors can have severe
consequencegArunraj & Maiti, 2007)Moreover, modern BMS systems also provide predictive maintenance
capability, they can inform future demands for repair and replacement barete lifespan of its components
and in their degraded statdue to fluctuationsn useor weather conditionspreventing disruption in the service
(Bumblauskas et al., 2017)Hs also ha repercussions for cost management, since the future demand can be
includedin the bidding proces$o bargain better prices

CAFMools for space management can generate analytics about building occupancy what is valuable information
for the longterm strategy for real stat@isposal ormcquisition(Lavy, 2008)These tools can be combined with
RadieFrequencydentification (RFID) tags placed in the university assets to monitor isiinealtheir location

and status (Wong, et al., 2018)he valuable ass@t location can be used tmap strategic areas that can be
protected by sophisticated access systems thataisde-basead, attribute-basal, or acapabilitybasedapproach

to give only authorized people access to these sensitive dffemng et al., 2019The CCT¥nd alarm systems
canuse sensors to detect intruderr dangerous situationdike heat increase and smokstore pictures and
videos of thesceng and send alerts tauthorities

Also,BMS and BEMSe sensato monitorin reaktime room conditiongproviding data foindoor environment
quality assessment¢Kallio et al., 2020)Severalbf these systemsome with optionsfor user personalization,
this generats analytics to understantetter user behavioand preferencegKallio et al., 2020Furthermore,
the sensosin smartHVAGystemsenableautomationcapabilitiesto optimize energy consumptiooy enabling
modulating control othe buildingtemperature automatically turring off the systemout of business houysor
preheating or precooling rooms before occupatio®(rier, 2017)Otherexamplesof resource optimizatiomre
responsivdacadeghat adapt according to thdaylightlevelto maximize user comfodnd balance energy costs
(Hosseiniet al, 2019) energysystemsthat optimize theuse of the energy generated by the buildin@g.g.
Photovoltaicgenerationand energystorage)backin its operating systemor the electric grid using learning
algorithms(Di Santo et al., 2018andidentification of heat loss problem@&an et al., 2013)

However The existence o560 many specializeapplicationswith different classification systems for the building
elements,togetherwith hardy copydata and unstructured digital filemakes it difficult for the facility manager

to monitor the overall status of the buildirend correlateinformation (Peng et al., 2017Another issue is that
most of the supporting tools for facility management depamsome level of manual input of data, and hence
are errorprone and timeconsuming(Peng, et al., 2017FEven BM®ieeds that the user implements a project
with the building spatial structure in the software so that it can relate the sensors in the real world to the digital
representation of the building.

Moreover, commonly the IT tools for facilitpanagemeh have poor geometry visualization capabilities,
generally a 2D visualization of a CAD file or a JPEG drgxiaget al., 2016 hispreventsfacility managesto

be able todefine the exact location of an iss(&zizet al, 2016) andto be better prepare for the site conditions
when executing a maintenancervice(Liu & Issa, 2016Both can represent a significant waste of timEis
contextopens opportunitiesa useBIMdatato support O&M processeshe next topicexploreswhat are these
opportunities and the challenges associateith them.

2.2 Towards a BIM enabled FM

The acronynBIMis commonlyassociated witlBuildinglnformation Modelor Buildinginformation Modelling.

The BIM model refers to the digital representation of the buildivith information depth and BIM modelling
refers not only to thestageof creating the model but also the proces®f maintairing, usngand exchanmpgit
throughout the buildinglifecycle (Borrmann et al., 2015)Beause of this expansion of the BIM modelling
concept, BIM is also associatedth BuildingInformation Management. BIM managemefacuses on the
capacity oBIM to be a source of knowledge and innovation diffusion in the project/company level as well as in
the AECO industry lev@llindgren & Wide, 2018)
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A BIM model is objeatriented. The components of the building have embedded graphic and data attributes and
are controlled byparametric rules that allow them to be mgpulatedconsistentlythrough the project database
(Sacks et al., 20187 BIM model is alsgemantic The dataof a BIM model follows the building hierarchical
structure containing the relationship between the building components and other physical or logical entities, for
instance, spacesand zones(Borrmann, et al., 2015BIM as amodelling technologyis used toproduce,
communicate anénalyze accuratbuilding models, improving the quality and productivity of traditional manual

or CABbasedprocessegSacks, et al., 2018ecause of these characteristics, BIM is in the core of solutions to
improve inter and intraorganizational collaboration in the construction indug@affarianhoseini, et al., 2017)

However, due to the fragmented nature of th industry, a key aspect for this collaboratioand hence
information exchage and knowledge generatipiis interoperability.It refers to thecapablity of different
systens (hardware or softwarejo work together (Epstein, 2012)ldeally this collaboratiorshould be based on
open standards to support data flowing between applications and peopleowtttosing information integrity
(Epstein, 2012)Although full interoperabilitycan never be achievedhe most consolidated effortni this
direction is the IE schemarlhe Industry Foundation Classes schema is a standardized and veudi@al digital
description of the built environmen{BuildingSMART, n-8). It is developed by BuildingSMART together with
other standards to facilitate IFBIMworkflows Thoseother standardsarethe Model View Definitioh(MVD) a
subset of IFC tailor to a specific process, the BIM Collaboration Fotmakchange information about issues in
the project, and thelnformation Delivery Manud| that document the BIM process and the information
exchanged in theniThe most recent release of IFC is LEC4

Although the IFC format representednaimportant step to allowthe exchange of data between design and
construction management applications, it has several flaws to expandpBibkessedo other stages of the
building lifecycle The next topic introduce present barriers and potentials expected of &tk to be
implemented in this field.

2.2.1 Current status of BIM for O&M

The literature reviewon the topic of BIM for O&M aimed at defining the current status of BIM data quality and
usability for facilitymanagement. 4 documentswere analyzedsix literature review from 2011, 2014, 2016,
2017, and 2019,three questionnaire survey with industry practitionersrom 2016 and 2019, andvk case
studies from 20132014, 2017and 2018.The main topics and subtopics regardipgtentials for BIM in facility
management arelepicted inTable2.

The articles were obtainetly searching th@U/e libray databasewith the keywordsBIM combined withfacility
managementoperation and maintenancend BIM 6D with a time framestarting from 2@0. The results were
narrowed downafter evaluating the articl&®bstracswith a focuson studies that analyzed the potential of BIM
to supportthe FM process andliscussedhe challenges associated with ther8ince tkese potentials and
challenges overlap in severaf them, the selected articlesvere chosen to represent the universéstudies in
the topic. The literature reviews were selected based on the time of publication, astemphasis in the last five
years, and the number of articles reviewddoreover, sirveys and case studiesmplemenged them, bringing
areas that were superficially addressetby the literature reviews such as BIM implementation in existing
buildings,impact of different levels ofmodel accuracyor decision makingand integration with web tosl for
O&M.

5 https://technical.buildingsmart.org/standards/ifc/mvd/

8 https://technical.buildingsmart.org/standards/bcf/

7 https://technical.buildirgsmart.org/standards/informatiomleliverymanual/

8 https://standards.buildingsmart.org/IFC/RELEASE/IFC4_1/FINAL/HTML/
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Table2. BIM potentiafor FM in literature review

Topics

Subtopics

Authors?

1)

Improvement in
manual process for
information handover

Auto population of IT tools and
Improvement in data accuracy

(1], (3], [4]. [5], [8], [9]

Increase in speed for data retrieval

(1], [2], [3], [4].[3], [6],
(7], [8], [9], [14]

Better organization and geometric
information of the building plans

(1], (2], [3],[4]. [5], [8],
(9. [13]

2)

Visualization of 3D date

Indoor navigation

(2], [4], [3], [6], [8], [9],
[11], [14]

Fast location of building component
and areas

(1], [2], [4], [5], [6], [8],
(9], [11] [14]

Marketing and satisfaction survey

[5], [6], [8]

Simulations

(71, [8], [9], [11]

3)

Maintenance

Efficiency in work orders execution
and maintenance planning

(1], (2], [4], [S], [8], [14]

Checking design maintainability

(1], [2], [4], [S], [6], [7],
(8], [9], [10] [12]

4)

Asset tracking

Mobile location of building resource
with RFID integration

(51, [7], [8], [9]

5)

Integrated data
environment

reaktime data access and sensor
integration

(5], [6], [8], [9], [11]

Controlling and monitoring building
systems

(61, [8l, [9]

Aid for decision making

[1], [3].[5]. [8]. [9] [11]}
[13]

6)

Sustainability

Lifecycle assessment and cost

(5], [9], [10] [11]

assessment

Carbon footprinting

(5], [10] [11]

Potential recycling rate

[5], [10] [11]

Planning for disassembly of
components for reuse

[11]

7

Space management

Planning and feasibility studies for
space use

(5], (6}, [7], [8], [11]

Emergency and safety planning

(5], [6], [7], [8], [11}
[14]

8)

Renovation and retrofit

Renovation and retrofit planning ani
costsaving

(5], [71. [8], [11]

Deconstruction planning

[11]

a[1] Parn et al., 201;42] Liu & Issa, 20163] PishdaeBozorgi et al., 201,44] Kelly et al., 2013;

[5] Edirisinghe et al., 2017; [6larbonari2016; [7]Nical & Wodynski, 2016; [8)atarneh et al.2019;
[9] Codinhoto & KiviniemP014 [10] Ashworthet al, 2019; [11Molk, et al., 2014; [12]eite, et al.,
2011; [13]Peng, et al., 201714] Rasys, et al., 2014.

From this analysis, it was possible to conclude that the potential attributed to BIM derivates from the 3D
visualization of the building geometry and thegsibility to input data in the object levelnd to extract this data
in a structured way using BIM tools (e.g. list of components, quantities, floor area).

The popularization of BIM modedsd processes for design and construction enstile encapsuldon of rich
semantic data in the model early in the building life cy8larn, et al., 2017Hence, it can be delived as part

of the handover documentation and prevents extra efforts to collect and organize a profusion of useful data
generatal during the production procesd.iu & Issa, 2016BesidesassociateO&M data with the geometrical

data retrievable fom a BIM modeteduces the time spending on finding relevant information about equipment
and building materialg¢Parn, et al., 2017)This data can be used to fast populate the IT tools for O&M with
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building data, with saves precious timefor the facility managers and elevate the accuracy level of this
information (PishdaeBozorgi et al., 2018)

Moreover,a BIM model providei KS @A &dzZ t AT FGA2y 2F (GKS NBflFiA2yaKALR’
O2y G AYSR AyQ> i#Ad)d NR2RODQY R yi 2y HyORedNdt alS20BTeY S NA O
visualization benefits of BIM models assist the O&M personnel in several ways as in the fast location of building
components and roomgéEdirisinghe, et al., 2017¢arbonari(2016 also points out the advantages of the 3D

visualization for market intelligence and satisfaction survey.

In the field of maintenance, these characteristics are expected to enable accurate defect detection and report
(Edirisinghe, et al., 2017in opposition to the traditional process of using a papased facility map and
subjective judgment based on experien@dical & Wodynski, 2016 digital twin of a facility enables facility
manages to precisely locate niatenance work orders and to identify in advance the working conditions and
the systems affected, saving time and money during the execiieily, et al., 2013Moreover, a BIM model

can be used to identify maintainability problenmsthe design phasmaking themeasierand cheapeto solve

(Liu & Issa, 2016)

Asset tracking is another field optimized by BIM with the integration oftiesd resource location technologies,
namely RFIQNical & Wodynski, 2016Asset management depends reliable information on the asset
inventory, condition and performance and can benefit a lot by the visualization power of BIM(Bata, et al.,
2017) Furthermore Matarneh et al. (2019) mention the potential of BIMlatato be a central referencéor
various data sources in the O&M stagbeyindicateseveral approaches f@IM data and O&Miataintegration
suchas agertbased web services, linking data in the cloaidiirelational database@Matarneh et al, 2019)

Some emphasis is givém BIMfor sustainability as a better way to get precise information about the materials
to calculate the life cycle cost® planthe implementation of green buildirsgand analysecarbon reduction
(Ashworth et al., 2019)BIM models can be used to moaecuratelycalculaterecycling ratg, analyse the
disassembly oftomponents connections, verify the separability of the mat&i#dyers and composites and
detail the pollutant emissions calculatiorf§olk et al., 2014) Additionally, BIMbased systems enable complex
energy evaluations and simulatiofiical & Wodynski, 2016)

Moreover, space managementenovation and retrofit are areas considered improveg BIM processes. BIM
brings opportunities for automated space management in ishdaeBozorgi, et al., 2018)his is particularly
important to model emergency scenarios and safeperations processes armhnbe used to traimpeople to
prepare for thesecircumstances(Edirisinghe, et al., 20178imilarly BIM models aid decision making in
refurbishment processes for reduced costs, safées, and enhancedollaboration(Volk, et al., 2014)Other

uses are assessing maintenance impacts, scenario plararidgexecution planningedirisinghe, et al., 2017)

For deconstruction, BIM can be used to plan and to evaluate vulnerabilities in the construction and make
collapses analysd¥olk, et al., 2014)

However, each potential is associated with challenges $dulitimplementation.Table3 brings an overview of

the barriers reported in this inveigfation. There are other challenges beyond the ones discussed here, namely
internal factors (e.g. organization resistance, lackeomel able to use BIM) and external factors (e.g. social,
economic, legislative and regulative, local culture and magkatext)(Parn, et al., 2017)hat were not included

as they are outside the scope of this thesis. Thus, the foarsttee BIM data available and its integration with

IT tools for facility management.

Table3. BIMchallenges for FM in literature review

Topic Subtopics Authors?
1) Modelling problems Model incompletion at handover stag: [3], [9], [11]
Lack of clarity regarding model [11, [2], [4], [B], [7], [9],
assembly and its relationship with [10], [11]

O&M processs
High effort to model existing buildings [5], [6], [11]

21



Inadequate LOD for the purpose of th [71, [10], [11], [12]

model
2) Uncertaintyabout Unclear requirements for information [11, [3], [5], [6], [7]. [8],
the level of to be included in the model, dack of [9], [10], [11]
information in the them
model
3) Interoperability Lack of interoperability between BIM [11, [3], [4], 5], [7], [8]
issues and Facility management technologie [9]
Lack of requirements for specific [11, [3], [4], [5], [8]
system

a[1] Parn et al., 2017; [2]iu & Issa, 2016; [3] Pishd&wzorgi et al., 2018; [4] Kelly et al., 2013;
[5] Edirisinghe et al., 2017; [6larbonari2016; [7]Nical & Wodynski, 2016; [8)atarneh et al.2019;
[9] Codinhoto & KiviniemR014 [10] Ashworth et al., 20191[1] Volk, et al., 2014, [12}ite, et al.,
2011, [13]Peng, et al., 2017; [14] Rasys, et al., 2014.

Edirisingheet al. (2017)reported study cases in which the analysed desigodel revealed missing geometry,
problems with the level ahformation about components and systentesyel of detail issuesnd other modelling
problems. This situation is worse in existimgjldingssince thehigh effort to capture the existing building data
in semantic BIM objects make BIM implementation ranethese caseévolk, et al., 2014)To improvehe level

of geometry accuracy of the dmiilt and asis BIM models, 3D lasscanning is rising in use but the time, cost,
scanning rangeand the precision rate are still limitations for this technold¢@garbonari, 2016)

Moreover, although a BIM model is great for data integration, it may not be presented in a pertinent semantic
format for facilitymanagement(Parn,et al, 2017) The BIM deliverables need to be assessed regarding if the
required data is modelled, with thiecorrect format and level of quality to meet the requirements of tleta

user (PishdaeBozorgi, et al., 2018)A BIM model is only useful for cost estimating, energy simulatiod
creation of fabrication drawings, among otlsdf it has enough detailabout the building components and
systemg(Leite et al., 2011V olket al. (2014)complementstheseissues stating thathe high information level

that needsto be included in the model for detailed maintenance or deconstructions considerations generally is
not compatible with the current time or cost restrictions in the &E&hd demolitiorsectors.

Furthermore Parn et al. (2017) reports inconsistent naming conventions, specific facility management
requirements missing, inadequate data categorizatemd poor information synchronization between BIM and
CAFM system&egardindghe information to be included in the modelear and weldocumented requirements
can address this issudgut most of the building owners have no document in place to state their needs for
operation and maintenancehases(Edirisinghe, et al.2017) Moreover, he lack of a systematic process to
capture data for O&M in the construction and design phases results in facility managers not usidgt&id/
support their process because it @not contain the information needed or because it conwtno much
superfuous information for thistage(PishdaeBozorgi, et al., 2018)

Other Informationissues thatare documented in the literature are the problems relatedibe update ofthe
O&M datasourcesWhenno automation is used to update information about the fixed or movable assets of the
building, the accuracy level oféafD&M andBIM dataintegrationrelies on updates made by the O&Neam
(Parn, et al., 2017Another side of this problem ihe information management of large collections of data
Since he amount of data aggregated in tt@&M stagecan grow very fast withihe inclusion of the daily
management data of building components, like checking, ligtsration history, indoor andutdoor sensor éta
(Peng, et al., 2017)

The last group of issues detected regards the lack of interoperability between BIM data and IT tools for facility
management. As menti@d before, facility managers have a lot of applications to aid the operation and
maintenance of the facilities but the data delieeifrom the design and construction phase is not integrated or
compatible with these systems and henceedf Q (i & dzLIL@awdgenrt Qracicaghd@isinghe, et al.,
2017) Data problems can occur due to different units of measure, interpretation of the values or reliability of
the valuesand schema conflicts can happen with identifiers and naming mismatches, differebutgiused

to define the same informatigrand other structural inconsistencies from the divergent schema dg§tgnys,
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et al., 2014) Thus,severalsolutions are in study to bridge the gap between syntax, schemaemantics

differencesbetween BIM data and IT tools for facility managemi@dirisinghe, et al., 2017)

One of them is the Construction Operations Buildimgrmation Exchange (COBie) standard. COBie provides a

Microsoft Excel Spreadshebtsed structure for O&M data whichllows theexchangeof a vast amounof

information embedded in themodel (Edirisinghe, et. al, 20L7However as mentioned, théndustry generally
doesy Qi KI @S Of SF NI NBljdZANBYSyia (2 3IdzARS RSaA3IYySNE

using CobiéKelly et al, 2013)andfilling all datafieldsoffered by the standard would beverwhelmingPishdad

Bozorgi, et al., 2018Besidesmost applications for facility management were not adapted to import C@iie

use it to automate data input.

In this context, decentralized approaches for data or system integration gain force with studies growing in the
field of semantic web technoldgs, mobile BIMandcloud computing what bring challenges tbe management

of temporal data, transaction managemergnd synchonization (Volk, et al., 2014)Moreover, data losss

natural problem of integratiothat happens when information is converted to other data type®e exchanged
betweenapplications. This leads tgaps in the data collection or duplication of information and may result in

data having to be rentered manuallyfCalinhoto & Kiviniemi, 2014)

2.2.2 Potential usedor the integration of BIM and O&M data

Crossing théoundsin the literature and the facility management tasks from the Atlas and ZEL study itases
possible to disclose potential use casestfe integration of BIM data and IT tools for Facility management

(Tabled).

Table4. Potential use cases for the application

Areas

Data sources

Potential usecases

Maintenance

BIM data + Maintenance
records

Fast retrieval of themaintenance history of defective

building element

Check maintainability conditions and plarierventions

on the building

Aggregatenork order executiorper building areas

Logistics BIMdata+ Asset tracking dat: Fast location of assets in its spatial context
Aggregateoffice equipment suplies per area
Space BIM data + Occupancy data Analyzepopular and unpopular areas in the buildir
Management HVAC and lighting systen versusthe space characteristicswindows, furniture,
data appliancesenvironmental conditions)
Plan building intervention during refurbishment and
retrofit with less impact for thepublic
Sdety BIM data + Alarm systems Analyzesuitablelocation of thesecurity sensorsalarm
data/ Occupancy data devicesand signs
Make sensor data visible & 3d vieweto monitor critical
thresholds
Safety evacuatiosimulations
Indoor BIM data + Occupancy data Calculatethe IEQIlevel and make it visible in th8D
conditions HVAC and lighting systen viewerto monitor critical thresholds
data
Cost BIM data + HVAC and lightin¢ Perform lighting, daylighting and thermsiimulations in
management systems data the building

Boththe Atlas building and the ZEL can benefit from a nsonart way tomanage the maintenance records and
plan interventions on the building. The last has even more advantages for tsZ€&lt haspeciaMEP systems

to deal with combustive fluids studied thet@at require abetter planned intervention(see Appendix).In

addition, Aggregatemaintenancerecordsper spacecan disclosérends andpossiblecause of recurrent issues
(Akcamete et al., 2019Besidesit enablesthe optimization ofwork ordersexecutionbased on spatiatloseness
that hasthe potential to save timesince staffexpend less time moving thequipment and supplies necessary
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for the work This can be particulbrinteresting for theAtlas Buildinghat is big both horizontally and verticé}
but has spaceswith similar maintenanceequirements.Similarly, the routes fosuppling officeequipmentcan
be optimized In addition,the indoor navigatiorcapabilities othe BIM data associate with in loco information
of asset tracking systems can decreaseftihee to find assets in both buildings.

Crossing BIM data with space management systems siap@ort the investigationon howto balance the
building occupancynecessaryto achieve compact campus targetsr the Atlas building or to validae
transitional safety measure®lated tothe TU/e policy for corona virudMoreover,the flow of people can be
used tobetter plan renovation and refurbishmergrocedures aiming at less impaeh the building userg
activities Also,material and volume information from the BIM modgipportcalculation for estimate demolition
and renovation wast¢Cheng& Ma, 2013)

Safety uses cases includealyingthe location ofsecurity devicebased on buildings parameters (e.g. possible
visual obstruction, proximity with building systems that can cause interference in the reg@indgiccupancy
parametersBoth data sources are also useful to perform evacuation simulafidgsyen et al., 2019mportant

for both buildingssincethey have complicated evacuation scenarios. The ZEL becausetaxithand explosion
potential, and the Atlas because of the high number of people to evacuate.

Furthermore, The smart systemg both buildings generate datthat can be used tccalculatethe indoor

environment quality (IEQgvelor the oxygen level ahe spacesthis asessment can be translatedtma color

scale andhssociated tdhe BIM data using BIM viewer for better monitor these critical threshold&€Chang et
al.,, 2018; Riaz et al., 2014)hese same systemsan be used for simulations aiming at planninggterm

strategies forthe optimization of resource@Chevallier et al., 2020; Patti et al., 2012)

2.2.3 Approachedor integration of BIMand FMdata in the literature

This section gathers a few of tseudiesinitiativesthat have a practical approac¢h the integration ofBIMdata

and FM datahat applied semantic web technologies, web technologiesa combination of bothConsidering
the scope of the thesighis ewluation aimed tounderstand what kind of dataourcesare used to support
decision making in the O&M staghow theycan beintegrated with the proposed technologiegand what

functionalitiesthey cansupport BesidesThey were evaluated regarding tlexistenceof features to support
user interaction, namely a useérterface, a 3D viewerand if they consideed features formobile devicesThe

summary of this analystan be found irrable5.

Table5. Relatedstudies

Articles Data sources Integration approach uR 3D Decision support Mobile
Viewer approach devices
Pattietal., Energy, Web-based database X X Thisdatabasds made X
2012 temperature, to store accessible through the
humidity, and light  heterogeneus webto supporta BIM
sensors wireless sensors basedenergyintelligent
networks control service
Chang, et Humidity, Sensor data included (Revi) (Revi) Measurement values X
al., 2018 temperature, directly in the Revit converted in aolour
power supply environment scale displayed in the BIN
sensos, andBIM model
data.
Riaz, etal., Oxygen level Sensor data included (Revi) (Revi) Measurementsaluesare App
2014 temperature directly in the Revit displayed in tablsand send
sensor andBIM environment chartsformat, as well as  alerts to
data. in acolourscale in the mobile
model phones
Rasys, et al., Engineering data, Data sources are (Navis (Navis The data is displayed X
2014 BIM datg and linked using semantic works)  works) associated to the Building
documents web technologies elements

stored in a web
databaseand included
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in the Navisworks
environment.

Shen, et al., BIM server, asset Decentralized system yes yes Theinformation from the X
2012 trackingsystem, integrationusing other systemss
and facility semanticweb displayed ira single point
operation and technologiesand web of access
management technologies
system (FMM)
Hu, et al. Personnebata, Centralized web app  yes yes The app support data Optimi-
2018 BIM data, BMS with different enquire, analyss and zedUI
data for MEP, database for the BIM statistics calculationto  for
including data, usedata, and support facilitate repair ~ Mobile
maintenanceand monitoring data. tasks, routine patropath, devices
repair data and aid to emergency
response.
Kim, etal.,  BIM data, Cobie Data integration with X X The user should be able  x
2018 spreadsheets, and semantic web to retrieve all recordsor
maintenance work technologies abuilding element using
records SPARQL queries
Rasmussen, BIM mode)and the Centralized web app yes yes The userisable to query X
etal.,, 2017 information connectedwith the building datawith 3D
embedded in it Triplestore and visualsupport.
Autodesk Forge
Chevallier, BIMdata, and Sensor data and BIM X X This linked data is made X
etal., 2020 several sensors datawere stored in accessibl¢hrough the
data (up to 90 web databases and web to be used for
sensors) linked using semantic simulations
web technologies
McCaffrey, BIM dataand Sensordatawere yes yes The app include 3D X
etal., 2015 sensor data from a storedin a web visualization with several

BEMS

databaseandvisually
associated to the BIM
modelin the user
interface.

interactionpossibilities
such agime series
aggregationdata display
in the modelwith a

colour sca, anomalous
values detection andata
exportingin CSV.

aUser Interface

Several studies aimed at a central databasensideringhe part of the O&M data they were dealingith, and

integration with BIMtools. Patti et al(2012)proposeda LinkSmart middleware capable of aggregating data
SQldatabasefrom a network of wireless sensors with data for energy, temperature, relative humidity, and light
monitoring, and make it accessible through the internet, to later connect it to a BIM neulother

applications. Changet al. (2018) also stored sensomata for humidity, temperatureand power supphand

additionally used Firefly suite, Dynapmamd Pyhon to include tls data ina BIM model in Revit. The study wuke

a colorschemeto helpthe facility manager to visualize the differences in values in a spatial corfRéaret al.
(2014)proposedto include data from wireless oxygen and temperature sensors in confined spaces on the field
directly to the Revit environment as an afldy > (2 Ffft2¢ o0SGGSNI Y2YAG2NARYy 3 2
maintenance procedures. The data from the sensors are stored in a SQL server and the connection is made in

the Revit APIThe system waalso integrated with mobile technology to send alerts when the sensor detects

values beyond the defined thresholds. Although the results were positive, the focus group that evaluated the
prototype stated that a simpler user interface outside Revit is bédteF 2 NJ KA & aSO02N) aAyoOS
62Nl F2NOS Aa y2i RaxktaiDdDOKy2ft238 tAGSNF1SQQ

In a different approachRasyet al. (2014)created a centralized data storage for heterogeneous engineering
information with the data requirements definedy an ontology called Class Library for the field of oil and gas.
The resulting datasithen converted to JSON format and stored in MongoDB, a NoSQL database, and is made
availableon the web through a REST wedmndce. The idea is to provide a single secure access point to the project
data in a format that can be easily exchanged througts.ARI test the visualization of this data, a piagn
Navisworks manager was created where data is displayed in JSOfds@arches point out that with heavy and
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complex models a better approach is to include 3D dataweb portal instead of relyingn NavisworkgRasys,
et al., 2014) In their opinionit could make content easier to load and manipulaad accessible in portable
devicegRasys, et al., 2014)

Shenet al. (2012) expandedthe universe othe data integrated by includinthree webbased applicationsa
BIM server (BIM Octoplus)naRFIDtracking system application (AeroScquand aFacility operations and
maintenance management systerasing an agedbased and serviceriented approachin this context, the
authors definedhat making this integration in a loosely coupled way, usinglogiesfor data integration and
allowing both reactive and proactive services and exchange offdathetter the defragmented nature of the
industry. In the same line of researdiiiet al.(2018)created a platfom for the monitoring and maintenance of
the mechanic, electriand plumbing system of a 100,00C notal floor area office building. A web application
was used to display data from the RFID télgat were used to label all elements and store reale data about
them, the MERelated documentation that \as previously digitalized, and the monitoring data from the BMS
that directly control these systems. Moreover, BIM data was included in the myelization for 3D visualization
and it was converted to GIS 2D maps in mobile devices with less render capaeitplatform was also a
maintenance management system and the workers used it to input new work orders rinautomatically
associatedwvith the building locatioa

These studies supported the potential of BIM to aggregate O&M information in the builddfements level.
However, thefirst made live sensor data availabier other BIMO I a SR | LILJX A OF GA2ya o dzi
connect it wih these applications. The other thréming the facility manager to the BIM environment by using
Revit and Navisworks as the user interface to interact with this 3D database. Considering the commonly reported
lack of familiarity of this department with Blkdols, a better approacls to bring the BIM data to théacility
management environment by creating an independent user interfacthis context, the approach proposed in

this thesis in more close the works ofShenet al. (2012) andHu et al. (2018)vith a web applicatioras a single

point of referencefor the current building statugor the facility manager to quick locate the building element

and the information associated ta Butdifferently from thesetwo studies the app prposed hereR 2 yingeid

to replace the existing IT tools for FM sirthey areconsideredbetter designed to deal with tasks they abeiilt

to support.Regarding a portability contexlMmodelsof highly detailed facilitates caepresent a considerable
dropin performance in mobile devices are not compatiblevith the opensource3D engines available for front

end developmeh That makes the simplification of the modahd its conversion tother data formatgelevant
aspecsto be considered ithe implementation of 3D viewers.

Other studies addressed the lack of query capability of thenédzl.Kim et al(2018)linked data from IFC, after
conversion to RDWith an OWI-based ontology called FM ontolagyith maintenance dataAn application was
developed to allow the query of the createthtabase supporting search in historical maintenance works
associated with th building elements in IF. thetopic, Rasmusseat al. (2017)wenta step furtherto combine

the RDF file, converted from IFC, to the 3D visualization of the data in a visual query interface. It enabled the user
to make queries in a web application that displayed the 3D model filtered by the content of the request. The
study pointsout some limitations of the ifcOWL ontologgnd because of thatt applied the building topology
ontology (BOT) when generating the RDF file.

Thesestudies address thproblemof generating a wektompliant IFC that allowtbe user toquery information
from it. However, the user interaction wittne data required knowledge in SPARQL queTibis thesis proposed
alayoutwherethe SPARQL language is ulseldind the scenes tquery theBIM dataandistranslatedin buttons
or simplecommands in the user interfac&imilarly the data received from #se queriesneed to be post
processedo a more simpldormat to facilitate the interpretation of the resultsy the enduser.

Regarding support fatecision makingChevallieet al.(2020)used semantic web technologies to create a digital

twin of a building with data about the sensors networks and a BIM model stored in a triplestore on the web. They
used a common naming convention to link the domain ontologied beable to queryinformation éout the

sensor associatedith its structure representation in the BIM model. Other databases were used to deal with
the actual data collected by the sensors, and they were integraititithe triplestore using a middleware which

also deals with the commmication with a simulation tool that uses data from this digital twin to perform analysis.

On a different approach to support decision makiMgCaffreyet al. (2015) which alreadyhad sensor data
organized ira SQL database and a BIM model available, foooise¢ke development of a cliergide application
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to display this information with as amyinteractivefunctionalities as possibl@he endusercouldinteract with
the model by selecting the predefined model zones and obtain information available abéwlditionally,it
included both spatiahavigations with keyboard and mousend timeseries navigation, with the association of
a calendar to allovthe user to choos¢he time frame of investigation. The application also can generhtets
from the sensor datand search for abnormal valuaadhasthe possibility to download data in a CSV format.

This thesis approach combine elements for skdéwo studies on one hand, it createsa linkable BIM model in
RDF to which other datasets can be connectred retrieved by the app in a table forméiut on the othethand
the sensor data is retrievedirectly from the BMSand post-procesingto achart This make the postprocess
of data to have less intermediate steg#ice these datasets are dealwvith in different components in the
application andare manipulatedin a different way. Besidesthe challenges ofollecthgand stoing sensor data
are handledby the BMSvhat makesthe app infrastructure more simple.

2.3 Semantic web

The semantic web extends the current web by providing a standard structure for data representation and
reasoning(Patel & Jain, 2019The idea behind this is to enable machines to interpret the content of the files

published adto process the knowledge they capture from it in formally defined wayisley, 2011)Amachine

canfinda documenbntheweb,0 dziT A (i R 2 S dhg fiisabloyf, vhiat isite kointext of the information

provided by it and how it is connected to other files available in the web. With sgimaveb technologies,

YI OKAySa OFyQi Wdzy RSNE (I y RQ buktifey affer $he dpenystandards Wyerdd, G K G F
distributed infrastructurethat allowsthem to process on behalf of the users the knowledge available on the Web

(Dibley, 2011)In this context, the Semantic Web suppoirt W¢So6 2F RIGFQ AyadSIR 2F |
provide computers with the capacity to donore meaningful taskssuchas searching, combiningnd mining

data(Patel & Jain, 2019)

Semantic Web Technologies support the creation of data stores on theanetibhedefinition of vocabularies
and rules for handlingts content (W3C, n.db). Theyinclude different data interchange formats (e. g. Turtle,
RDF/XML, N3), query languages (SPARQL, DL query), onjaadietations like Web Ontology Language
(OWL)and the RDF schen(Batel & Jain, 2019nthe web conext, ontology consistof taxonomy, which define

the relationship between classes, and inference rutesdescribe realvorld entities (Patel & Jain, 2019)
Ontologies maket possible to combine deep domain knowledgahmiaw datg and bridge datasets across
domains(Patel & Jain, 2019DW.Lis the standard language to communicate ontologies in the semantic web
developed by the World Wide Web Consortium (W@2bley, 2011)

The RDF standard is an interoperable format for data linking and sharing on thellweRRDFgraph describes

the data in subjectpredicative and object structures (e.g. the building [subject] contains [predicdtieef"

Floor[object]), each of these elements are identified with a uniform resource identifier (URI) that are used to

create links among these triple structurdsy matching on the UR(E€urry, et al., 2013An example of the graphic

power of RDF can be seenRigure3, where the nodes and arcs identified by URIs make it possible for both
humarsand machines to understand that the entity is a person, with nameMlier, that has a particular title

and emd. Moreover,because URIs can uniquely identi®sourcesand relationshipand are HTTP based, the

web infrastructure can access the data distributed across donf@iasy, et al., 2013RDF cabe queried using

SPARQL query languaaged associated protocof®rmat (W3C, n.da). In the context othe semantic web
WYijdzSNEQ YSIya (KS G(SOKy2t23AS8Sa YR LINRG202ta GKIFG Oy
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Figure3. An RDIigraph(Shadbolt, Hall, & Bernefse, 2006)

An important concept associate with semantic web and enabled by it is linked Tagafourprinciplesof how
linked data should be publishemh the webare (BernersLee, 2008)

1. Use URIs as names for things

2. Use HTTP URIsthat people can look up those hames on the web

3. When someone looks up a URI, provide useful information using the standards (RDF, SPARQL)
4. Include links to others URIs, so that they can discover more things

Furthermore linked data iexpressed iropen, nonproprietary formats hence can be accessed by a variety of
applicatiors. Linked data isnodular, since it can be combined with other piecefirdfed data, andt is scalable,
because it is easy to expand this network of data by connecting matrenane linked datgCurry, et al., 2013)
These concepts relyn ontologies as the backbone for structurihg linked data and define links within datasets
and across dasets(Patel &Jain, 2019)This Linked Open D&t the web fom a cloud of interconnected RDF
datasetsthat provide knowledgdor several sectorsf the society With a similar approach fahe building life
cycle data the applications for this fieldvould be able to theoreticallaccess a larger and more diverse
information sourcgPauwels, 2014)

Moreover,Semantic Web technologies and linked data principles bring benefits decentralized integration
approachfor the AECO industryt is created in a way that allait to be easily linked at the information level
(data) not in the infrastructure level (systen{Curry, et al., 2013)Hence it complements the existing IT
infrastructure as a technology for dasharing The data is exposed within the existing system and only linked
whenthe information needto be sharedCurry, et al., 2013)hus, to oercome the IFC limitations, semantic
web technologies and linked datpproachare getting increasing attentioas a way of making building data
web compliant allowing information exchangeetween different silos of knowledgealthough some
considerationscan be made regarding usability, practjcahd technical issues and the management and
maintenance of the linked triple®auwels, 2014)

2.3.1 Semantic web for BV data

As mentioned in sectioB.2, the IFC format is the most consolidated standard to exch&ilyelata across the
building lifecycle but it has some limitations that prevent BIM to achieve its full potential.

Beetzet al. (2009)mention the lack of formal rigidneskimited reuse and interoperability, and lack of thir

distribution asa limitation to use STEP technologigsthe context of the semantic welOWL and other

description logiebased ontology definition languages have a mathematically rigid theory behémd, which

alowsii KSY (G2 LINRFAG FTNRBY SEA&AGAYI WAYGSBeek, 2, 2009) | £ 32 NA {
Moreover, EXPRESS fit reuse and interoperabhityacteristics nly in afew engineeringlomains outside them

its use among developers and the existence of affordable seedtbols for it is limitedBeetz, et al., 2009 he

9 https://lod -cloud.net/
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lack ofbuilt-in distribution regards the structural limitations of mechanisfos STERechnologiesto support
multiple schemas and instances to be distributed, mapped merged among different resourcéBeetz, et al.,
2009)

They arecomplemented byPauwelset al. (2017)that state as challengefor IFC to achieve interoperability
binding issuesadaptability issuesand extensibility issuesThe binding issueare originated byunintended
geometric transformation and semadnterrors caused by heterogeneous IFC translations and binding processes
of the different BIM authoring tod (Pauwels, et al., 201.7\daptability issuesre related to the difficultyto
quicKy adaptthe schemao meet the industry needss it requires dot of work to agree upon a change and
generate the improvedersion(Pauwels, et al., 201 /Bxtensibility issueseflect the necessity of familiarity with
EXPRESS language to be abéxterd the schemdgPauwels, et al., 201./Bonduelet al.(2018)also highlightas
limitations of IFGhe difficulties to apply generic reasoning and query methiodis due tothe lack of methods

to define formal semantics in EXPRESf the large size and complexity of th&~C schema fosoftware
implementation

Because of these limitations, several ontologies have been studied to convert IFC culRDAting in the
ifcOWLC ontology, astandardsupported by buildingSMARIFcOWL is a connecting point between IFC ted
semantic web technolgies that maintain the use of the wadstablished IFC standard for building data and at
the same time allow the exptation of the advantages of the semantic web technologieauwels & Terkaj,
2016) ThelfcOWLontologyallows building data to be represented in RDF, similadgfEXPRES&a schema for
IFCrepresentationand XSOor XML (BuildingSMART, n-d). BuildingSMARTas recommendations for tis
conversionprocedure and based on them several toeldst namely ifcDot' tool, IFGto-RDF?, and EXPRESS
to-OWLE3 converter.

However,althoughifcOWLsolves several IFC issuesaitms to mirror the IFC EXPRESS schema resulangtilh

large and complex RDF file which makes it difficult to retrieve information from it, since query writing becomes
longer andmore intricate(Bonduel et al, 2018As a resultsimplified solutions were proposed to enable real
industry applicatios.

Examples are simpleBIM, an approach to ppsicess RDF graphs compliant with ifcOWL to omit geometry and
intermediate relationships instances between obje¢Rauwels & Roxin, 2016)fcWoD, an ontology that
simplifies the relationships derived from ifcRelationship and the semantical representation of
IfcPropertyAbstraction subtypes to improve query performafi€arias et al., 2015).inkedBuilding Data (LBD

by W3C and its dedicated group W3C KBG including BGT a simplified ontology to define the topology of a
building (Rasmussergt al, in press) PRODUCTfor classification of individual building objects, PRORS
assign buildingelated properties, still in a conceptual design stai@onduel et al., 2018)and OPM’, the
Ontology for property managementhat deals with properties that change as theilding evolvegRasmussen

et al.,, 2018) More recently, the Building Product Ontology (BPOfpr assembly structures and the
interconnections between its components were created to improgaes found in other ontologies including
PRODUCT amROP8Nagner & Uwe, 2019Dtherdevelopments are the Building Element OntolS¢BE) to
define building elements, and the Distribution Element Ontotbgfor MEPsystems.

In this thesisthe LBD ontologies were used througe adapted 0.1 version ofthe IFCtoLBB converter
branched from thel.74 version of the original tooT'his version also includes the Building Element Ontology and

10 https:/iwww.w3.0rg/OWL/

11 https://github.com/buildingSMART/IfcDoc

12 https://github.com/pipauwel/IFCtoRDF

13 http://www.terkaj.com/tools/ExpressToOwl
Yhttps://github.com/w3cIbd-cg/bot

15 https://github.com/w3c-lbd-cg/product

16 https://github.com/maximelefrancois86/props

17 https://w3c-Ibd-cg.github.io/lopm/#

18 https://w3id.org/bpo

19 https://pi.pauwel.be/voc/buildingelement/indesen.html#overv
20 https://pi.pauwel.be/voc/distributionelement/indesen.html
2L https://github.com/pipauwel/IFCtoLBD
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the Distribution Element Gnlogy. BOT is the core ontology of LBD and its more mature report, it is lightweight
and modular what allowit to be used in combination with other ontologiesd provide simple means to link
the described entities with their 3Model(Rasmussen, et aln press) Thebuilding topologyincludes zones and
sub-zones, to definentities with3D spdial extent following a matryoshka doll principlEigured), elementsand
sub-elements for construction entities with technical function, form or position and the entities they lzost,
interfaces to describe the relationship between zones, elensenot zones and elementandthat can be used

to attach additional information about thessreas(Figure5) (Rasmusseret al., in press)

R
owl:ObjectProperty explicitly stated < “inferred <instance>

Figured. Zones representation BOT(Rasmussen, et al., 2017)

botinterfaceOf
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bot.interfaceOF
bot GdiacemE\emenr

——
owl:ObjectProperty md .- “inferred <instance>

Figureb. Interfaces betweernvio zones and wall elementRasmusseret al,, 2017)

The IFCtoLBD tool i: @pensource javebased project to handle the conversion of alirrent available IFC
schemas to RDF usitige LBD ontologies BOT, PRC&#8 PRODUC(Bonduel et al, 2018}t first uses internally
the IFGto-RDF converter based on ifcOWL to generate dHfdeisincrementally converted to one or multiple
LBD based files according to the user settifidsprocessgenerate a more concise file in comparison with the
RDF based in ifcOWL, with 88%er triples and 80% reduction in file size using all thme@dules exported to
one file with PROPS leve{Bonduel et al, 2018)

2.4 \Web-based futures

Information and communication technologiesspecialy internet and webbased technologies, evolved fast in
the past 15 yeafor different applicatiordomains including engineering, constructjamd facility management
(Shen, et al,, 2010)They provide a set of solutions to support collaborative creation, management,
disseminationand use of informatioriShen, et al., 2010)

Web technology refers to the tools and techniques used to make machines communicate with each other in a
network. They include web browsers (e.g. google chrome, Intderglorer), web sites and web applicatigns
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and the programming languages and framewarkised to develop them, databases to manage the data required
or received by them, and communication languages and protoc@fdotivelyenable communication between
devices and server3he evolution from more informative web sites to an intense intéxee web application
represented a big step for these technolog{€®nallen, 1999Web applicationarea web system in which input
from the users changethe state of the business and hence this interaction is the main concern when
implementing the business logic of the syst@@onallen, 1999)

Web applicatios are praised fortheir flexibility in accessits virtually infinite storage capabilityits control
possibilities using login and passwordadas a way to provide the most tip-date information to all its users
(Fox, 2018)Butit alsopresentssome challengedAs the weltechnologies scatep and web content becomes
available to users everywhertougher security measures will have to be taken to protect private web content
from malicious cybeattacks(Oppliger, 2003)Epecially in mobile agfrationswhere logic inconsistencies are
more frequent(Mendonza & Gu, 2018Pata privacy is another concern when applications oglyexternal
servers and cloud servicélsivraga , 2015)And of course the reliabilityon a good internetconnection can be

an issue for remote site worknd inspection what makes the possibility of offlineork with synchronization
optionsimportant featuresto be consideredMaes et al., 2016)

2.4.1 Webapplications

A basioveb application architecture is composed by browsemsetvork, and a web servéMaeset al, 2016)

The browsers get web pages from the server, which are a mix of content and formatting instructions expressed
with HTML, and the user interactvith the cantent in thesepages (Maes et al, 2016)\Web serversanhave

behind them a database to handle the information exchanged in thelvesded systemgShen, et al., 2010)

This architecture is a clieserver systemThe clieniside is alsaalled frontend, which is what the user sees

and interacs with, in other words,the userinterface The server side is thbackend, which englobes the
backgroundvork and mechanisms that make the web page functidmahdled by the application programming

interface (API). The API is outside the @s@wmputer,6 dziT A G A& ¢KFd SylofSa GKS | Ll
databasescreate files, read and include other files, create content, send emails and connedidosarvers

and get data from thenfHeilmann & Francis, 20Q7)

As mentioned, HTML,current in its 3" revision is very important to thefront-end development of web
applications. lis a markup language used for structuring and presenting content on the internet, in combination
with CSS and a sesi of JavaScript APIs, it allows the creation of complex applicakiahpreviously coulanly
existfor desktop platformgMcCaffrey, et al., 2015)tis also suitable focrossplatform mobile applications as

its features were designed taking o considerationlow-powered devices such as tablets and smartphones
(McCaffrey, et al., 2015)

On thebackend side APIs of different applications and web serviegshange data using their endpoints, where

resources that can be accessed by thpatties are storedThe most common data formats exchanged between
APIs are XML and JSON #rid communicatioris possible due to several protocols, one of the most important
is HTTRHeilmann & Francis, 20Q7)

HTTHs an applicatiodevel protocol that allows machines to send and receive messagesriaqaestresponse
way. Both types of messagbave asa genericstructurea startline, zero or more header fields, and possibly a
messagebody (Network Working Group, 1999)hestart-line in a request message spéesithe HTTP method
to be used in the resource specified and the identifier of this reso(ework Working Group, 1999 he
identification of the resource is done ®URI The basic HIIP methods and their application accordiaghe
architectural principals of RESAPI argRodriguez, 2015)

POSTto createthis resource in the server

GET: to reathe resourcespecified in the message

PUT: to update, replace or to change the stat¢hat resource
DELETE: to deletlee resource

=a =4 —a -8
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The startline in a response messapasthe status codeand textual phrasef the operation(e.g. 200 ok, 404
Not found) (Network Working Group, 1999\ oreover, the header fields pass general informatiahout the
messagesuchas the date and timé was sent, additional information from the clieside or the serveside,
suchas username angassword, or metadata about the entityody or the resource identified, like accepted
data types and conterdength. The messagegody isthe body of the response or the reque3he actual data
requested from a database com@ the body entity of the responsand, similarly, a POST request has in its
body the data to be included in a database.

Furthermore web applications are created using programming languages and frameworks, that give a basic
structure to facilitate web development.Java,JavaScript, TypeScript, Bgh, Ruby PHP, Swifare common
programming languageslode.jsExpressRuby on RailgaravelDjango and Flaskre known frameworksnore
associated wittbackend development and Angular, Vuand Reactwith front-end developmentThisstudy

used Angul&? to build the prototypeweb application,as it is a robust and complete framework that uses
TypeScript (a superset of JavaScript) for the development of applications, supported by ®ad®jsen-source
JavaScript interpretett was used to build both front and baekdtaking advantage of the available HTTP client
module.

The angular architecture is compondmised This means that the user interface generated by it is an
aggregation of cmponents. Each one wifts template in HTML commonly associated with a style slikeCSS,

that defines what the user sees on screen, and with typescript files that control the data, functionalities, and
interactions of this component.

Angular has apecial class called servidecomponent can delegate the task of fetching data from a server to a
service to increase the modularity of the application and allow the reusability of this task by other components
(Angular, n.dd). Angular also usghe concept of modulesA module is a block of code that groups components
and services, amongther code files, that are dedicated to an application domain, workflow, or a strictly related
group ofcapabilities{Angular, n.dc). Aproject in Angular has at least one component and one module, the app
componentand theroot module.Figure6 brings these concepts in an illustrative way.

App.module.ts

App.component
*  App.component.ts
—» = App.component.spec.ts
*  App.component.html
= App.component.css
Web browser — User interface

Component 1:
Componentl.ts
Componentl.spec.ts
Componentl.html Component 1
Componentl.css

Component 3

Component 3:
Component3.ts
Component3.spec.ts
Component3.html
Component3.css

External Sources Service.ts -+

Figure6. Angular architecture

2.4.2 Web Databases

Adatabase management system refers to the collection of different tools and programs that enable the user to
store, modify and retrievelata based in several parametdfatima & Wasnik, 20183ased on how it manages

22 https://angular.io/
Zhttps://node.js.org/
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the data,a database can be classified as a relational database, also called SQL based on the language used to
query it, nonrelational databases, or NoSQL, and in modern relational datapasdewSQl(Fatima & Wasnik,
2016)

ASQL database a simple data model to stoend process data. It uses a structure and language consistent with
first-order predicate logido store data in form of tablegFatima & Wasnik, 2016However, i rigid data
structure makesit harder to use when dealing witlarge data collectionsspeciallywhen reading and writing
NBIf GAYS RI (I StheldiffeRent daia typds 1h& are énergifyfwdh the advance of the web
technologieg(Benymol & Abraham, 2020)n response tahese challengesa new type of relationaflatabase
was developed that support new analytics capabilitied daals better with the scalability potential of the web,
the NewSQL databasééepner, et al., 2016)

On the other hand, another solution forekeissues was the NoSQL database, which is an umbrella term to
databases thaR2 y Q4 KI @S | NBft | GA2y I . KeldaRstor@K docuientystorBsS | £ A y 3
column family storesand graph databases are sabtegories of NoSQL databagEatima & Wasnik, 2016y he

general characteristic oNoSQL databasds to be schemdess instead of the strict schema of relational
databasegChandra, 20150therscommon characteristicareto havea sharednothing architecturemeaning

each server has its local storagihich gives the access the same speed of a localatislelasticity, meaning it

can bedynamicallyexpanded Chandra, 2015}t is important to highlight that because of their differences each
databasehas uniquestrengths that will make them suitable depending in the worklgdpner, et al., 2016)

For instance SQL deals waNith transactions tasks, NoS@lgood forinternet searchingand NewSQL perform

very wellin dataanalysigKepner, et al., 2016)

In this study, a NoSQkaphdatabasecalledOntotext GraphDRB*is used tcstore theRDF files generated by the
IFCtoLBD tooGraph databases store data as nodes and relationshithsunique identifiersand hence they are
goodfor mining meaningn heavy interconnectedata (Fatima & Wasnik, 2016)ripestores like GraphDBare
agraphdatabasespecialized ithe storage of RDF triples. It fitted in this thesis objectives because it has a free
license option and usethe RDF43 framework to enable SPARQL queries and APl communicalibis is
necessary for the proof of concept applicatito be ableto retrieve data from it to be displayed in the user
interface

2.5 Literature ®nclusion

This literature chapter proposed a review in the topics of facility management, BIM, semanti@ancelveb
technologies, under the scope of the information management challengé®i®&M stageand the potential
benefits for BIM data integratiarm he facility managers rely on very heterogeuns sources of data to make daily
decisiorsand to base longerm sustainablestrategies fothe facility lifecycle However, he coexistence of hard
copies files, digital drawings and models, and different IT applications makes it very time consuming to find all
the necessary information to suppottrategicdecisonsin thisfield. Moreover, some of tlesel T toolsare unable

to give spatial context to thnformation availableand requiremanual input of data

Considering this scenario, BIM data haveeptial benefits for this stageThe 3D visualization of the building
brings possibilities for better plan interventions on the facilities and check safety measures, verify the
maintainability of the building systems, or study strategies for deconstructicsassembly, renovation, and
retrofit. When the BIM model is combined with sensor dataatid support simulations for optimization of
resource usagaNith the correct level of modeling detail and embedded parametiéisan support calculations

for lifecycle assessment, carbon fgminting, and recycling rat&Vhen connected with asset tracking tags, it can
give the actual position of the assets in the building, and with O&M data included in the model, it becomes a
more organized database where the ilidlg managers can fast obtain information about a building element.

The potential use caséor the application were obtained combining th&BIM potentiak for the operation and
maintenanceprocesses with the tasldescribed for the two study casels the maintenance field web-based
applicationfor BIM data and O&M data coulskcome a better organized database for the building elements
historical conditions andnaintenance reports and support maintainability assessments awdrk order

24 https://www.ontotext.com/products/graphdb/
25 https://rdf4j.org/documentation/reference/restapi/
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executionplanning. Similarlythe logistics process could be impralevith a BIM powered building indoor
navigation to locate assetand better plan equipment replenishmentMoreover, the application can ba

platform for spatial trends analysis and providata for refurbishment and retrofit procedure®ther use are

to monitor safety and indoor quality thresholdand support safety devicegositioning and simulations for
emergency scenaricand building performancéke lighting, daylightand thermalstudies

Semantic web and web technologiean enablethe potential of BIM For O&M. Semantic web technologies
provide the structure to link different data sources to Blta. Machines can understand those links and retrieve
relevant data based ospecificqueries Web technologies enable the construction of powerful web applications
that are supported by web databases to store the constantly growing O&M related data. Therficboan be
customizedo support the client needs, with some examples from the related studies being display data using a
color schema in the model, time series navigation of the datasets, sensor data shoveb@rirformat,
performing calculations, and seting alerts to inform values abowefinedthresholds. Web technologies also
enable crosplatform development for mobile applicatismllowing the staff to bring data to the field to support
decisiors on the fly.

Based on the evaluation of other applicais in the literature, is possible to say that theoposedsystem
architecture should have an easy to use user interface, that can display the O&M data connected to the BIM
data. In this user interface, the facility managers should be abiet¢oact with thebuildingdatabaseto access
information about the element they desire, andethresponseneeds to be easy to understand. The facility
manager should not need deep knowledge outside his area of expertise to operate théemme technical
language should only be used by the beckli of the application. Other desirables features are the
implementation of a 3d viewer and support fportable deviceslin addition, tle BMS dad has to allow data
exchange with thirgpbarty applications and, fohat, need to be reachable on the web.

The specific BIM conditions to supptite O&M process dependn how it is intended to be use@ut, in general
lines it can be said that it neexto be modelled with a compatible level of detail and geometréccuracy, and
include the important semantic relationshipsnongelements. The information included inhissto be defined
together with the facility management team and should result ia gimination of superfluous information for
this stage and the inclusion oflevantO&M data. BIM data and the IT tools for facility management also have
interoperability problems since thmost usedBIM standards are moreompatibleto exchange data inde the
BIM tools environment. In the context of the developed applicatitie LBDontologiesand the Graph DB
structureare used to enable the app to retrieve data from the BIM model.
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3 Methodology

This thesis uses two study cagesextractfacility management tasks that can be improvmdthe association of
BIM data and O&M datal'o complement théditerature review in the topic, a proof of concept application was
developed tobuild the basic infrasticture to enable thizonnectionand analyses the potential and challenges
of the proposedapproach.

The first study case is threnovation of theZero Emission Lalunder constructionijn the TU/e campusThe
designfiles are assessed baseamh the common problems associated wiBD modelling extracted from the
literature researchThis assessment was quantitative, as the issues found were analyzed according to the number
of timesthey occurandthe elementsthey affected.It aimedto suggest improvements to the final 3D model to

be delivered in theloseout phase.

The second study case is the Atlas Living Lab, also in the TU/e cédinipasaboratory where data about the
operation of the lighting system in the Atlas buildingastured live, using multifunctional sensors. This second
study case is used to develop the proof of concept. The 3D model of"'tlem@® 9" floors of the Atlas building
wasmade by the researcher incorporating the conclusions from the first study cheed@velopment of the
application folloved typical software development stages depicted-igure?.

Data collection
IT tools for FM

Use-case IFC and BIM
scenario protocol analysis

System architecture i l |

Integration between BIM and BMS

|

CAFM CMMS BMS loT...

Prototype development l

Application , Data gathering, Prototype
Layout process, and display testing
Evaluation l
Prototype

\ | —— Discussion
evaluation

Figure7. Research modeh{laptedfrom (Arslan et al., 2014)

The data collectionf the web app consisin the literature research included in the second chapter of this thesis,
where the problem of integrating BIM data and O&M information is exploredejoth, and alsoin the
conclusioms from the evaluation of the IFC files of the ZEL study dagbe next stage, theystem architecture

is outlinedbasedon the proposed use case and in the characteristics of the available datdsetdevelopment
stage implements the defined architectunatil analfa testphase. The final stage is the evaluation of the results
obtained with the applicatiomegarding information missing, presence of errors, level of automation, and the
general application behavior.

Thus, it is possible to say that this research used bo#ntjtative and qualitative methods'hestudy cases and
the software development stages are going to be further explored in chegtand 5

3.1 Methodological justification

Themethodappliedin this thesisvasaresearchbased desigsince it aimedo develop a prototype application
to integrate theBIM data andO&M data The main goalis to evaluate the potential and challenges the
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proposedapplicationfor this stageandhow to implementit usingsemantic web and web technologi&his goal
isdivided irto three reearch subquestionsto disclose potential use cases for the applicatiefine the system
architectureand itsrequirements and verify how BIM data can be reached by it.

The first step in the prototype developmeistdata collection It includes two case studiesThe ZELto identify
modellingissuedor BIMdata to be used in thapplicationusing Solibri Model Checkeind the AtladivingLab,

to define the use case scenario to be implementadough document analysis of the data policy athe
laboratory infrastructure descriptiarMoreover, the common facility management tasks from both the ZEL and
the Atlas buildingre used to build the potential use cases for the application. These taste extracted from

an unstructured interview witha policy alvisor flom the TU/ereal estate department and the adjunct program
coordinator for theGemini project.The study casesre complemented by a literature revieim the common IT
tools for O&M, tle potentials and challenges of BIM forighstage, andhe basic system requirements to
integrate O&M data and BIM datnd other features of interest.

The system architecture stageanslates the data collection ifunctionalities to be implemented in the
prototype. It also bringghe system preconditions to make thepplication operationakincethe sensor data
storage will be handled by th&tlasLiving Lab infrastructure and th BIM data is assumed to be ready for use in
GraphDBandreachablethrough the RDF4j framewarBased on the use case scenarf® integration approach
used was tanclude the sensor ID in the BIM modelthat the app API couldentify when thigpropertymatches
the location ID from the sensor metric repamd displayoth data setsn the user interface This dynamic needs
to be performedevery timethe user selects a building elemetdence, the app needs to query the triplestore
whenever a new element is saited and run thigerification on the BMS sensor data.

The prototype developmendtage involves thémplementationof the application layoutthe client and server

side mechanismsand the prototype testThe app layouts based on the user requiremendgfined from the
literature reviewanddevelopedusing the Angular framework and other opsaurce JavaScript libraridé aims

at a responsivand intuitivedesignwith space for future features such as a 3D viewer and other sensors data.
The application mechanism focusretrieve data from external sources, find ways to process it into more simple
formats than JSON and XMandshow it in the user interfaceith features forthe facility manage@nteraction

with the databaselike filters and buttons.The prototype was tested according the proposed system
architectureusing theChrome DevTools

The prototype evaluatioincludesthe critical analysis of the obtained results, including the data conversion from
the system preconditions stedsr the BIM dataln the discussion chaptefihe prototype is evaluatedagainst

the potential use casedefined in the data collectiostage to highlightvhich tasks its better designed tsupport

and what tasks would neeather O&M data and systeifiunctionalitiesto be implementd.

3.2 Study Case

A study case approach is used to explain, desgcoibexpbre acomplex issuén a reallife context(Crowe, et al.,
2011) A study case is valuable to scientific development since it provides cespegific validation necessary
to supportgenericconcepts andypothess (Flyvbjerg, 2006)

This thesis has two study cas@&be Zero Emission Lalas used tanalyzea BIM model and documentation in
the design stage to identify problematic points to be improved for the handover documentMimmreover, the
compact campus approach of the university resitt state-of-the-art solutions for facility management. This
includesthe installation of several building management systémitie renovation of the Gemini Buildirog the
TU/e campus wich madeit relevant to use it as a study case in this thekisadlition, a combustive engine
laboratory bring interesting use cases related to the monitoringsefety thresholds, evacuation simulations,
and maintenance of special building systems.

Similarly, he Atlas buildingncrements the use cases with opporttias for optimization of natural resources

with light and thermal simulations, assessments of indoor environmental conditions and occupation trend.
Moreover, te Atlas Living Lab supplied this research with a second data set necessary to develop a proof of
concept that ultimately aims at showing different sources of information together on the web.
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3.2.1 Zero Emission Lab

TheZero Emission LaEZEL) ishe laboratory of the Mechanical Engineering department where research about
internal combustionenginesis conducted it is part of theNorth Gemini buildingpwned by the Technical
University of Eindhove(irU/e, 2020h)Dueto the aging of the building, it is unable to comply with the modern
researchstandards, especially regarding ventilation and gas detection, what motivated the renovation program
targeting the installations, facades$e liquid-tight floor in the groundlbor, the painting andhe fire separations

to be finished in the thirdjuarter of 202Q(TU/e, 2020hb)

The Renovation of the ZEL is part of thal estate strategy Campus 2030 which inchidhe renovation of the
whole Genini complex by 2025. The strategims at making the campus futurproof with stateof-the-art
facilitiesthat complywith the future demands in education and research and adapt the campus to accommodate
the increase irthe number of students anémployeegTU/e, n.d:c). Thisspitit of innovation made it a fitting
study case for this thesis since the Gemini complex is expected teinast operational systemsuchas ATES

aheat and cold central storage systeBnvisiorManage?’, Philips lighting management systeamd Planof?,

a space management system.

The University vision is to convert part of the building in a livingalatbspecial attention ibeinggiven to the
elaborationof a digital twin of the buildingo further exploresmart ways to manage and operate the building
complex, althouglits future use is still being defined in close collaboration with the participants of the project
organization in plenary stions(TU/e, 2020a)Achievingthis goal dependsn the quality ofthe informationin

the BIM model delivered in the dmuilt phase Hence this study case evaluatidhe information embedded i
temporary BIM modeland its documentatin elaborated inthe design phase aiming to investigatiee
improvementsneeded forthe final digital twinand to get insight for the development of the proof of concept
The BIM model was evaluated in the IFC format sihieaccepted bymost of the BIM authoring toojsut a
more detailedRevit file isalso available.

The evaluated models were the architectural design (1839 _arch FgQare8) and the mechanical, electrical
and plumbing project (20181214 VS DO_TUe_ ZE|FitN®9). Thedocuments that regulated the information

to be includedin these models and their modelling processre also analyzed. They atee BIM protocol for
the design phase, the information delivery specification, and its annex, thepRijdct information delivery
specification (48038.00_BIM protoc@ntwerpfase, 48038.00_Informatie levering specificatie Ontwerpfase,
Bijlage 2_BIM Project Informatieleveringsspecificatie).

Figure8. Overview model 1839 arch_020 in Solibri M@&tedcker

Zéhttps://www.tue.nl/en/our -university/aboutthe-university/sustainability/campuand-operationat
management/energy/heatind-cold-storageates/

27 https://lwww.dynalite.org/lightingcontrols/softwareapps/envisionmanagesystemmanager

28 https://planonsoftwarecom/nl/
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Figure9. Overview mode20181214VSDOTUe ZEL INS Solibri Model Checker

Solibri Model Checké&twas the main application used &ssesshe content of the IFC modgIThis softwar@an
generatea 3Dvisualization of the geometry described in the IFCafilddisplays the information associat&vith

every element in the model in a table structure and the hierarchy relationship between the elements in a tree
structure. Additionally, it is possible to igmd several IFC files allowitlte researchetto evaluate how they
interact in3D. This clash detection feature generatietailed reports about he elements intersecting andan

be personalized to perform specific checks by changing the clash detadésrset. Another feature used in this
evaluation wasthe quantity takeoff to get the precise humber of elements according to the characteristic
analysed.

The evaluation othe modelstargetedthe followingtopics:

Describe the content of the models

Verify if all element®) 3 Spfopertiestand classification systemwere present andlisplayed in the

correct property set.

1 Check the specific properties for spaces (number, area, unbounded hanghperimeter) and Lighting
fixtures.

1 Analyse if theelationships among the elements had de correct semantic meaning (aggregation and
contairmentrelations).

1 Disclose possible intersections and duplicated elements.

f
f

The checks were performed in the light of what was agmeah the protocols and specifidansfor the design
phasebetween the project stakeholders.

3.2.2 Atlas Living Lab

The Atlas building renovation was part of the TU/e Campus 2018 targets, it was officially inauguré&gd
March 2019. The whole processaimed at the delivery of one of éhmost sustainable educational buildings in

the world according to the BREEAM sustainabiisessment(TU/e, n.d:b). Smartbuilding systems for
temperature light, and daylighttontrol were installed in the facilityp promote lower use of natural resources

in the operational phase. Because of this available infrastructure and the nature of the project, the university
alsoaimed from its conception transform partof the buildng in a Livingab(Cursor, 2019)

A livinglab isa public or sempublic area where infrastructure is provided for scientific experiments regarding
human subjects(Intelligent Lighting Institute, 2019aThe main differewe from traditionally controlled
experiments is thathese areas are functional spaces usedeial life (Intelligent Lighting Institute, 2019ajhe
Atlas Living Lals an indoor livindab thataimsto support longterm research in user behaviour patterns in
energy use and its effects the hedth, well-being,and the social interaction of itsccupantyTU/e, n.d-a). It
collects data fom the intelligent lighting infrastructure from th4" until the 11" floor of the Atlas buildingvork

2 https://www.solibri.com/
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environment(e.qg.offices, study spaces, meeting rooraadclassrooms) except faoilets, technical spaceand
emergencystairs(TU/e, n.d-a).

ThelntelligentOfficeLighting $stem available is provided by the Philips Dynalite feat(Fagirel0). The Head

end software of the Dynaliteystem is Envision Manager (EM). With it, multiple operators can control, monitor,
and manage the whole lighting systefidoninklijke Philips N.V., 2014} communicateswith the hardware
through a gateway that in turn communicates with the other parts of the system thr@ymetprotocol (Signify
Holding, 2018a) Envisin Manager retains the multipurpose sensors data which includes, among others,
daylightlevel detectionand occupancy detection and allows the facility manager, using a digitally addressable
Lighting Interface (DALI), to group and regroup the lightintufea in logical areas without the need for physical
intervention (Signify Holding, 2018BbJhe users can interact with thehts using the physical user interface and
with the Philips Dynalite Control mobile App.

L ¢
e e el

.0- Fio > &"4—'} m /‘

SENSOR DRIVERS LED DRIVER EMERGENCY DRY CONTACT
FITTINGS INTERFACE
MULTIMASTER
LOAD CONTROLLER SENSOR

TOUCHSCREEN USER INTERFACE

ENVISIONGATEWAY
ETHERNET i ®- ‘

LIGHTING CURTAINS & BLINDS

[/

v ¥ L
ENVISIONMANAGER .
INCANDESCENT ~ LED  FLUORESCENT —— e

(( MOBILE APPS
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BUILDING
MANAGEMENT

SYSTEM ENVISIONSWITCH

FigurelO. Philips Dynalite system structufi€oninklijke Philips N.V., 2014)

One of the resources provided by the Atlas Living Lah istarmediate serverwith whichthe applications in

development can connect to get the data extracted from ligating systemwithout interacting directly withts

API(Figurell). The complete infrastructure imamedResearch Environment Atlas Living Lab (RE#id )s a

safe environment buiin viNZi dzI £ Y I OKAy Sa G KL (i apIhBtigns edGiroliédaccask 6 thells a S I NJ
lighting system API and the Atlas Living Lab databasas Living Lab, 2019)his protectie layer is necessary

to safeguardhe buildingfrom commands generated from tHél & S | NipliciohR a

Intelligent Office
Lighting System

3

API
communication

v

Research
Database

+«—> APl tools

4+ " Atlas Living Lab server

API
communication

¥

Researcher app(s)

Figurell. Atlas Living Lab researehvironment(adapted from(Atlas Living Lab, 2019)
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Beyond thisREALLresearch environment, the living lab infrastructure includes multifunctional sensors
embedded in everywo lighting fixtures they havea measurement range for movement of 2m x 3m émsk
levelmovements and 3nx 5m forintensemovements(Intelligent Lighting Institute, 2019byhese devices can
provide information abouthe energy consumptiopaggregated per areand periodin Watts, thetemperature
inside the luminaire, andthe percentage of occupancy based on the movement detediintelligent Lighting
Institute, 2019b) This research used the energy metric report with h®as the time period for its proof of
concept It includesthe maximum, miniram, and averageenergyconsumed per houthroughoutthe dayand
the accumulated energy consumption in the beginning atthe end of the measuremer{tntelligent Lighting
Institute, 2019b)Figurel2 shows a sample energy metric repfmam the system virtual test environmemthich

is provided as an XML format file.

<soap:Envelope xmins:soap="http://schemas.xmlsoap.org/soap/envelope/'>
<soap:Body>
<nsl:getMetricReportResponse xmlns:ns1="http://daa.ispf.philips.com">
<metricsReportResponse xmins:ns2="http://daa.ispf.philips.com/analytic">
<locationID®00000080000-0001-0000-0000000007DS/location|D>
<metricReportList xmlIns:xsi="http://www.w3.0rg/2001/XMLScheimstance" xmins:ns4="http://daa.ispf.philips.com"
xsi:type="ns4:energyReport">
<fromDateTime2020:04-01T00:00:00Z/fromDateTine>
<toDateTime2020:04-01T00:59:59.999ZtoDate Time>
<avgKWe.0</avgKW>
<endAccKWHX:0</endAccKWH>
<maxKW8.0</maxKW>
<minKW»3.0</minKW>
<startAccKWH2:0</startAccKWH>
</metricReportList>

Figurel2. Sample energy metric report

Furthermore, asimplified model of the 8 and 9" floor of Atlas was made by the researchierRevit 20180
obtain a complete study case for the proof of concept, with BIM data in addition to the building management
system data provided by the Atlas Living Lab.

3.3 Methodology conclusion

The thesis aimto evaluate the benefits and challenges of a Wesed apptiation that can connect BIM data

with O&M data. Thereforgto implement andanalyzethis approach a researdbased desigrwas applied to
develop a prototype application that could link the sensor data from a BMS lighting system and BIM data for the
Atlag8 and 9'floors.

The first stage of prototype developmeistdata collection. It consisbf the literature review to disclose facility
management tasks and supporting IT tools, potential and challenges of BIM to be used in this stage, system
requirements for the app, and the semantic web and web technologies to enable their implementation. The
literature reviewis complemented by the document analysis of the ZRdl Atlas Living Lab study cases. The ZEL
BIM models and related protocokvaluationtargeted the content of the modelsthe general and specific
properties present ifit, and the clas$ication system usedhe semantic relationshipgmong building elements

and geometric inaccuracieShe Atlas Living Lab analysis aimedhattype of data obtainedrom the system

virtual test environment and the REALL characteriskittweover, a unstructured interview was conducted to
extract the facility management tasks forede two buildings.

The second stagsthe system architecture herethis data collectionstranslated iro functional requirements
for the application. fiey areimplemented in the third stage, where the app layout d@teffront-end and back
end mechanismsare materialized Furthermore, This stages finalized with the application alfa test. The last
stage waghe prototype evaluation and discussiomhere the obtained resultare critically analyzedand the
potential use caseand future challengeare discussed.
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4  Proof of conceptdata collection and system architecture

Thedevelopment of theapplication followed four staged his chapter focusen descriingthe process oflata
collection andhe development of thesystem architecture.

4.1 Data collection

As mentioned in the methodology chaptehet data collectionis the initial phase in the eivelopment and
implementation of the proposed prototype applicatidhincludesthe literature reviewthe analysis of the two
study casesand an unstructured interview withpeopleinvolved in theGemini renovation project and the TU/e
real estate deparnent.

The literature was basedn the research questions, which in turn derivate from the thesis gétadéémed at
gathering data about the typical problems found in the BIM models delivered as part of the handover
documentation,andthe facility manager difficulties to generate knowledge when dealing with mukipleces

of information Furthermore, thenterview aimed at defining facility management taskat could be improved

with the connection with BIM dataOther targets werehe data structures incompatibilities that prevent a
centralized approacko display building datand how a decentralized appachcould facilitate this objective
Thisanalysisncludedthe features enabled by web applicatioasd semant web technologiethat can be used

to achieve this decentralized approadiloreover, he ZEL BIM model and documentativere studiedto
compkementthe literature findingsand the lessons learned from this process were incorporated in the modelling
of the Atlasmodel

TheAtlas LivingLab provided insight ito the network structure of a building management systeand the type

of data generated by the sensoiGathering information about the format, content, and structure of this data
was necessary to understand what kind of transformations the system needed to perform behind the scenes to
read and display in a usériendly way tre & Sy ar@pbidirOXML Moreover,an appropriate understanding of

how the available network functiaris needed tocomprehendhow the prototype applicatiortan communicate

with the database with thesensoreadings.

Theimmediateresults of the data collectiore the scope of theuse case scenarisvhich definesthe system
architecture,and the elaboration of the ® modelfor the Atlas study case.

4.1.1 Use case scenario

The use case scenario for the proof of concept was elaborated considering the main goal of this master thesis
and the available data from the Atlas Living Lab study case. It scopes the system functional requirements from
the point of view of the endiser and brings the sequence of steps that will allow the user to achieve the main
goal of the scenario.

Thisscenariowas depicted usingnified Modeling Languag&ML) use casstandardghat focuson describing

the functional requirements of the system. In thssandard,actors are not only people bueverything that

interacts with the proposed system. In this caske facility managesare the primary actosin the application

becausdhey initiate events in the system. Moreovehe triplestore with the RDF triples generated from the IFC

file andthe Atlas Living Lab server are secondary a@ofF (1 KS &aeadasSy a GKS& NBOSAGS
initiate events themselves.

The desciption of the use case scenario is foundreble6. It brings the definition of the main workflow of the
application and its ramifications, as well as ireconditions for the correct functiang of the prototype.

Table6. Use case scenario description

Scenario Accessnformation from two datasetsn the same web page.
Actors Facility manager, triplestore, and Atlas Living satver.
Precondition 1. The IFC file is converted to RDF

2. The RDBraphisimportedto arepository inatriplestore.
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3. The Atlas Living Lab server dadgige is accessible to the application

Description

=

The fcility manager accessthe application in a web browser.

2. The application requests the predicative and objects associated with
building entity to the triplestore.

3. The application requests thmeasurement datavailable for the sensors i
the model from the Atlas Living Lab server.

4. The application renders a table with the content received from the triplest

5. The facility manager can interact with the table to get information about

elements inside the building.

Extension

5a.When the facility manager selects an instance inside the element displayed (
storey inside the building element), the conteaf the table changes to show th
information about this new element.

5b. The facility manager can select to go back to the previous element informs
displayed in the table.

5c.When the element selected is a sensor, the applicat@playsthe datafrom the
Atlas Living Laberverin chartformat.

Exceptions

When the element selected has no other datasets associated with it only the data
the triplestore is displayed in the application.

Results

The facility manager can visualize the information from the triplestore, in a table,
the data from the Atladiving Lab, in &hartform, for a desired element inside th
building.

This scenari@reates the basic infrastructuref the proposed approach toonnectBIM data with BMS data
Figue 13 depictsit in aUMLuse case diagranConsidering the lab infrastructuréhe expected sensor data are
humidity and temperatureneasurementsoccupancy stus, and energy consumption readin§®me gamples
of informationthat could be retrieved from th&IM data are element<Yeference, IDlocation,geometric data
like area,height, and position in relation to the ceiling or floddther examples are elements contained in the
roomsor floors and sub-parts ofthe building systems.

Send predicates and objects
——F—— > relative to the element
selected

Triplestore

Provide sensor data for the
requested element
Atlas Living Lab

server

— Initiate application

—— Select elements
Facility Manager

Check indoor
environment sensors

Verify energy
consumption data

<<includes>>

Visualize occupancy
percentages

Get information about
the building elements

Figue 13. Usecase diagram
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4.1.2 3D model

The Atlas BIM model was developed by the researcher based on the scope of the use case scenario since this
model was developed solely for the use in the proof of concdp.space identification used was the same used

in the samplaedata from theBMS The location name specified in theildingnavigation sample file was included

Ay GKS Wbl YSQ LINPLISNIe& 2F (KS MguRl®gndRigirel55Thdidctal LINE LIS N
function of the rooms according to th&tlas planning in Mech 2020 was included in the same property set in

0KS wO2YYSydaQ LINRLISNI@®

<soap:Envelope xmins:soap="http://schemas.xmlsoap.org/soap/envelope/'>
<soap:Body>
<nsl:getBuildingNavigationResponse xmlns:ns1="http://daa.ispf.philips.com">
<buildingNavigation xmins:ns2="http://daa.ispf.philips.com/analytic">
<childLocations>

<childLocations>
<childLocations/>
<description>
</description>
<location>
</location>
<name3Area_400k/name>
<type>AREA/type>
<id>000000060000-0001-0000-000000000FAL/id>

</childLocations>

Figurel4. Part of the Building Navigation sampleport

Figurel5¢ WL RSy GAGe& RFGFQ LINBPLISNIe& aSd Ay | a

The perception of a building commonly is buildingstorey> rooms>N2 2vYaQ St SySyida FyR (K
application aimed at using this logic to allow the user twigate in the building. Hence, the Revit file was

modelled to follow this structure with senseand lighting fixtures contained inside the rooms they serve.
Additionally, the absence of this relationship would not be ideathe application since the ea 2 NQ & NI LJ2 NIi a
aggregated per space.

.S0lFdzaS 2F GKAA& &l NUzOG dzNB Srom tiie metriciep@tiolth&sRnsdr entitegRaRk (1 KS Wi
LINPLISNIié yIYSR W{Syaz2NlL5Q ONBIGSR o0& FigusleNBwasSl NOK S NJ

L2aarots G2 #2N] fA1S GKIG 0650Fdas GKS Wi20FGA2Y L5Q
energy metric report. Hence, in a scenario where several BMS 8XisOK ¢gA G K (KSANI aSyaz2NaX
0SS dzaSR (2 ARSydGATe (2 SIrOK &aeaidSy GKFd aSyaz2N)oStzy
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