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Abstract

The growth of urban areas and their resource consumption presents a significant global
challenge. Existing utility resource supply systems are unresponsive, unreliable and costly.
There is a need to improve the configuration and management of the ichastnuetworks
that carry these resources from source to consumer and this is best petfvongd analysis
of multi-scale, integratedligital representati However, the realorld networks are
represented across different datasets that are undedfpdéferentdata standardgractices

and assumptiongndarethus challenging to integrate.

Existing integration methods focus predominantly on achieving maximum information
retention through complex schema mappings and the development of new niddadstand
there is strong emphasis mronciling differences igeometriesHowever, network topology

is of greatest importander the analysis of utility networks and simulation of utility resource
flows because it is a representation of functional connectiatd he derivation ofthis
topology does not require the preservation of full information detdihe most pressing
chalenge is asserting étconnectivitybetweerthe datasets thaachrepresensubnetworkof

the entireendto-endnetwork system

This project presents anmapproach tointegration that makes use afbstracteddigital
representationsf electricity and water networks to infer irtgataset network connectivijty
exploring what can be achieved by exploiting commonalities between existing slataseata
standards to overcome thetherwisanhibiting disparities Thedevelopednethods rely on the

use of graph representations, heuristics and spatial inference, and the results are assessed using
surveying techniques and statistical analg$isncertaintiesAn algorithm developed for water

networks was able to correctly infebailding connection that was absent frewurcedatasets.

The thesis concludes that several of the key use cases for integrated topological representation
of utility networks are partially satisfied through the methods presented, but that some
differencesm data standardisation and best practice in the GIS and BIM domains prevent full
automation.The common and unique identification of reabrld objects,agreement on a
shared concept vocabulary for the built environment, more accurate positioning btitigstri

assets, consistense of andimprovedbest practicdor) georeferencing of BIM models and a
standardised numerical expression of data uncertainties are identified as points of development.
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Chapter 1 Introduction

1.1 Cities, smart cities and digital twins

The United Nations has assessed the growth of cities and their resource consumption to be
fé the greatest challenge to mankind since we became G{British Standards Institution,
2014a)Si nce 2008, most of the worl dbdés popul at
forecast to exceed nine billion by 208British Standards Institution, 2014a, 20146)ties
comprise a multitude of components and systems such as buildings and infrastetetarks

Existing infrastructure within cities is often unresponsive and ctstigaintain ard the UK
Government has recognised the need to replace therfimntbvative delivery systems to more
effectively manage and control resource use in the built envirooniBritish Standards
Institution, 2014a)The interdependencies of such systems and the influence of environmental
and human behavioural factors cause them to extobitandom, irregular and timgependent
characterists that distinguish them as compl@occalettiet al, 2006; Giudiciannet al,

2018; Saleh, Esa and Mohamed, 20T8)e study of complex systerogncerns understanding
indirect effects(Batty and Hudsoi®mith, 2006) by modelling them as a sufficiently
representative, manageable number of understood parar(i@titish Standards Institution,

2014a)and this approach can be applied to the built environment.

The oncepts of smart cities and digital twins are commonly used in descriptions of digital
representation of the built environment. The tesmart cityand'smart city modehre defined
inconsistently but used freely by industry and governnigkt BIS, 2013) Whereas a smart

city may be considered an urban area that uses data and technology in a coordinated manner
(Bari, 2015) it has also been defined as fleffective integratin of physical, digital and human
systems in the built environment to deliver a sustainable, prosperous and inclusive future for its
citizen® (British Standards Institution, 2017 smart citymode] however, is clearly a digital
representation rather than something-keatld. Digital twinning is a similar concept but is not
exclusive to urban modeig; in fact, it was first introduced in 2002 for project lifecycle
managemen(Grieves, 2019)In the context of the built environment, the UK's Centre for
Digital Built Britain (CDBB) defines a Digital Twin (DT) asfaealistic digital representation

of assets, processes and syste(@entre for Digital Built Briain, 2020) In 2013, the UK

Government published an induatrstrategy, recognising thé&pplying new technology will
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be a key part of the burgeoning Smart City agenda, where the global market for integrated city
systems is set to be worth £2Billion per annum by 203D Digital representations of built
environmentgontinue tattract significant attention from international standards organisations
(Open Geospatial Consortium, 2015; Gilbettal, 2020)and at political levels in the UK
(Cabinet Office, 2018; Geospatial Commission, 2020a, 2020b)

An important factothat challenges the realisation of functional digital representations of built
environments is the complex interplay of diverse environments and themes that span a breadth
of spatial scalesForming key components of theseilding environments are theiliy
networks that transport the resourceg@ofiongst other®lectricity, water and gdas consumers

for a range of residential, public and commercial purpoes.physical objectsr assetshat
comprise these networksfeature indoors, outdoors, abegeund and belowground
intersecing the remits of both the Geospatial Information Science {)Gé®d Building

Information Modelling (BIM) domains.
1.2 Geospatial and BIM domains

Traditionally, the GIS and BIM domains have been regarded as distinct but the boundary
between them is becoming blurré@ilbert et al, 2020) Coarserresolution data describing
existing environments are generally handled by GIS practitioners, while the finer resolution
designs of the architecture, engineering and construction (AEC) domain are created by BIM
specialists. There is now a@ccelerating deand for digital representations of our entire built
environmentwhich requires the simultaneous use of data from both domainkiamadn only

be satisfied through greater software interoperability and data integi@tlbartet al, 2020)
Integrated modelling of geospatial and building informratis a significant chinge to the
development othe spatial data infrastructur@lsikdag and S Zlatanova, 2009; Deng, Cheng
and Anumba, 2016)hat are necessary for the simulation, analysis and visualisation tasks
encountered in civil systems engineerifif)-Mekawy, 2010; Amirebrahimet al, 2015a;
Borrmannet al, 2015) Although there has been significant research targeting the integration
of datasetsvith each othe two domainglsikdag and S Zlatanova, 2009; El Meouche, Rezoug

1When used as a referencethe professional/practical domain, 'GIS' and 'geospatial' are sometimes used
interchangeably in this thesis.

2 In this thesis, the words coarse and fine are used to distirgetisken spatial detafine resolution(or
granularity suggestshat relatively high precision has been used to represent detail over relsitagly
distances, areas or volumesarseness suggests the opposite.
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and Hijazi, 2013; Foset al, 2015) there is little evidence of research that focusses on the

topologies of utility resource networkisan span both domains

Currently,therealworld continuity of utility resource flow from supply to demand is belied by
the discontinity of digital representationd he diversity of themes and professional practices
encompassed by the relevant scales has given rise to data standard$h#taet@geneous and
incongruous, and thus instances of their schemas that are difficult to integhege.
representation of utility networks as manageable-terehd systems demands a focus on
integrating the topologies of currently digitally unintegratedngtworks. In support of this,
there is a need to identify the extent to which existing representations may be readily utilised
to this end and the further development of data stanttzaitiss needed to addredsficiencies.

This thesis focusses on thikeatlenges facing methods of integrating the topologies of utility
networks on the scale at the GIS and BIM domain intefifabe building envelopé with a

view to guiding the development of the underpinning data standards. Before looking more
closely atthe data standards and existing integration methods, it is important to clarify and
concretisghe value of this effortThe following section outlines some broad challenges and

describes three use cases that direct the subsequent redehisihesis
1.3 Ultility infrastructure challenges and use cases

The sustained and sustainable provision of resources to inhabitants of urban areas is critical and
the digital representation tie networks that transport these resources is fundamental to their
effective managementhere is a growing recognitioof the need to enable more informed
decisionmaking and the necessity of achieving integration of digital representations of
complex néural and built environment@olton et al, 2018; Hetherington and West, 2020)

The design and engineering of utility infrastructure is a complex task due to a multitude of
constraints, the necessary involvement of diverse domain specialists and the need to represent
information on multiple spatial scal¢Borrmannet al, 2015) Both electrical power grids and

water distributionsietworks are examples of complex utility networks that are constrained by
their geographic setting, comprising multiple interconnected and interacting Pactsaletti

et al, 2006; Yazdani and Jeffrey, 201fh)at span nearly ewe terrestrial spatial scale.
Additional complexity and challenge is added to the modelling and analysis of these network
by their interdependenci€Solomakhinaet al, 2015) ageing of physical assd€fcang, Parsons

and Jude, 2019; Ahopelto and Vahala, 2G2@®) that these assets are often located underground



(Geospatial Commission, 2019, 2020&he performance of utility systems depends on their
network topologie¢Simoneet al, 2018)i this concerns the connectivity at a particular spatial
scale, across multiplecales and between different utilities. An ability to accurately measure
and improve performance through maintenance, reconfiguration and modification depends on
integrated representations of these topologies, which demands an ability to integraterdata fro

both the geospatial and GIS and BIM domains.

There are multiple use caseg@gvance to the domain of GEBM integration, many of which

are summarised hyiu et al.(2017) for some of the use cases, there is a need to integrate data
describing utility resourceanfrastructure and a further subset require, in particular, a
representation of the connectivity of such infrastructliree outer shell of a building also
referred to a the building envelopi is approximately at the spatial boundary of @& and

BIM domains.n this thesis, three use caseguiring the connectivity of utility networks across

the building envelopare identifiedfor research focus: electricity demaside management
water network partitioningand spatiatopological configuration planning. Peak electricity
loading can be reduced through rgale-pricing incentives, minimising consumer costs and
outage risks, and this is supported by the abilityisaggregate and trace demand through the
finer scales of urban areas. Dynamically configurable water network topologies have been
proposed foboth leakage detection capabilities afforded by partitioning and the connection
redundancy of largecale loopedhetworks. The planning of utility services is constrained by
spatial factors such as physical obstruction and connection distances, which influence-the trade
off between minimising engineering cost and maximising topological redundéineye use
cases require the accurate integration of the topologies of the finer scale internal building

consumption networks with the coarser scale distribution networks of urban areas.
1.4 Research gestions, aims and objectives

Chapter Zonsiders the above use cases in more detdthen provigsan analysis of the key
built environment data standards and a critique of existing metfddsir integration, from
which research gaps are identified.

Research questions were derived through an iterative process of prototyping, testing,
demonstrationfeedback, discussion and refinemdtaceto-face meetings, video calls, email
and accompaniment of engineers duringsie visits were used to engage mudip

representatives of stalkmlding organisations in thigerative process of converging on a



appropriate research questionghese interactions are detailed further in the case studies of
Chapter 3and Chapter 4 Those whose discussion influenced the direction of the research
include: members ofthe Estates department at Newcastle Universitie BIM manager
Bowmer and Kirkland (the prime contractdrtibe Helix project seeChapter 3, the Research

& Development Manager and Continuous Improvement Lead at Northumbrian Water (see
Chapter ¥4 the Senior Project Manager at NG Bailey (the engineering contractor for ;Helix)
BIM researcher at Northumbria Universigcademicgrom Newcastle UniversityTU Delft

and TU Munich; and employees of BuildingSMART International, Open Geospatial

Consortium and Ordnance Survey.

The research gapse identified in sectioB.5asappropriatdevels of information abstractign
requirements and methods for identificatiai realworld objects and standardised
representationsf location uncertainties in suppart integratng utility networks topology.
Through the research design process, tteaton of a new data standard to support the
integration of utility network topologies was deemed to be unnecessary and unlikely to gain
traction with implementersénstead, the research questions were chosen to address how existing
data standards can be us#fikctively in their existing fornrand how they can be modified to

improve capability

1. How can existing datasets be leveraged to construct digital representdiifity network
topologies across the building envelope and how does this support the priority use cases?
2. How can existing data standards be modified to support the priority use cases where existing

data cannot be leveraged to sufficient effect?

The aim of this research is to address the research questions by devising and prototyping
integration methods that elicit an understanding of how existing datasets and data standards can
beleveraged for construction of utility network topologjgcross th building envelopeSection

2.6 describes a researapproach that is based on the ideas of pragmatism and heuristics in
engineering, with case studies used to better understand use cases, which are satisfied by
methods and their underpinning techniquébe researclgoal isto develop methods of
asserting dinctional relationships between disjoint and disparate digital representations of

utility networks. The objectives are as follows:

1. Develop a set of priority use cases to understand the need for integrated digital
representation of muiscaleutility network topologies



2. Carry out a review of the domains of 3D Urban GIS and BIM with a focus on the
representation of utility networks at and around the scale of the building envelope.

3. Examine the relevant data standards in these two domains and identify thisgdaaities
that present a challenge to the integration of utility network datasets.

4. Analyse and critique existing methods of urban data integration, focussing on weaknesses
in their applicabiliy to utility network topolog$; and dentify research gaps

5. Address the research gaps through the exploration of case studies.

6. Designand prototype methodbkat satisfythe generalrequirementshe use cases through
addressing specific requirements of case studies.

7. Discuss the findings from the castedies in the context of the use cases and data standards.

8. Highlight areas obeneficialfuture research.
1.5 Thesis structure

The remainder of this thesis addresses the aim and objecti®eseveral chapter€hapter 2
contains the literature review and research approaatgnisiders the geospatial and BIM
domains, the data standards in each that dominate urban environment modelling, the disparities
between these standards and the challethgse disparities present to the integration of utility
network topolog, themethodghat have been devised to integrate instances of these standards
andthe gaps in research that merit further exploration; the chapter culminates by defining a
researchapproach The subsequentwo chapters detail the software prototyping aimed at
enablirg reattime visualisation of electricity flowsQhapter 3, the topological placement of
consumer connection points B potable water distribution networkGhapter 4 and the
optimisation of spatialopologicalutility network configuration (als&€Chapter 4. Chapter 5
discusses the methods and result€lodpter 3and Chapter 4in the context of the literature
review (Chapter 2, identifying integration potential given existimtata representations and
opportunities for development of the standards where existing characteristics inhibétiotegr

as required by use cas€hapter &onclules the thesis.

1.6 Summary

Cities and other urban areas are becoming more densely populated but ageing infrastructure is

often unable to cop&heconsequentf this is anncreasing demand on resources. The complex

3 Network topology concerns the connectivity of components of a network and is defined more thorough in
section2.2.1



interplay of the various components of built environmentslsieebe represented digitally and
integrated in order that resource delivery systems can address this problem through analysis
and optimisation. Theelevant components of built environments span the spatial scales of
geaspatial and BIM domains, which exhibit disparities that inhibit integration of their disjoint
datasets. There are several use cases that require the integration of the network ¢dpology
utility infrastructure across the buildirenvelope three of which are discussedtime next

chapter as foci for the remainder of the thesis.



Chapter 2 Literature review and research

approach

2.1 Introduction to the literature review

This thesis ignultidisciplinary, covering a breadth of domains and demanding a consideration
of multiple topics. The themes that need to be covered by this literature review are separated
into three main sections: use cases for utility network topology integr&tign the domains

and data standards of relevance to this integrad) &nd existing methods of integration

(2.4). The premise of this order is that therewdd be a well justified reason for integrating
datasetsgrovided byuse cases) before considermgwvintegration is or should be performed
(existing methods). A revieof thedomains and data standards is placed before that of existing
methods because the domains and standards are fundamental to the methods that have been
developed. SectioR.4analyses and critiques existing methods throughout and culminates in a
synthesising critique2(4.8. Research gaps derivingpin this critique are identified in section

2.5, and sectior?.6 presents the approach that this thesis takes to addressing these gaps. The

entire chapter is summarised in sect@on
2.2 Use cases

2.2.1 Introduction and use case selection

éif an ungquestionable objective is to minimi:
a viable and useful level of integration, there is a pressing need to articulate both existing and
plausible future use cases against which any approach canplEmented and assessed"”

(Gilbert et al, 2020}. The previous chapter highlighted a set of three use cases on which this

section now elaborates.

Use cases may be understoodn&srmal scenarios that depict the behaviour of a system with

respect to the needs of a ugemirebrahimiet al, 2015b) They povide guidance that is critical

4 This discussion paper is cited and quoted extensively throughout this chapter and the remainder of this thesis.
The paper was written in collaboration with Ordnance Survey, Open Geospatial Consortium and builéRigSMA
International through the Integrated Digital Built Environment working group; the author of this thesis is the main
author of the cited papérthis authorship is an output of the PhD research project.
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to the design, development and evaluation of technical approaches and there are myriad
examples for urban datategration(Liu et al, 2017) In the context of this thesis and research,

a use case is understood to be @egalised example rather than a specific, concrete example,
which is understood ascase studysee sectio.6 for more detail, including a diagrgnihe

use cases are used to justify and frame the research questions and objectives; the case studie:
are used to test the suitability of the methods ares$ing the use casekais thesis is
concerned with addressing the challenges of relevance to the integration roétwoek
topology of utility networksi specifically, the functional relationships between components or
their arrangement in a netwoikhe research of this thesis is focussed strongly on investigating
the suitability ofexistingdigital representatiaof utility networks forthe key uses casdhat
demand a digital representation of utility network topoldgysupport of such investigation,

the key use cases need to be understood in detail.

The literature reviewGhapter 2 andinteractionswith the stakeholders (listed in sectib)

were used to identify use cases that could guide this research. Undetheroad of interest

to industry (such as planning and maintenance), specific technical requirements were identified.
Many of these requirements demand the integration of BIM and geospatial datasets; these
became the use cases of initial considerafommthis initial set, those that did not require the
representation of network connectivity were eliminatétde strongest examples of the

remaining withinscope use cases were selected for focus.

The planning of a construction project might require the léektapatialrepresentation dfoth

an architecturalBIM model anda city modelin order to present 8D renderingto a client
interested irthe outputs o& shadow or fielebf-view analysts. However, such 3D wsdtkough

use cases were eliminated becaussrd is no requirement for the representation of any
connectivity. Similarly, clash detectidretween the foundation of a proposed #mwd and
existing underground pipes depends on spatial data alone @uid mot be within scope
(although the research Ghapter 4oeslaterdemonstrates how heuristics can be used to infer
connectivity and the presence of unrepresented assets that could present a claisie isises
involving quantity takeoffs or financial calculationgvere also not consideréddthe ability to
tabulate values across an integrated, searchable knowledgelamselzdn environment does
not necessarily depend on any network connectivity, even if the assets of interest are those from

a uility network. The use cases could be categorised into those that demand a representation of

5 Network topology is distinct from spatial topology, which is described in footibte
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the urban environment that is predominantly spatial, tabular or topologidgl those that
depend ultimately on a topological representation of utility netwasdie selected for this
research.

Three use casagerechosen for focus: the visualisation of existing supply and usage within a
network (focussing on electricity), the partitioning of water distributions networks (WDNs) and
the spatiatopological configuration planning of utility networks more generally filowing
subsectiongletail each use case aedplain the importance of integrated utility network

topology modelling for each.

2.2.2 Electricity demand side management and dynamic pricing

The provision of electricity has become essential to modern lifetarsgamless supply has
been cited as a requirement for industrial growth and increases to quality (Briifievasaret

al., 2017) it also presents a major challenge to today's society in which economic, ecological
and political concerns are at staifausselet al, 2020) Electricity demand and supply both
fluctuate in ways that are not always predicfetk Parliamentary Office of Science &
Technology, 2014)especially given the intermittey of increasingly popular renewable
resource$Bu, Yu and Liu, 2011)Storage of electricity is generally not cestective sub that

its generation must be concurrent with demg@iidomey and Brown, 2002)Due to the
variability of unregulated demand and the need for generation to match peak demand (supply
is usually inflexible), much of this capacity is aboveet@ge demand and thus unused,
constituting an inefficiency and lost opportunfButta and Mitra, 2017)However, high peak
demand risks damage to supply systéimsholkar, Klinkhachorn and Feliachi, 200dnd the

size of the peak determines network charges to consy8uns Wang and Huang, 2010; UK
Parliamentary Office of Science & Teadlagy, 2014)

Demand side management (DSM) can be used to reduce risk and cost. The principle of DSM
is that demand can be fitted to production rather than vice yausselet al, 2020) This
management can be categorised into load reducing and load shifting stiegissniarRad

et al, 2010) along with storage of energfor later use(Koomey and Brown, 2002; Tang,
Wang and Li, 2019)While remote management of easer consumption by load aggregators

can achieve lower system stress and improve efficiehejectricity distribution(Baccinoet

al., 2013; Saleh, Pijnenburg and CastiBoerra, 2017)active demand methods can achieve

6 This is clearly subjective.
" Such as via chilled water or ice storage taisn, Wang and Huang, 2010)
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similar outcomes by placing onus the user to alter their balrayioce reduction is usedk an
incentive for reduction of consumption during peak hdMaet al, 2016; Ahmeckt al, 2018;
Ausselet al, 2020)and dynamigricing is an emerging DSM technidubat can reduce peak
load by varying prices according to demdbuitta and Mitra, 207; Ahmedet al, 2018)i it

has been shown to be economically and environmentally advanta@emmsgarcia, 2010;
Desai and Dutta, 2013; Finn and Fitzpatrick, 206y example, dynamic pricing can be used
to vary building zone temperaturetgoints to minimise peak cooling demgh@&eand Braun,
2008; Tang, Wang and Shan, 201Bgattime pricing (RTP) is a DSM method in which prices
vary at regular, frequent intervals (as small astsulr), increasing the efficiency of the pricing
scheme by reflecting the demasdpply balance imeattime® (Moholkar, Klinkhachorn and
Feliachi, 2004; Dutta and Mitra, 201 A consumer's demand requirement can also vary with
time (Bu, Yu and Liu, 2011and RTP programmes are based on the willingness of consumers
to exploit this in response to fluctuating pri¢&sano, 2014for their own monetary savings

while simultaneously minimising the supplier's risk of outages.

Utilities are concerned not only with outages on a systése scale due to total system
demancdllocal outages are more common than system outages and are extremely costly if they
interrupt economic activitgKoomey and Brown, 2002DSM that reduces peak loading on the

finer spatial scales of local urban areas has ttenpial to reduce outages and save money.
However, such schemes require suitable technology to communicate and manage the frequent
changegBaccinoet al, 2013; Dutta and Mitra, 201@nd an integrated representation of the
topology of the networks across all of the scales of the urban area. For the owner of a campus
or estate to be able to manage theirlteteergy demand (for example, to suppress the load
during known peak hours or in response to an unexpectedimealprice increase), a
disaggregation of demand down to each buildirgnd then inside it would allow them to

trace through to the type afmtation of the consumption units that are incurring the highest
load (for example, a set of computers in a particular room) and then propose a load reduction
strategy where they assess there to be flexibility. From another perspective, a consciemtious use
may wish to reduce their impact on peak demand (perhaps for ecological reasons) and a
reduceecomplexity visualisation that shows their contribution to the total demand would
enable them to shift their behaviour quickly and in an informed méanfarexample, they

could decideo reschedule computer updates to take place during times of lower demand. This

8 Other techniques includime of use (TOU) and critical peak pricing (CRRhmedet al, 2018)
9 Or nearreattime, depending on the threshold frequency of updates for classification disrigsal
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integrated representation of urban topology enables a harnessing of flexibility in demand to

counter the inherent inflexibility of supply.

2.2.3 Water network partitioning

Water distribution networks (WDNs) are critical infrastructure, providing the clean water
needed for soci@conomic prosperity and population heglhatthews, 2016; Mengt al,

2018; Giudicianni, Herrera, di Nardo, Gree, al, 2020) A significant portion of water
infrastructure in the UK is deteriorating, resulting in background leakage and bursts that disrupt
supply, waste water, caukether damage and are costly to fbang, Parsons and Jude, 2019;
Ahopelto and Vahala, 2020n Englandand Wales, approximately 3.17 billion litres of water
(21% of public supplyarelost to leakage every day (Price Waterhouse, 2019) and the global
annual cost of lost water is estimated as USD 39 billion (Liemberger & Wyatt, 2D11@)to

the wide geospéal distribution of WDNs and their multiple points of access, they are
vulnerable to contamination and costly damé@dgt and Murray, 2010)/VDNs can consist of
thousands of components and the complexity of their interrelationships makes it difficult to
predict their performance under various scengfeselman and Ostfeld, 201Despite this,
demands are being placed on water compaoiésprove their service against performance
indicators such as supply continuity, water discolouration, energy efficiency and sufficient
pressure at the poirdf consumption(Wright et al, 2014) Although insufficient pressure
inhibits supply, maintainingperational pressure close to the threshold minimum can reduce

water loss and burst frequen@y/right et al, 2014)

Water network partitioning involves the compartmentalisation of water distribution networks
(WDNs) into district metering areas (DMAsh practice that has grown in popularity
(Charalambous, 2008DMAs help to improve pressure managentienvhich is the only
controllable factof that affects leakage once pipes have beer{@&dmanopoulos and Jayi
1989) and locate leakages once they do o¢taillefond and Wolkenhauer, 2002; Wriggit

al., 2014; Azevedo and Saurin, 2018; Ahopelto and Vahala, 2da8a Bui, S. Marlim and
Kang, 2020)Using a comparison between actual monitored net flow rates in DMAs at times

of expected minimum activity (usually at night) and flow rates that represent legitimate usage

10 DMAs can also be used for burst detect{fvu et al, 2016)and bad balancindFerrari, Savic and Becciu,
2014)

10t her f act anovementramd|chachateristicé of the soil in which the pipes are laid, the degree of
deterioration of water mains apipes, the quality of fittings, materials and workmanship, as well as the possible
effect of traffic loading in causing the failure of buried pipelin€g€rmanopoulos and Jowitt, 1989)
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during those periods, leakage can be estimg@gthda Bui, S. Marlim and Kang, 202@nd
located to a specific area for intervention.

However, the use of fixed DMAs has its disadvantages, including reduced operational
flexibility and network resilienc€Scarpa, Lobba and Becciu, 2016; Giudicianni, Herrera, di
Nardo and Adeyeye, 202@esilience is widelynderstood as the capacity of a system to resist,
absorb, withstand and rapidly recover from exceptional conditi@ehansson, 2010;
Amarasinghe, 2014; Hosseini, Barker and Ramiezquez, 2016; Butleet al, 2017; Meng

et al, 2018)and has been increasingly pursued in the management of \Whiht et al,

2014) Manual valve operations are required during failures, which reduces the natural
redundancy in connectivity of these looped netw@vksight et al, 2014) Along with factors

such as structural integrity and pumping power supply backups, redundahkey iaspeét of
resilience in water infrastructure systefigtthews, 2016)Dynamically reconfiguable water
network topologies have been proposed in place of fixed DMA, allowing for both the leakage
detection capabilities of partitioning and the connection redundancy ofdeadge looped
networks$® multifunction network controllers modify the topgand continuously monitor

the dynamic hydraulic conditiorfgvright et al, 2014) for which implementation methods have

been proposed and demonstrgied.Giudicianni, Herrera, di Nardo and Adeye2620)

However, WDNSs do not always represent accurate or complete topologies: the exact points of
connection of consumer nodes (such as buildings and other facilities) are not always known or
represented digitally; when they are, the fiseale internal buildingonsumer networks are

not integrated with that of the WDiINfrom the point of view of the utility provider, the topology
stops at the point from which the building is supplied. BIM mechanical, electrical and plumbing
(MEP) models can represent the spdagbut, network topology and details of consumption
units within buildings. In the context of dynamically configurable W&DIhe accurate
connection of these more granular subnetworks with WDNs is needed for more precise
modelling of the downstream impaatf various scenarios and hence optimisation oftne

topology reconfiguration.

Prioritising continuity of supply to critical facilities is justification for this use case. Burst mains
have caused outages to hospitatsthe UK (BBC, 2013; Guardian News, 2018nternal

12 Other factorsinclude water stagnation in deadd branch pipes and discoloration due to high spatial and
temporal variation in flow rate®Vright et al, 2014)

13| eakage rates are also lower in networks with higher redundancy due to lower average zone predssses and
pressure variabilityWright et al, 2014, 2015)
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networking data from a BIM model of a hospital, when integrated with that of the WDN, may
indicate that this priority consumer is connected to a specific node in the network and any
dynamic reconfiguration should not allow a pressure drop at that supplyi pogyond the
multiple everyday critical functions of a hospitedy example,an internal sprinkler system

might depend on this continued supply for tiorgical firefighting.

2.2.4 Network configuration planning

Beyond the integrated digital representation of existing networks, there is a future planning use
case: existing BIM models can be used for urban planning and existing urban plans can be used

for building design; buildings arttieir surrounding geospatial environment can be designed in

the context of each other. The position of a building on a construction site determines its
distance to existing building services infrastructgr® e c ki ene and Wsdt i novi |
spatial obstruction is a significant factor in, for example, pipeline planning prod@$ses

Liu and Mbachu, 20190 The presence, l ayout, and organi ¢
directly affect the value that the land can continuously deliver. It may limit the potential for

future development and use or the capacity to host new infrastructure and may present
significant obstacles, risks, and nuisances for owners, developers, engindarseis of the

| a n(@an,0van Son and Soon, 2021)

However, there are topological design factors that are influenced by syatstaints. For
WDNSs, although backup power and structural stability are perhaps the two most important
aspects for reliabiliyy of water provision(Matthews, 2016) some topological attributes
influence system resiliencéMeng et al, 2018) and spatial constraints can impinge on
feasibility. For example, a mains water supply point of higher topological redundancy might be
situated farther from a building than a point of lower redundancy, or there could be obstruction
along a transit to a nearby and topologically favourable supply pointetii@dancy reduces

the chance of service interruption in the event of, for example, a pipe burst along a supply route.
However, a appropriate tradeff has to be found between the cost of engineering and the

reliability afforded by a topologically superioonfiguration(Oliker and Ostfeld, 2013)

This tradeoff can be optimised through integrated design and this regintegrated data
representations. A water provider can ensure that a particular node of a new WDN layout that
has high topological redundancy is well situated for connection to adeigiand, critical

14 Reliability is considered here to be a result of resilience and robugamessgst other potential facs).
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facility such as (returning to the example used.th3 a hospital. The engineering required to
connect to the hospital could be reduced by placing the connection close to its entry point;
conversely,for an existing WDN layout, the internal network of the hospital could be
configured to ensure that the facility will draw water from a side of the building that is closest
(or less obstructed). Such optimisation can be applied to other spatially caustratrcal
infrastructure networks for which network robustness can be influenced by topology, such as
electrical power systen{Baldick et al, 2009; Rezaei, 2016; Robson, 2Q16)

The different utilities such aslectricity, gas and water are interdepend@oupled)and
configuration planning can benefit from accounting for this. Infrastructures interact with each
other both due to direct physical connection and spatial proximity (or other spatial relations),
andthese complex interactions can result in cascading effects in which the failure of one system
causes the failure of another dependent sygBaoker, Nagel and Kolbe, 201 Examples of
vulnerabilities to such effects incluadectricity systems that are powered by gas, electricity
driven compressors in a gas systéerdeneret al, 2014) thermoelectric power plants that
depend on a water supply for their cool{MJSTRAL, 2020) district cooling systems that are
powered by natural gas and water pumps that are powered elect{@altynakhinaet al,

2015)- the reliability of the dependent system could hinge on the redundancy &f stiige
requisite resource at a point in the network to which the dependent system can be feasibly

connected.

The lack of integration of the finescale internal building utility network topology with that of
surrounding urban areas hinders network @urétion planning in a similar way to how it
impacts dynamic network partitioning (secti@®.3. In order to automate such spatial
topological optimisation (whether considering a utility network as a siegl@eurce or mukHi
resource interdependent system), utility infrastructure atmissthe finer and coarser spatial
scales needs to be analysed as-terehd networks, which requires the integration of the

topologies of the relevant digital representations.

All three of the use cases described in sectbh@<2 2.2.3and2.2.4require integration of
datasets that span the internal building and external urban scales. Methods of integrating such
datasets are often founded on and constrained by data standards, the characteristics of which

are determined by the professional domainshich the standards are developed.
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2.3 The domains anddata standards

2.3.1 Introduction

In order to satisfy the use cases described in se2t@rintegration of the disjoint digital
representations of utility network subsystems must overcome the challenge of contrasting
professional domains and data standards. On the dperal scads of building internals,
architects and engineers use building information modelling (BIM) to model digitally the
details of internal building networks; on coarser spatial scales, surveyors and urban planners
use GIS to represent the distribution netwdhet supply the buildings. Each domain has its
own cultures, practices, technology and, crucially, data stan¢antert et al, 2020)7 the

agreed rules by which the built environment should be represented digitally. The contrasting
backgrounds of the domains reisongly influencedhe characteristics of these standards and

is responsible for disparities in standardisation that musvéeome by integration methods.

This section describes the background to the professional domains of 3D Urban Geospatial
Information Science (GIS) and Building Information Modelling (BIM), and the key data
standards that influence the challenge of udeta integration with a focus on utility network
topology. 3D Urban GIS is used here to refer to the use of GIS for urban data modelling, in
which there is often emphasis on representation in all three spatial dimefi$ier8D Urban

GIS and BIM domainswerlap significantly in their spatial and thematic scope. The outer shells
of buildings are a physical interface between interior and exterior environments and are
sometimes referred to colleatly as the building envelop&his interface is central to eh
spatial overlap of thewo domains and may be regarded as one of the surfaces at which they

meet (sed-igure2.3.2-1).

16



BIM Space

Real Property Asset

Space

Structure

3 \ e

Natural Asset

_- GIS Space

Figure2.3.21 - The environments, spaces, assets and systems that the GIS and BIM domains
are normally used to represent, and the interface at which they are considereditdhaeet
envelope of real property assets or buildings. This is a modified version of adigamnelle
Briscoe, which features in her bodBeyond BIM: Architecture Information Modeling”
(Briscoe, 2016)

The origins and developmental paths taken by the GIS and BIM domains have an influence on
todayods industry practices and research, tF
currentlyused for urban modelling, and the limitations on and opportunities for data integration
that this affords. The following two sectiodsscribe how the remit of the geospatial domain

has evolved to represent objects at this boundary and within the files suf building
internals, and how the BIM domain grew to represent a broad variety of construction
informationi beyond the fine detailsf buildinginternals, through the envelope and out to the
coarser scales of urban areas. This provides a context for the subsequent analysis of disparities
between the key data standards used in urban modelling. In turn, these disparities influence the
design of mdiods for the topological integration of utility networks whose digital

representation is spread across multiple disjoint datasets.
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2.3.2 3D Urban Geospatial Information Scienceand Building Information Modelling

As early as the mid990s, computegenerated reratings and walkhroughs were envisaged

as techniques to support geospatial design and anélgsig, 1995) Around the late 1990s

and early 2000s, implementation of these visions was becoming more fe@tulitier,
Steadman and Smith, 200@yith customised GIS software able to represent buildings by
defining relationships and interactions between layered 2D polygons in 3D space, retaining
information on building form andonstruction materials. This enabled analyses raargy
consumption, noise, lighting, solar phetoltaic power, occupancy and air polluti@ioltier,
Steadman and Smith, 2003) urban environments. 3D geometric data were also being
combined with semantic data to enable more varied analyses on urban scalestsaaport
operations for delivery of utility resourcéBernhardsen, 2002Jrban 3D GIS has been
fundamental to a broad range of research and applications, including real estate management,
environmental simulation, telecommunications and facility manage(gBéMekawy, 2010)

view quality analysigFerreira, Werner and Park, 2018jsual impact assessment of wind
turbines(Wrozynski, Sojka and Pyszny, 2016yban planningKolbe and Groger 2003; Kolbe
2009) disaster manageme(folbe, Groger and Plumer, 2005)avigation withn the built
environment(Lee, 2004) visualisation and exploration of cityscapes, environmental and
training simulations, faciljt management and homeland secuiitglbe 2009; Laat and Berlo
2011) While GIS has been used for planning of linear transport infrastru¢areoqget al,
2018)such as road@laro and lguisi, 2015)here haslsobeenextensive research aimed at

improving utility network infrastructure and resource management.

Progress on the modelling of energy and water networks has been significant but limited in
spatial scope. There has been a shift in energy infrastructure plaioniagcommodate
fluctuatingdemand and delivery, decentralised generation;foestcarriers and renewables
(Reschet al, 2014)with increasing efficiency leading to significant cost savifi@grnhardsen,

2002) Research has considered the use of GIS for visualisation of smart transmissi¢lti grids

et al, 2010)and measuring the potential for solar photovoltaic energy generation of urban areas
using 3D city modeléRomero Rodrigueet al, 2017) For water distribution networks, studies
have consideredhe use of GIS for design and analysis of distribution systems and the
modelling of their network topologig9aher and Labadie, 1996pr combining topography

with hydraulics to understand network behaviour and optimise network maintenance
(Abdelbakiet al, 2017; Awad, Yassin and Ayad, 201@nd for improving leakage control
through optimal selection of valves for clos(kéirshafieiet al, 2019) The interdependencies
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between the different utility tygs is also an area of research for optimising operations, analysis
of vulnerabilities and simulating cascading failur@®ecker, Nagel and Kolbe, 2011;
Solomakhinaet al, 2015) However, these studies rarely consider in detail the features and
functions at the finest of spatial scales despite the relevance of these to tfamprablems

that the researchers are trying to solve.

Although developments have taken GIS capabilities close to being able to represent features
across all spatial scales, progress has generally not encompassed sheefiakition
networking inside casumer facilities such as buildings. Despitetrend towards partial
coverage by the Gl&omain of the internalof buildings with data standards such as CityGML
(Becker, Nagel and Kolbe, 2013, 2016; Kutzner and Kolbe, 2@it&)ynal building networks

are usually designed by engineers in BIM software and its associated data standards, which
have been designed with the representation of even finer desitEndetails as a requirement
(BuildingSMART and Leibich, 2009; Peters, 2010; Zhetd@., 2017) The GIS domain in
isolation is largely blind to these details and thus anytes@hd demandupply representation

is dependent on its integration with data from the BIM domain.

The domain of Building Information Modelling (BIM) emerged from methods used for drawing
aircraft and boats that predate computers but underpin much of the field of Computer Aided
Design (CAD). CAD was conceived to address the inefficiency of haraiving and
management of discrepancy issuddvances in computer graphics and software capabilities
allowed visualisation for urban planning and building performance assessments under different
orientation, geometry and materials. The representation of othensiioms (such as cost and
energy), the distinction between object classes and their instances, greater detail on objects’
properties and parametric modelling are factors that gave rise tqlENy, 1995; Weygant,

2011; Barnes and Davies, 2014; Kensek, 2014; Briscoe, 2@tiparily, BIM models
represent buildings and indoor environments, including structures and indiviciopboents.
Architects, engineers and construction (AEC) contractors have been early adopters of BIM and
now dominate the use of its functional{iyolk, Stengel and Schultmann, 201ZFhe benefits
afforded by the modelling and analytical capabilities of BIM ae#l wecognisedWeygant,
2011)and, at its highest level of detail (Level 3), a BIM project will be modelled completely in
3D with full collaboration between all contributing disciplines by use of a single, shared and
centralsed project mod€Barnes and Davies, 2014; NBS, 2017)
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Although BIM is a relatively young domain, its merits are gaining recognition even at political
levels, emphasising its importance and likely traction over the coming decades. The UK Cabinet
Office published a Government Construction Strategy (GCS) in,20dddating that publicty
funded projects practicéull collaborative 3D BIM (BIM Level 2) as a minimum by 2016
(Cabinet Office, 2011; HM Government, 2013; Barnes and Davies, F¥L4ith all project

and asset inforntn, documentation and data being electrénicby the same yedBritish
Standards Institution, 2017Another GCS from 2016 committed the UK Government to
developing, alongside industry, tie next generation of digital standards to enable BIM Level

3 adoption under the ranof the Digital Built Britain Strategy, stating that thigwould
support a fully integrated and collaborative prooaasconstruction(UK Infrastructure and
Projects Authority, 2016)These commitmentswphasise the importance that lheen placed

on BIM by highlevel decisioamakers and thus the importance that should be placed on
enabling the integration of BIM within the context of urban data modelliihg. National
Digital Twin progammehas since publishetieirfié approach to delivering a National Digital
Twin for the United Kingdond (Centre for Digital Built Britain, 2020)n response to a
recommendation by the National Infrastructure Commission in their '‘Data for the Public Good'
report (National Infrstructure Commission, 201 However, theplannedapproach include
objectives regarding data modelling, referencsitgring andntegration that indicate much
foundational workemains to be done over the following five to ten years.

Research within the BIM domain has concerned bufirovements to technologipaum and
Borrmann, 2014; Johansson, Roupé and B&jbkema, 2015; Chen, Chang and Lin, 2016)
and its usagén applications suchas pedestrian route plannifg/hiting and Teller, 2006)
environmental simulation and sdister managemer(Arayici, 2007) immersive virtual
environments for fire exaation simulation(Ruppel, Abolghasemzadeh aBtiibbe, 2010)
safety management and construction confliels and Zhang, 2011}he use of graph theory
in facility management for administration ofcass contro(Skandhakumaet al, 2016)and
construction project riskDing et al, 2016) Developments to capdibies in the representation
of building internalgas required by modellersemain largely the responsibility of software
vendors, with Autodesk and its products dominating the market. However, buildingSMART
has sought to increase the potential for isigaof project and asset information through
development of the Industry Foundation Classes (IFC) open data st@indidaithgSMART
International, 2020g}iscussed in detail in secti@rB.4). The functionality of proprietary BIM

software, state of development of IFC audtwaresupport for its featureall influencethe
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digital representability of various features of faciliteesd their constituent parts, including
utility networks. Autodesk, for example, introduced MEP modelling to Revit in 2006
(Shackelford, 2017and an initial 'building services' schema was introduced to IFC in 2000
with an extension in 200@.iebich, 2010)

The prescriptive nature of BIMt(primarily describs future congructions), the high richness

of detail derived from its technical procedures andube of local engineeringoordinate
reference systems (CRSd)enmake itunsuitable for representationadarsegeospatial scale
features For these reasons, just the GIS domain requires BIM data for internal building
detail, the BIM domain represents relatively little beyond the building envelope until its
integration with GIS dataset¥he two domains remain disparate, which poses significant
hindrance to developg the multiscale representations of the built environment that are needed
for smart city modelling and digital twinningn essence, a building is a component of a larger
group of features which is linked by infrastructure and other elements to create a holistic
system"(Peters, 2010)The GIS and BIMdomains need to be considered holistically in order
that the flows of people, goods, services araf relevance to this thesisutility resources
across the building envelope can be baiteterstoodand simulated digitallyThe following
section further details the disparities between the GIS and BIM domains in the context of their
intersection and the requirement for their integration, before then analysing the predominant
disparities and similarityetween two of the key standaid€ityGML and IFCi as proxies

for built environment data standards more generally.

2.3.3 The challenges of GISBIM integration

The realisation of functional digital representations of the built environment depends on
integrated representations of indoor, outdoor, underground anejued environments

While interoperability can be defined as the ability to exchange or transfer data between
different applications, platforms, domaines (more generally) networks of teeogeneous
systemdqEl-Mekawy, 2010; Eastmaet al, 2011; Kensek, 2014)ntegration may be defined

as the combining of data from different sources into a single, unified (oewi.sci, 2020;
talend, 2020)r environmentMuch of this integration takes place at the intersection of the
indoor and outdoor environments, which is approximately where the geospatial and BIM
domainsoftencollide but sometimes merge blend(Figure2.3.31).
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Figure2.3.31 - The IDBE working group's representation of the interplay of the geospatial and
BIM domains. Image credit: Jim Plume, IDBE-cbair and director at buildingSMART
Australasia.

The professional practices in which urban GIS has prevailed have remaindy disgect
from those for BIM, leading to some differenceghe objects and environments that each is
bestsuited torepresentingBIM is primarily ‘prescriptivé (meaning that it prescribes what will
be built rather than describing what has been ,bwtiich would be 'descriptivi'and high-
detail with datasets developed manualhyough a design processptimised for modelling
new constructionsover relative small spatial extentssing local engineering coordinate
reference systems (CRSs) that largely disregard terrestrial cur{@bareget al, 2009; Rafiee
2014 ; T.doHese gualities 2nakleIM technology to satisfy the high precision,

geometrically detailecand semantically richmodelling requirements of the AEC domain.

etal,

ConverselyGIS is traditionally more descriptive, intended for modelling existing objects or
environments through automated or serautomated processes such as photogrammetry, laser
scanning and transformations from 2D landscape modeig) sparse or incomplete
information, often for objects and spaces which are larger than those used BIBiovides

extensive spatial analysis functionality amdes absolute, geographic CRSs and map
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projections(Wilson and Fotheringham, 2008; Longley al., 2011; T.oTheses g , z
gualities enable the use of GIS technology to abstract, generalise or aggregate data that would
otherwise be too large and complex to be managed and processed effectively; they also enable
GIS practitioners to conduct tlgeospatial analyses that generally operate at a coarser scale
than those of BIM.

Because ofhese dissimilar backgrounds and purposes, the domains have evolved divergently
and produced data standards that are often disparate and incongruous. The importance of this
is becoming more apparent as the need to represent environments at the bouthgarymf
domaing where they contribute complementary informaiidrecomes more pressi(ipe use

cases of sectiod.2are examplgs The domains are functional and effective within themselves
but sometimes restrictive when there is a ne@utégrate their datan ability to address many

of the use casesif multi-scale digital representations depends on the ability to integrate distinct
representations of different parts of the built environmentgeatspatial and BIM data are
underpinned by data standards that exhibit significant differecoeseptualiation of real

world objects, identification and attribution of these objects, and the techniques used for
representing both spatial topologies and network topologies all differ, which makes the task of
integrationcomplicated, timeconsuming and errgorore (Wang, Pan and Luo, 2019; Gilbert

et al, 2020; Herleet al, 2020) These dissimilarities can be understhatterby analysinga
representativesubset of the standards that are of relevance to urban data integratien
following sections presents such an analySesction2.4 then interprets these disparities in
context of methods that need to overcome them in order to integrate the yopblagity

networks.

2.3.4 Prominent data standards at the GISBIM interface

Within the two domains, a broad raffgef complex data standaf@$or the built environment
has been developed. Thetandards vary not only in the details of their design but also their

broader purpose: examples lumbe guidance of best practiseich as 1SO19650 andDB

15 Exhaustive descriptions of these standards can be foNaiional Institute of Building Sciences, 2007;
Eastmaret al, 2011; NBS, 2011; Barnes and Davies, 2014; British Standard Institution, 2014; Kensek, 2014;
buildingSMART alliance, 2015; OmniClass, 2017; B8, 2017)

18 A data standard isdocumented agreement on the representation o{ BB, 2019)and is often formalised

by a dad schema, which defines a structure for the storage or exchange of inforratinatance model then

uses an encoding to store the data in a way that is consistent with the rules of the schema. Instance models are
thus subject to the constraints of btttk encoding language and the sch¢fsstmaret al, 2011) allowing

software that is familiar with these to understand make use of instance models
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Spatial and Coordinate Reference Systems Guid&temd and OGC, 2018; BSI Group, 2021)
specification of metadata requiremesatgh as the INSPIRE standards and the National BIM
library objects(European Commission, 2013; NBS, 202hy detailed conceptual melting

with a technical schemsuch as GML, CityGML, IFC and LandInfrgddGC, 2012, 2016;
buildingSMART, 2021) It is necessary firstly to scope standards of relevance to this thesis.
ISO19650 is a recent and important series of international BIM standards that defines good
practice throughout project and asset lifecycles, superseding some British Standards and
Publicly Available SpecificationgPAS). Although 1SO19650 "considers all information
whet her 1 tds a construction programmdact a r ec ol
administration certificate(UK BIM Alliance, 2019) it cannot be instantiated to produce a
representation of the built environment; it is not accompanied by a schema against which an
instance model of a building or network asset, as examples, can be valitetesadme is true

for the COBIEspecificationwhich "denotes how information may be captured during design
and construction and provided to facility operatgdEsist, 2007)andthegeospatial ISO19115
metadata standard, whicdéfines how to describe geographical information and associated
services, including contents, spati@mporal purchases, data quality, access and rights to use"
(GIS Standards.EU, 2018)espite the importance of these standards and that many of them
underpin relevant others, trebapter is concerned with the standards that baxesponding
schemagdefineddata structureshat may be instantiatets machingeadable datasetk is

through theinstantiation of such schemadsat utility network componentsare represented

digitally, and these digital instances are the subjects of integration

Commonalities between standards that have instantiable schemas are opportunities for
integrationof their instances andgsimilarities present an obstruction: hypothetically, if two
instance models are valid against the same schema, their integration may be a merge operation
on the objects represented. Conversely, if two instance modeépaesented by standards that

differ in every respect and to the fullest extent, there may be no means by which they can be
comparedi they would be entirely incongruous and could not be represented in a single
environment. Some lelef harmony between ahdardss thus necessary for integratichn
objectiveis to analyse relevant standards ahehtify the commonalities that can be exploited

and thedisparities that existing methods of integration need to overcome. However, those

standards of relevanceesnumerous and complex.
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Selection of asuitably representative subset of timescope standardas proxies for the
standards more generally is both meaningfulrandemanageabléhan an attempt to consider

all standards of relevanc@wo noteworthy candiates are Landinfra and IndoorGML.
Introduced as a successor to LandXML, LandInfra addresses a capability gap in the modelling
of land and engineering infrastructure facilit{(€sC, 2016; Kumaet al, 2019) IndoorGML

is an extension of Geography Markup Language (GML) that serves indoor navigation
applications, defining information such as spatial subdivisions, types of spatial connectivity and
logical navigation network¢OGC, 2014, 2020)However, Landinfra is too young for an
evaluation of its uptake and IndoorGML is too narrowly focussedinterior spatial
information. Critically, neither is intended for the representation of utility networks at the scale
of the building envelope. The CityGML and IFC standards, having been conceived for detailed
city modelling and the communication of BIMrstruction designs, respectively, both overlap
the building envelope in their remits and enable the representation of utility networks; for
CityGML, this is through the UtilityNetworlpplication Domain ExtensionADE) and for

IFC through its domakspecfic subschemasThey are relatively mature and extensively
implemented, having alreadjained a strong foothold in urban data modelling communities,
emerging as the predominant standards used in research eBiINbI&ata integration(El-
Mekawy, A Ostman and Hij#z2012; Stouffs, Tauscher and Biljecki, 2018; Noaedcal,

2020) Beyond theipartially overlapping remits, an important factor in this predominance has
been that they are complementg8ani andRahman, 2018)in combination, the IFC and
CityGML conceptual models are thoroughly representative of the various features of the built
environment. The twetandards have been analysed and compared in numerous studies on the
integration of urban dat@r various purpose.g.Hijazi et al, 2009; E{Mekawy, 2010; El
Mekawy, Ostman and 8hzad, 2011; EMekawy, A Ostman and Hijazi, 2012; Cheng, Deng
and Anumba, 2015; Deng, Cheng and Anumba, 2016; Doekats2016; Kumaet al, 2019;
Gilbertet al, 2020) and hey are chosesimilarly in this chapter as thhepresentative proxies
Figure2.3.41 providesan overview of the thematic scope of eécthe type of objects and
environments that each standaashrepresentThe figure shows how the two standards overlap

in their ability to represent objects and environmenbsg multiple themes and scaleBom

the finer scalef internal building furniture tohe coarser scale of terrain featuiiebut differ
significantly in their strength or suitability for representing these themes or s&tlbs.scale

of the buiding envelope, they may lm®nsidered eally strong or suitable.
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IFC ~ CityGML

Figure2.3.4171 The types of object and environment that each of IFC and CityGML are capable
of representing; bolder icomsdicatebetter representation within the respective standard. The
image is an edited version of one from the Integrated Digital Built Environmerking
group's discussion pap@silbertet al, 2020) The meaningf the icons is open to interpretation

but the infographic is intended to convey (among other concepts) that both stacatards
represent buildings and utilitie-C is stronger at the internal scale and CityGML is stronger
on the city or urban scale but they overtlagmatically and spatiallyvith both able to represent
features inside and outside buildings/faciliti€eey are equally strong at representingeoty

at the scale of the building envelope.

IFC is an open BIM data standard developed and maintained by buildingSMART International
(bSI) and is used primarily for the representation of fine scale objects such as the pettsled
of buildings.It wasconceived in 1994 to support the exchange of detailed building models
(Laaksoand Kiviniemi, 2012)that weredeveloped in the proprietary formats that dominate

AEC modelling practicesIFC enables much freedom in the means of representation

7 This is intended as a reference to the openness of IFC rather than a reference to buildingSMART's openBIM
(buildingSMART International, 2020b)

26



geometries, relationships, properties and other semantics about abjebts high detall
required the AEC domain. CityGML is an open geospatial data standard fescalgy
modelling that is overseen by the Open Geosp&misortium (OGC)Development on
CityGML began in 2003 following the introduction of 3D representations to GML (in versio

3) and in response to various cities' and companies' inability to develop simulations on top of
their 3D city modelqGilbert et al, 202032, It is a coherent spatigemanti€® information

model that defines classes and relations for objects in urban idregseserdthe geometric,
topological and semantic aspects of city obj¢ktbe and Groger, 2003; Kolbe, Groger and
Plumer, 2005)Given its conception ithe GIS domainCityGML is optimised primarily for
descriptive modellingconversely, IFC sits firmly within the BIM domain and, as such, is
primarily prescriptive(Gilbert et al, 2020) Furthermore, while CityGMlwas designed to

serve as native or working schema (one in whobdelling data is stored for intended
simulatons and analyses), IFC was intended originally for transfer or exchange of data between
collaborators(Laakso and Kiviniemi, 2012)with industry software and their proprietary

formatg°® used for BIM model development.

2.3.5 Disparities and commonalitiesbetween the data standards

The fundamental differences in origin and purpose of the standards have led to differences in
their composition, some of which are readily surmountable but others of which significantly
impede integratioliBritish Standards Institution, 2014d&joassing on the IFC and CityGML
standardsT o b (281§)identifiesthe main GISBIM integration obstacles as differences in
semantics, coordinate reference systems and the paragezinetries of BIM Constructive

Solid Geometry (CSG) and Sept Solid representatolbert et al. (2020)use a comparison
between IFC, CityGML and LandInfra to categorise the differences with retsptat built
environment domain as: intended general purpose, practical applications and modelled objects
types; conceptualisation of reabrld objects, theiproperties and their relationshigsrmal
languages used for conceptual modelling and the description of schanthspatial

representatiofboth geometric and geographic

18 This is known through discussions with originators of the CityGML standard, the key points of which are

captured in this discussion paper.

" écoherence incohéegeospacirabes consistent relatio
semantic and geometric aggregations show the same
aggregation relations from concrete model instances [that] can beeth&pm the geometry hierarchy to the
semantics hierarchy (and vigersa), the higher is the degree of cohere(Btdler and Kolbe, 2007)

20 An example of these are the Autodesk Revit software and its RVT format (the software allows export in IFC).
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Similarity in intended purpose is laasisfor seekingintegraed representationsThe use of
formal languages or encodings is not fundametitallanguage used for conceptual modelling
and description of schemas is a matter of communication preference and compatibility of
software with specific encoding languages ratthen a fundamental integration criterion.
However, conceptualisatipspatial representaticend the expression of relationshigsjuire

further analysis in order that the type and extent of limitations and opportunities they present to
integration can & understood.

Figure2.3.51 shows an example of a difference in semantics or conceptual modelling for each
of the standards. The figure shows a generalised, schematic representation of a narrow selection
of some common concepts relating to a building in CityGML and IFC: it showslads are

used in IFC to represent what is consideaegiound or roof surface in CityGML; considered

more broadly, € a building in CityGML <can
roofs, walls, doors, and windows. In IFC, it would instead bdisided into the elements used

In its construction, such as slabs, columns and beams, as well as fittings like windows, stairs
and doors.(Kumear et al, 2019) Another examplés therepresentationf a ‘space’ within IFC,

which has no direct equivalent in CityGML (a room in CityGML does not capture all
possibilities of IFC space instanceahd thecomposition of building as an aggregatioof

parts in a spatial structuig a characteristic of [Ethat is not present i@ityGML (within the

spatial structure of the IF€chemaparts ofa buildingmay exist without the existence of a
building). The modification of CityGML to include IFGke spaceshasbeen a topic of
discussion within the OGC City@L Standard Working Group (SWGYVhile differences in
conceptual decompositias often a point of different between the two standards, there are
commonalitieon some conceptual leveljch as agreement on the meaning of the concept of

a buildingobjecti this is also highlighted iRigure2.3.51.

2L Within hierarchies of data molliag, aggregation implies that the child objects may exist without the parent
object; composition implies that the parent must gxistual Paradigm, 2021)
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Figure2.3.51 - Example difference in conceptual modelling between IFC and CityGML. The
concept of a building is common but each standard represents a building's composition
differently. The image is an edited viers of one from the Integrated Digital Built Environment
working group's discussion pap@ilbertet al, 2020) This figureshows how slabs are used

in IFC to represent what is considered a ground or roof surface in CityGML.

The result of using manual design processes focrbationof BIM data and automated or
semiautomated processes fopllection of geospatial data is that the use of geometric
representation techniques is also not always consistent between the st&etaats. sensing
techniques collect data on observable surfaces but designs of future builds can model the full
depth composition of solid structur€3onsequently, whereas CityGML supports (by design)
only Boundary Representation-@ep) based on the IS®107 geometry model (with the
restriction that only planar and linear geometry types are used), IFC geometries are based on
ISO 10303(Kumaretal., 2019)and support (in addition to-Beps) the parametric modelling
techniques of Constructive Solid Geometry (CSG) and Swept Solid represenkagjore (

2.3.52). The importance of this can be generalisgdconsideringgeometric conversions
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bet ween the geospatial and BI M doma-world :
observation data isdstrated by the dilemma that visible object boundaries are often the only
observables, which may be insufficient for the volumetric, parametric representations

demanded by architects and construction enging&gbertet al, 2020)

T
&

= )
0.

(B)
(A) —

Figure2.3.52 1 Three different techniques for representing geometries:l¢ftjpBoundary
Representation (BregMarlow, 2005) the cube is formed by representing its boundary as a
composition of six squares of different orierdas and offsets. [tepght] Constructive Solid
Geometry (CSGjGoldfeather, 2015the shape at the top of the tree is constructed by a union
of sphere A and a cube B, from which two cylinders (C and D)ff&rdint orientations are then
deducted. [bottom] Swept Solid (S@ree CAD Web, 2020)he curved pipdike shape is
created by sweeping the surface (A) along the line (B) while maintaining the surface
perpendicular to and centred on the line.

In the way they account for readorld positioning, the two are also dissimilar. CityGML makes
use of thegeographic representations available through GML for feature representation or for
anchoring features that are represented in an engineerind@RS, 2012) However, given

thatgeospatial information is not usually critical to the primary purpagech isdesign) of
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architectural model¢Diakite and Zlatanova, 2020BIM standards generallyse Catesian
engineering CRSs to represent objetfC enables thalescription of objects' geographic
location through several classegDiakite and Zlatanova, 2020)such as
IfcGeometricRepresentationContext and Ifc$itdggla and Horemug2018)offer a detailed
analysis of these classes and the georeferencingititgslof IFC. Again, this difference is
consistent with broader patterns in the two domains (desanisedtion2.3.3: there is a trade

off between realvorld positioning and fine resolution of spatial representation, with CityGML

(and generally GIS) favouring the former but IEDd generally BIM) the latte

Dependent on both the location and shape of objects is topology (or spatial tépobaggh

is concerned witH'qualitative properties that characterise the relapesitions of spatial

o0 bj e c(Bchrieitler and Behr, 2006FC defines geometries and then expresses spatial
topologies through objectified relationships (such as RelContainedinSpatialStructure) between
objects that use these geomedri¢his is related to the earlier consideratiohFdE'sconceptual
decompogion into spatial structuresln CityGML, however, spatial topologiefé are
represented implicitly in the elemeéatsoundary representations, and composite objects are
constructed wusing XMLOs hierarchical graph
exanple, a room could be represented as a composition of several polygon elements that are
each defined as a linear ring (a closed loop of straight lines), grouped t@gedhsst of XLinks
references (Gilbert et al, 2020) Both CityGML and IFC exhibit geometrisemantic @r
spatiatsemantic) coheren¢&umaret al, 2019)(the hierarchical decompositions of semantics

and gemetry depict the same structurelit reconciling the inconsistenciesn how these
topologies are expressesl a burden that integration techniques needs to overcohee.
importance of spatial topological relationships for analyses of infrastructure in the built
environment has been demonstrated by various st(itisexy and Claramunt, 2004; Deleuran

and Derix, 2013; Emmer, 2013;elial, 2017; Feng ahPorter, 2020)

Deriving from communication in computing, network topology has been defined #w"
description of the arrangement of nodesé ar
a graph'(Keary, 2020)r "é the way a network is arranged, including the physical or logical
description of how links and nodes are set up to relate to eack StfBNSstuff Staff 2019)

The representation of network topology is particularly important for utility networks given the

22 Spatial topology also known simply as topologyis concerned with geometric properties that are preserved
under continuous deformatio8patial topological relationships include intersect, touches, contains, covers and
disjoint.
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complex relationships between assets and the interdependencies of different utilities (see
section 2.2.4. IFC uses concrete (n@abstract) subtypes of IfcRelConnects elements to
represent connections between componehis building's MEP networks; in the CityGML
UtilityNetwork ADE, InterFeaturkink elements provide a similar function. This similarity
represents a level of commonality between the standelasever, although 'withimodel'
network topologies are often well represented, 'betweedebo r  6d antt aepaopids are

not In fact, the situation is more challenging than this: there is no standardised mechanism for
expression of connections between subnetworks that are represented in instances of different
standards. For example, there is no standardised means by whichwibekriepology of a
datasetepresenting a mains water or electricity network inside a building can be integrated
with that of theexterior supply network when the datasets use different standards.

The identification of instances of concepts (the objedthin the two standardiiffers in scope

of uniqueness: whereas IFC enforces globally uniquebit28umber identifiers for all object
instances, CityGML's dependency on GML (and hence XML) requires only that an identifier
begins with a letter or undergeoand is unique within the scope of the instance document but
not necessarily globally/universalljPorteleet al, 2007) However, even in cases where
globally unique identifiers (GUIDs) are used throughout all source instance models,
individually uniquebut still differentidentifiers may be used for the same +walld object.

This situation is further complicated by chpiies such as multiple representations of a single
realworld object in IFC, with each one suitable for a different purpose (architecture or

engineering, for example).

Many of the characteristics and features of the CityGML and IFC standards are broadly
representative of those of the 3D Urban GIS and BIM domains more broadly.
Conceptualisationspatial representatioand the expression of relationships are information
typesthat are key to the integrability of utility network&actorsthat are likely tchinder this
integrationare differences in decomposition of conceptentrasting use of georeferenced
engineering CRSs and geospatial CRSs riatworld positioning, greater variety and
complexity of geometries iBIM, differences in the structuring of spatial topology and the
inconsistent format and scope of uniqueness appliedbject identifcation. Overlap in
thematic and spatial remitpime commonalities ihigh-level concepts and some consistency
the expression of interndataset network topology are likely to ldtical to achieving

integration
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2.3.6 Spatial data uncertainties

Spatial information is fundamental to both BIM and 3D GIS. Given that BIM is used to
represent structures that have a location, datasets from both domains have a geographic
component ané éuncertainty is inevitable in all geographic datasets and analy3aality,
uncertainty and error are terms that all point towards a deviation from what is considered a
truth: ASpatial data quality is defined based on the assumption that there is geographic truth to
compare with a datasetthe closera spatial datases ito the truth, the higher its quality. The
termcerrororefers to how far a measurement is from trghi et al, 2017) There is growing

interest in the topic of spatial data uncertaintiesimithportance to utility assetsespecially

those situated undergrounds increasing with the densification of urbaniseeas.

The American Society for Photogrammetry and Remote Sensing (ASPRS) has published
guidance on positional accuracy standards for geospatialA8RRS, 2014)and PAS128
described types of survey of underground utility detection and specific location accuracies for
the measurements dfpe 'detection’ and 'verificatiofinstitution of Civil Engineers, 2014)
However, machineeadbility is criticaland neither offers a standardisatiorhofvnumerical
accuracies should be expressed in a datdsetn u s ,-SivRkrasdkKSzewczyk2018)discuss

their analysis of positional errors for cadastral parcel boundaries, emphasising the importance
of these error attributes for quality attribution, but do not disangsonvention or standard by

which these errors are represent&@n, Van Son and Soq2021)describe how the location

of subsurface utilities is critical for theamagement of subsurface spadédw researchers assert
that the management of acquisition,dependner st
on and benefit strongly from the availability of reliable information of sufficient quality on the
underground nicluding utilitie® o, that A émuch of [the] currently available data on
underground utilities is of insufficient quality in particular of insufficient locational
accuracyo , a n dtheghadity or l&c& thereof is often unknown or undocumented and may
lead to irappropriate use of the data inaphing and land administration decision making
processes. T h e r ealsestate ¢hhtdhe gjuality of location accuracy, currency and
compl eteness shoul d be des cwheredat qualdyineedstoa c |

be related to directlfo its suitability to support certain processes.

Classificationbased representations of uncertainty have been implementedPAS128
specification was introduced in 2014 to provide a standardised way to map underground utilities

(Institution of Civil Engineers, 2014gaptuing location accuracy withinonfidence categories
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or quality levels (QL); each QL is associated either with a description or numeric error bound
(for example, QEB2 indicates that the location has a confidence 860 or £ 40 % of the
detected depth, whichever is greaté&he impact of PAS128 was invegted through a trial:
multiple companies surveyed various underground utility assets, representing the results using
the specification; the site was excavated and the results compared both with each other and the
known location of the assdfdetje et al, 2020) The study concluded thatthoughthe impact

of PAS128hasbeenpositive, one of the classification levels needed revidiois not clear
whether the solution does necessarily lie in a classification system that is aligned taakidown
currentuse cases or, insteach @solute, quantitative representation tteat be applied more

generally.

An example ofa more generalktandardised representation of location uncertagitye OGC

Abstract Specificationwhich includes the topic of referencing by coordinat@$C, 2019)
setting out O6densemble accuracy®é6 and 6coordina
accuracy is defined as tlimaccuracy introduced through use of this collection of reference
frames or datumsé |t i's an iaedauvesa al@aontso f t he
between the various realizations that have been grouped into this datum easdinéle

coordinate operation accuracy is intenttechdicate the error introduced through a coordinate
transformation. However, the values assignetthéoparameters to not appear to be formalised

in a machingeadable way f or e 8m,Bmlaed,5mdén X, YandZaxes i s used as
data entry example) and the attributes do not apparently provide generallyfor errors

associated with individualbservations instead, there are specific to groups of points and
transformationswithin the AEC andBIM domains, geometries and construction site positions

are often represented at millimetric precision without expression of uncedathtie relevant

data standards, such as IfG,notdetail how this information should be expressed within their

schemas.

A key point for this section is that, although spatial data uncertainties are well recognised as
important and efforts have been madegjoresent them in a useful way, there does not appear

to be any widely accepted, standardised method of representing such uncertainties even within
one domain; there is clearly no accepted standard by which they can be represented across both

the geospatlaand BIM domains.

34



2.4 Integration methods

2.4.1 Introduction

Section2.3outlined the background to the geospatial and BIM domains, described some of the
data standards used to represent the urban environment that is spanned by these domains,
identified several features of IFC and CityGML as representative of built enviroratnt
standards more broadly and analysed these two standards to determine the key differences
between them thahinder the integration of utility network topologies. Overcoming the
difficulties presented by heterogeneity in standardisation demands matttbid®ls in support

of integration and interoperabilitiHijazi et al, 2011) This section now considers existing
methods and the latest reseaochintegration of builenvironmentata, categorising them by

the techniques on which they are basktey methods are critiqued in the contexexisting

data standardisatidnthe commonalities they explo#&nd thedifferences they overcomiebut

alsowith respect to other ways in which they achieve target integration outcomes, such as

modification to standards and development of new data standards.

Prior to BIMb6s emergence as dustry CADtmodelsof di s
buildings were recognised as suitable and important for integration with 3D urban GIS data
(Liggett and Jepson, 1995; Holtier, Steadman and Smith, 2000; Beihaler2005) It became

clear that infrastructure engineering tasks relied upon both GIS and CAD capabilities and their
semantic interoperability but also that the indepenéentution ofthese two domainkad

given rise to differences in data formats, terminologies, semantics and techniques, and
platforms that were difficult toeconcile ornintegrate(Peachavaniskt al, 2006; B. Akinciet

al., 2008) The increasing prominence of BIM over CAD through the early 2000s was
accompanied by an increase in demand for the integration of BIM anu&l&s for purposes

such as building and construction analysis, urban planning, tourism, cadastrenagldnd
security (sensorsandsystems.com, 2008; Isikdag and Sisi Zlatanova, 2009; Laat and Berlo,
2011) The theme of focus for this thesis is utility netwoakal exitingmethodsof integration

should baeviewedmore broadlybeforetheirinterpretation in tts context.

2.4.2 Terminology and categorisation of methods

Various methods of integration are in practical use and the subjects of research efforts but there
appears to be little consensus in the literature on some key definitions. Withitndsis,

conceptual models are considered techniques or sets of conceptual and notational conventions;
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examples are the Entifgelationship (ER) model, Universal Modelling Language (UML) and
Object Modelling Technique (OMT). Conceptual schemas, howewaee, specific data
structuresdftenrepresented bgiagrams) that are produced using conceptual m@éetseca,

Davis and Camara, 2003; Fonseca and Martin, 200¥9 word ‘ontology’ (in computer and
information sciencerather tharthe philosophical study of beihfpas been used to mean the
sameasa conceptual schema but there is a distinction: data modellers commit to a set of
computer representations when designing conceptual schemas but ontsitogegsewhere
between observation and these information sys(Bimshkr and Kuhn, 2000; Fonseca, Davis and
Camara, 2003)corresponding to howmumans understand things. Ontologies are closer to the
user's cognitive modéFonseca, Davis and Camara, 20@3)n provide the building blocks for
conceptual model¢Fikes and Farquhar, 1999nd when formalised or implemented, are
generally intended tcé" provide a shared and common understanding of a domain that can be
communicated between people and heterogeneous and distributed application'sfiskeims

et al, 2001) At a foundational level, upper ontologies are usepoesent general concepts

or objects; domain ontologies then specialise these for #mmapplication domainsAlthough
conceptual schemas and ontologies are used extensively for the structuring of information
within domains, both are also used withirtimods that seek to facilitate integratioetween

domains.

A categorisation of methods enables them to be analysed and critiqued in a more structured
way. The choice of categories used in other literature reviews are variable and appear to depend
on the ontext or target use cas@g&ang and Hong, 2015; Amirebrahimi al, 2016; Liuet al,

2017; Floros, Ellul and Dimopoulou, 2018; Gilbettal, 2020) The following section analyses

and critiques existing methods within categories that are based on the primary technique that is
implemented by the methods: methods are grouped into tiassel on embedded referencing
(section2.4.3, direct mapping between existing scherfsection2.4.4, the development of

new conceptual representatiqisection2.4.5 and the use of ontological abstracti@ection

2.4.9. Finally, the use of software systems to iempént these techniques is consid¢sedtion

2.4.7).

2.4.3 Embedded referencing

A level of integration can be achieved by providing a reference to an eleraeother dataset
the value of an attribute of an element in the 'active’ dataset can point to an additional source

that provides more information about the object. The reference could be a hyperlink to a
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website, for example, or the uniggentifier of anelement contained in another dataset. In an
ESRI blog, Andrews (2020) conveys this in a wetp-web client integration context by
describing how a "afmasserved by#®rgGldE@nline ang, Lpom clickirg
through an asset and investigating attribute data, may link directly to information in a BIM
repository, ach as BIM 360." ArcSDE serves as an interface between client geospatial software
and database management systifss, 1999) facilitating data transfer between BIM and GIS
software by an application programming interface (ARmirebrahimiet d., 2016) Ordnance

Survey launched their Linked Data service in 2@@fnance Survey, 202Qayith the updated
2013 version providing a data hubthintegrated é ac c
search to enable anyone to easily locate resources of inté@striance Survey, 2013

2015, AEC3 worked withCardiff University on a demonstrator for the UK Environment
Agency. They used the semantic web to link buildings models to public geographic (using
geospatial coordinates) and weather data (using place names) to answer gquestions about

degradation of riveand coastal assets from fr@slisbet, 2015)

Instance Al Instance B1
Element A1X Reference Element B1X
ID for B1X \ \=
Schema A Schema B

Figure2.4.31 - Embedded referencing technique. Al and B1 are instances of their respective
schemas. Both instances contain elements that are representations of the saor&lrebject;

the element A1X refers to element B1X, which eams further information on the object. This
referencing allows access to information on the-veald object that is not available in Al.

No schema mapping or abstraction of concepts isi@aly this figure

This embedded referencing technique provigleslatively shallow level of integration, with

more depth dependent on the capabilities of any software that is tasked with making sense of
the data retrieved from the referenced source but without any guarantee of compatibility or
interoperability. Thex is also the potential for referential integrity problénaeletions won't

necessarily propagate and links can 'break’ (point to where the resource is no longer stored).
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The techniques described in the following sections achieve a greater depth @itionely

addressing differences in representation.

2.4.4 Direct mapping between existing schemas

One means of addressing such differences is to insist on all source data adhering strictly to the
same set of rules or constraints outlined in one schema. By 'rgappimcepts from other
schemas to the chosen working schema, all datasetbe converted to instances of this
working schemaThey arethenvalid against theingleschema and thus considered integrated

(or ready for integration(seeFigure2.4.41). If the validity of multiple instances against the

same schema is not sufficient for them to be considered integtfaigedchematic consistency

at least facilitates integration

Conversion
Instance Al f-----cceenaa | Instance B1 Instance B2

Schema A : Schema B
Mapping

Figure 2.4.41 - Direct schema mapping technique for integration. Given an appropriate
mapping between Schemas A and B, an instance of Schema A (Al) can be converted to an
instance (B1) that is valid against a Schema B, which is then considered to be integrated with
anyother instance of Schema B (such as B2).

Research on custom schema mappings has tended to focus on geometries and semantics with
emphasis on completeness and minimum information loss, such as the accurate mapping
between BRep and CSG representatidigu and Hsieh, 200®r bringing IFC geometry into

ESRI ShapefilegZhu et al, 2019) Semantics have posed as much of a problemsikaiag

and Sisi Zlatanov&009)presented ideas for defining a semantic mapping to allow automatic
transformations between IFC and CityGMRizal, Michel and Pim Van Def2013)achieved

IFC to CityGML translation using CityGML's ADE mechanism but theeegchers stated that

the software architecture required user intervention in a number of conversion steps,
guestioning its efficiency and effectivene€heng, Deng and Anuml{d015)addressed this
efficiency concern by developing a seautomated method thatakes use of linguistic and

text mining techniques to support the schema mapping process. The researchers recognise that
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the study assumed domain expertise @uirect andapprgriated description of entities, and

that crossdomain term ambiguity could impede integrati@mao, Liu and Mbach2019)
demonstrate a method that involves the mapping of data into the CityfENyNetwork ADE

to help address space obstruction and pipe layout challenges datieignetwork planning.
However, the method does not integrate the network topologies of the source data, instead

focussing on visualisation and clash detection.

Despite some momentum of effort towards completeness of integration and lossless
conversionsresearchers have questioned whether retention of such information richness
through an integration process is necessary or @gsinableHijazi et al. (2009)used a water

utility network example for transforming IFC to CityGML models, stating thafitipeirpose

of incorporating utility networks in GI$s for modelling them topologically rather than
geometricallyd. Donkerset al.(2016)asserted that existingethods for mapping from IFC to
CityGML result in models of impractical complexity by converting all geometilégy
designed and implemented an algorithm for general LoD3 models that filters and maps only the
necessary semantics, transforms the required geometries of the building envelope and refines
the geometries to ensure model validity in CityGML. Aside froome&oproblems with
geometric conversion, the authors suggest that their mapping of semantics may not be fit for all
purposes, and that an extension tortieping depends on extension to the semantics in the
IFC standard. An alternative mapping method wappsed bystouffs, Tauscher and Biljecki
(2018) for the Virtual Singapore project; they developed a CityGML ADE to extend the
semantic representations of CityGML and shibe use of a Triple Graph Grammar (TGG)
(Schirr, 1995¥or mapping from IFC into this ADE. The researchers used a set of grammar
rules to generate a triad of graphs; two that represent the structures of eaci stadch@dathird

that formalises their correspondences, providing a more flexible and extensible means of
schemamapping. Recognising that a fully lossless conversion may never be achieved, they
state that their method allows an assessment of the comgleteheny conversion and
incremental development of the grammar rules that formalise the mapping. Thegredkme

that, although it is possible to semtomate part of the process of mapping between IFC and

CityGML, manual intervention is required fguaranteed accuracy.

An important factor in the research community's evaluation of schema mapping methods is
information loss and reversibility of conversjahere is significant value attributed to less

information loss andbidirectionality Complete reversibility of conversion depends on
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complete information retention.nAdobservatiorthat can be derived fromxisting research is

that, althoughschema mapping for integrating urban data can be effective and fast to develop
for specific requirementshey are often then limited to niche tasks. Such a mapping technique
essentially accepts and then uses existing data standards in their curreralforgnshort

where the standards themselves prove deficient. A mapping might not be possible due to the
absence of a suitably similar or equivalent concept in the target schema and, where it is possible,
assumptions about equivalences need to be rdéaen such incompletenessapproximation

of integrationis considereda significantdeficiency,other researcherand developers have
sought to influence the underpinning representatidhese contributions are now reviewed in

the following sections

2.4.5 Devdopment of new conceptual representations

Where existing standards and the extent to which they can be reasonably or practicably
integrated is inadequate, integration can be enabled through the development of a new schema
or through extending existing onéd$e purpose o& superset schema is &present all of the
information from subset schemas ($@gure2.4.51). The superset schema can then be used

as an intermediary for conversion between the subset schemas (through an indirect schema
mapping) or as a 'working' representation (in place of the subset schemas) for operations such
as simulations and analyses. Simjlaschemas can be extended to incorporate new features;
the primary difference is that the extension inherently retains the structure and content of the
original. Rather than eliminating the need for mapping into or via this new schema, the
emphasis offtis technique is the use of an additional or alternative structure that captures the
required concepts instead of forcing a 'best fit' equivalehdessimilar representations.
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Conversion
Instance Al |-=

Schema A

. Instance C1
Aggregation &

mapping
Superset

Schema C
Schema B

Conversion

Instance B1 |-

Figure 2.4.51 7 The technique of achieving integration by developing superset schemas.
Approaches that use superset schemas for integration. The concepts, geometries and other
representations from schemas A and B are aggregated intestupeiema C. If this process
involves no abstraction, the schemas can be mapped bidirectionally and conversions can take
place in either direction.

The Unified Building Model (UBM)wvas poposed byEl-Mekawy, Anders Ostman and Hijazi
(2012)as a superset model designed to captweeslements of both CityGML and IFC. The
researchers later focussed on utility netwoflgazi, 2013) through development of the
Network for Interior Building Utilities (NIBU) model, designed to encapsulate and provide
geospatial context to utility network representations in IFC for integration with city models.
However, the resedrners recognise that the modelling does not include exterior utility networks
and, despite demonstrating the feasibility of their proposed approaches, no evidence has been
found of uptake within industry this could be attributed to factors such as insigfit
international design collaboration and consultation with stakeholders, the abrupt change that
would be required from practitioners who are familiar with established data standards or

challenges related to communication and promotiameaf developmets.

Some development of new standandsinvolved broader collaboration with a wider range of
stakeholders. The European Commission's INPIRE Directive is aimed at facilitating
international data sharing through standardisation across 34 spatial data themes, which
encompass urban modelling. Trehemas were extended in 2012 to include utility networks
(European Commission, 2012; Vishnu and Saran, 20Qh8p020, the OGC's Model for
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Underground Data Definition and Integration (MUDDI) Standards Working Group (SWG) was
formed under OG(Lieberman, 20172018; Liebermaret al, 2019) following concept
development from three international sponsoring organisatighgeberman, 2017) The
MUDDI standard derives requirements from other standards such as INSPIRE ard, lafidL
solicits guidance from organisations that collectively have stakes in a range of use cases
MUDDI includesnetwork features and netwespecific interfaces that may be used in support
of utility network modelling; the IGraph interface, for example, aétitionships such as one
network being a subnetwork (containment) or subordinate (dependency) of gheiberman

et al, 2019) Development of these standards has been increnagtdlence slower, but their
traction appears to be strongén the case of MUDDI, inception was too recent for any

measurable uptake)

A similar effect is evident for some schema extensions and, again, CityGML is the subject of
many examples; its development has enjoyed much interest from a broad range of user groups,
which is due, at least in part, to the ease with which the core sdaente extended by means

of the Application Domain Extension (ADE) mechanism. An early ADE example in support of
GIS-BIM integration is the GeoBIM ADHLaat and Berlo, 201}1)intended to bring the
semantic detail provided by IFC into the CityGML formé@he researchetgentified 17 IFC
classes as suitable for mapping to the GeoBM ADHlisgbveredhat the hierarchical freedom

in IFC contrasts with the static structure within CityGML. They recommended the separation
of geometric and semantic information, stating that the 3D geomdigynsthing more than

one of the properties of an obj@cnd not necessary in all use cases. They also found no way
of creating a network structure semantically in CityGML, such as for uti(iti@gt and Berlo,

2011) The ADE that was developed in support of the Virtual Singapore pr@éatffs,
Tauscher and Biljecki, 2018kee sectior2.4.4 had similar objectives. Dozens have been
developeéf but of most relevance to utility networks is the UtilityNetwork ADE (UNADE),
which allows the representation of both internal and external utility networks in CityGML.
Development of the UNADE followedngoing work to bring water utility network topology

BIM data into a GIS environmerfHijazi et d., 2009) it was developed by international

23 The Fund for the Citpf New York- Center for Geospatial Innovation, The Singapore Land Authority and
Ordnance SurveBr i t ai ndés National Mapping Agency) .

24 IMKL is a common information model for cables and pipes, based in INS@liBEermaret al, 2019)

%5 The use cases: routine street excavations; planning, design and constructionsafdergeojects, disaster
planning and response, utility related emergency response, private and public utiittoapemaintenance,
repair and replacement prograraagd Smart Cities, Future Cities.

26 Biljecki, Kumar and Nagel (2018yovide a thorougheview of existing extensions.
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consortia in consultation with various types of stakeholder and has featured frequently in
publications(Biljecki, Kumar and Nagel, 2018pespite not being developed specifically for
integration with IFC, some research has investigateatégiation with IFC. The UNADE does
overlap significantly with IFC utility network classes and, in most casestoemige mappings

can be assertdtijazi et al, 2011)without loss of information.

Modification of existing schemas such that they represent the concepts of several others
supports information retention and thus removes the requirement for direct mapping between
existing, heterogeneous srhas (see sectioR.4.4. However, as with mapping between
existing schemas, the use of superset schemas and schema extensions still ultimately depends
on an ability to assecbrrespondence between the new or meditilasses, features or elements

in the subject schemaBradleyet al. (2016) note thefié sheer volume of work that must be
completed and further validated to fully extem@ommon data format for infrastructure as a
wholeo. Although addressing some issues of incompleteness and information loss, conceptual
schemas are often not close to users' cognitive m@éahseca, Davis and Camara, 2088Jl

do not povide a shared understanding of built environments that spans the heterogeneous
geospatial and BIM domain$his closeness to s e aognifive models is a key consideration

for integration methods thé&drgetuse cases for specific user groups.

2.4.6 Ontological abstraction

Ontologies are not subject to the saroastraints of concépal schemas and, although theg a
applicable well beyond data integration, their closet@ssers' conceptualisations has made
them useful in addressing some integraitiallenges. The principle ofnainimumviablelevel

of information retention (or acceptable level of information loss) has importance in integration
methods that depend on abstraciidhe process dié hiding or removing less critical details

while preserving desirable properti@gPonsen, Taylor and Tuyls, 201®)"é the reduction

of complexity by selecting several important elements and hiding irrelevant details
(Kamarudin, Ridgway and Ismail, 201&)ntologies can be used to abstract information from
multiple sources away frolmowthey are represented at source to a level at which they have a
shared meaning and can be compared or equated; essentially, ontologies can be decoupled from
data models. Foundational or upper ontologies may be extended using domain ontologies in a
similarway to the use of ADEs for extending a conceptual schema such as CityGML.
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There is a distinction between what appears t
and t h eatutk ofpetaiogies, which relates to closadd operworld assumptionghe

openworld assumption (OWARgsserts that something may be true even if it is not known to

be true (lack of knowledge does not imply falsity), whereas the closed world assumption

(CWA) asserts that what is not known to be true must be false. Whileeptoal schema does

not allow for a representation outside of a rigid framework, ontologies allow freedom of

expression of objects and relationships that have not yet been conceived.

Despite generally being used for a higher and less constrained levielffooiation
representation, ontologies still need to be communicated in a standardised way. Built
environment ontologies (amongst others) are often formalised using semantic web technologies
such as the Resource Description Framework (RDF), a generaspuapguage for expressing
information about resources (sucldasuments, people, physical objects, and abstract concepts
with unique identifiersjn the form of subjeepredicateobject triples that comprise a graph
(W3C, 2011a; W3, 2014An RDF graph can be serialised using various syntaaed some

basic ontology elements are contained in the RDF Schema (RDFS) vocabulary, which consists
of the specifications of classes, stlasses, comments, and data types. The Web Ontology
Language (OWL) enhances the RDFS by allowing more complexity emhess of
representation; RDF graphs constructed using OWL concepts are called OWL ontologies
(W3C, 2014; Pauwels, Zhamand Lee, 2017)

Relatively early studieslemonstrated the use of ontologies for facilitating interoperability

between th€ AD andGIS domainge.g.Burcu Akinciet al, 2008)and within the BIM domain

(e.g.Beetz, van Leeuwen and de Vries, 20089re recently, alynamic, extensible ontology
thatdefiness emant i ¢ el ements, relationships and res:
enable the integration of georeferences and temporal data in the BIM and GIS domains
(Mignard and Nicolle, 2014Karan and lIrizarry(2015) later achieved spatial and temporal

GIS-BIM integration using a set of standardised construction operation ontologies in RDF; the
researchers recognised the sparsity of widely accepted ontologies for construction, which has
resulted in the development of multiple independent ontologies and hindering effective
information transferDeng, Cheng and Anumi§2016)developed a superset ontology in UML

for conversion between IFC and CityGML geometries but the resesdiohited to geometries

27 Including RDF/XML (.RDF), NTriples (.N_T), Turtle (. TTLYW3C, 2011b)and Notation3(.N3)W3C,
2011a)
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(and only those in 8Rep form). Furthering their work from 201Baran and Irizarry, 2015)
Karan, Irizarry andHaymaken2016)use an RDF bipartite graph motiéb build an ontology

that contains all of the relevant classesl their properties from both GIS and BIM domains.
Through a case study, they demonstrate an approximate fourfold increase in fealiuj@vesc
stateof-the-art tools) during tweway data exchanges between GIS and BIM software. The
authorsnote that multidisciplinary nature of the AEC domain leads to differences in the
granularity of ontologies such that entity equivalence cannot albagsserted; they suggest

identifying sufficiently similar entities could be a solution.

Thereis less breadth of research on the use of ontologies for utility network integration.
SanchedDe-Riveraet al. (2017)review existing ontologies for water management and come

to a similar conclusion to that &faran, Irizarry and HaymakéR016) highlighting the need

for a standard vocabular@uenca, Larrinaga and Curf®017)set ontology requirements for
energy management and select other ontologies for merging via a core ontology; one of the
merged ontologiegGillani, Laforest and Picard, 2014accounts for connectivity between
sources and consumers but not at the granularity of physical assets and their relationships.
Escobatret al. (2020)develop an OWL ontology to represent water supply network zones and
their indicators (attributes providég the watecompany) but, similarly, the ontology does not
consider the connectivity of pipe assets. Although covering highel semantics, none of

these studies addresses the integration of topological representations of utility network assets

for which disparitis in geometries and CRSs present an integration challenge.

2.4.7 The use of software systems and services

Although the techniques covered in the previous sections are implemented using software, the
integrated outputs are generally external to the software; the software is used to homogenise
source data by an abstraction and/or conversion process betwearditaudschemas and
ontologies. Some methods achieve integration using representations internal to software, which
hinges on choices made by the developers of the software rather choices made by developers
of data standards. A process that involves amnatesoftware representation can use classes of
programmable objects as intermediaries for conversion between classes of open standards. For
example, Autodesk Revit can export a project (an RVT filseweraformats, including IFC,

DAE (COLLADA) or SKP.The SKP format is readable natively in Trimble SketchUp, which

28 Developedoy Hayes and Gutierrg2004)
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can also import DAE files. Through these export and read/import operations, the software can
convert between one schema and andtharthe examples above, between RVT and one of
IFC, DAE andSKP. For this to baffected schema mappings will have been set up between
each of the origin and targets formats and the intermediate software representations. Software
can also achieve integration through a federated approaghiéch the software tengparily

affects a level of integration of disparate source datilbert et al. (2020) refer to this an
integrdion paradigm. For example, ESRI ArcGIS can import a DAE(&fean IFC fileusing

its Interoperability Extensignand allow them to be visualised the same geospatial
environment; similarly, although n@n exampleof integration between the GIS and BIM
domains, Autodesk Navisworks allows NWD and DWF files to be combined into a single view
(Autodesk, 202Q)which constitutes at least a geometric integration.

The use okuch software has been the subject of research on integration mé&boelsnd
Murphy (2012) described a design framework for integrating Historic Building Information
Modelling (HBIM) that makes use of a plugin for SketchUp to bring geometric information
from IFC data into CityGMLIrizarry and Karar(2012 andlrizarry, Karan and Jala¢2013)
conducted studies on optimising the location of tower cranes on construction sites and
monitoring construction supply management, showing case studies that makes use of an
Autodesk Revit and subsequent exports to Arc@i8, Pan and Zha(2015)developed a web

based building energy visualisation system that uses the Revit, AutoCAD, Google Earth and
EnergyPlus software in a process that converts between the gbXML, IDF, COLLBXRA,

and KML formatsWu and Zhang2016)showa methodf importing IFC models into ArcGIS

and then generating indoor route topologies from the BIM geometries.

Although often convenient for generic tasks, the use of commerciheshelf (COTS)
software has limitations: the effectiveness of theveosion is subject to the capability of the
origin and target software applicationss are flexibility and extensibility and any scaling

up to larger datasets may incur significant manual effabjéct to the importing and/or
exportingsoftware capabilities)Although some software products allow some control over
mappings (such as from RVT to IFC in Revit), niche schema mapping requirements that are
critical to a specific use case often cannot be controlled without modification aftheus.

Given that most mappings are unidirectional with conversions incurring informatioftHess
importance of whicldepends on the use cgssuch limitation renders COTS ineffective for

some integrations that depend on asserting equivalences ¢hapexific to less common
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requirementgutility network topology integration is an examplehesecircumstances demand

development of custom software systems or services.

Researchers have considered the meritsofifvare systeabasedmethods but with focus on
aspects that are not clearly relevant to the goals ahibsss Lapierre and Coté€007)describe

work undertaken at the OGC's Testbitlthse 4, which showed the feasibility of integrating
CAD, BIM and GIS data for querying and visualisation via open web senidgker and
Hagedorn(2008) describe the use of a servbased virtual 3D city model system that was
developed during the same testbddre recentlyKang and Hong2015)usea systerrbased
extract, transform and load (ETL) approach to build an architecture which supports information
interoperability for integation in facility management (although still dependent on mappings
between IFC and CityGML). The researchers remark that, despite some gains in effectiveness
and performance, systebased approaches depend heavily on specialist predmésimg
methods andoftware development time, and that it is important to present to the user only the
data that are required from their perspectivagain, there is suggestion tife need for
appropriate information los# is noteworthy that these studies focusrdagration at the level

of visualisation and querying that is based predominantly on geographic location and
geometriedut do not address the network topology integration challenges that are critical from

the perspective of utility infrastructure.

2.4.8 Critique of existing techniques and methods

Firstly, it is unclear from the literature what is generally understood by the terrBiGIS
integration'. For example, the previous section referred to schema mappitecheique used

by some methods to achieve datéegrationbut the mapping itself might be considered
integration It is perhaps accurate to describe schema mapping as the assertion of a
correspondence that enables data to be homogenised and then inielgrateght into a single

view or environment. Similar analysis can be applied to the other techniques. A common (or
clearly defined, at least) understanding of what is meant by integration in a particular context
is necessary for framing research gaps. In this thesis, integration is intended to refer to a process
carried out on datasets that allows the objects thegsept to be analysed and visualised as a
single system within the same digital environment (this definition is refined in s@chiéor

the specifc focusof this research).
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There is no evidence of methods that address the use cases of A2dboexisting industry
datasets describing reabrld utility networks. The methods reviewed over sectidhg.31
2.4.7have, in some cases, been applied to utility networks or developed for utility network
related use case¥he few examples addressing the integration of utility network topologies
across the lilding envelopenvolve the modification of an existing standard (such as the
UtilityNetwork ADE for CityGML) or the development afnew standard (such as NIBU and
MUDDI) T these are detailed in sectigdrd.5 However, none of these standards Yt been
implemented extensively within industry (MUDDI is in early development at time of writing
this thesisand focusses on underground environmefdtse UtilityNetwork ADE is a strong
candidate solution bpeven ifits uptake does increase rapidilyis not likely that it will gain
sufficient traction within both the BIM and GIS communits&sn enouglhat it can be relied
upon asa solutionto many existing integration challengésirthemore no method has been
found that overcomes the intdataset connectivity issue described in secad.5 There is a
general lack of methofibr integratng existing digital representations of real utility networks
for the use cases eéction2.2

The difference between methods that depend on representations internal to software systems
and those that do notlateto permanency and openness, neither of whicteasnically
fundamentalGiven that software representations can be persisted as project files and given the
recent trend towards database representations of city modelling data that have traditionally been
file-serialised(Yao et al, 2018) permanency is not a binary condition and is not clearly a
distinguishing factor. Furthermore, openness of data standards is primarily a commercial factor
and thus also not fundamental onchtacal level. Although softwarlbased methods may have

to deal more often with issues such as change propagation and consistency, it can be reasoned
that they exhibit more commonality than disparity with other methbéssoftware must still
interpret tke schemas of the source data (and, in some cases, still make use of conversions
between these schemas), abstract information where required and then structure the concepts in
an integrated way. Information is still lost in the abstractions required &gratton of the in

memory representations.

The techniques and their implementing methods differ primarily in the level of abstraction (and
hence the amount of information lost), how explicit this abstractipand the depth of
integration achievedAs ahypotheticalexample, a direct schema mapping may convert ‘cable’

or 'pipe' in one schema to ‘conduit’ in another schema that makes no reference to resource type
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I this information is lost implicitly. Alternatively, the origin schema could be extended to
include a parent ‘conduit' class; after generalising the asset twiiusit classthe resource

type is explicitly removed but the result is the safkassless conversion may be achieved by
extending the target schema to represent 'cable’ and 'mpg with an attribute for resource

type. Embedded referencing, however, makes no attempt to reconcile differences between
representations, leaving this task to the user software. For example, building footprints could
serve as placeholders for further dinlg detail, with links to a URI of the BIM data embedded

in attributes of the footprint element, but this lialone does ngtrovidea means of making

sense of the building detail. For this reason, although neither the example above of schema
extension nor that of embedded referencing involves information loss, the former achieves more
depth of integration. The use of a common ontologyntegration involves explicit abstraction

to overcome an inability to assert equivalence between existing represeftatiys
simplifying complex datastructues (consider the compositions shown the UML-like
diagrams ofrigure2.3.51) to a moreintuitive set objects and relationships that are closer to
the user's cognitive model (see sectigrk5and2.4.6, the use of ontologies for integration

can avoid much of the complexity incurred through mapping between disparate conceptual

schemas.

There has been some emphasis in the literature on the value of moving from the more prevalent
partial concept matching and unidirectional conversions towards lossless methods of
integration and bidirectional mappin@®-Mekawy, 2010; EMekawy, A Ostman and Hijazi,

2012), and it has been shown that this can be enabled through, in particular, schema extensions
and superset schemas. Despite thisye is now a growing appreciation of the neédd

develop integrated digital representations that enable the exectitiperes, analyses and
visualisations that operate with sufficient fidelity across the digital environment; instead of
aiming for losslessness, the objective then is to achieve a level of information recovery that is
appropriate for target use casefGilbert et al, 2020) Rather than seeking fully lossless
integration, partial integration (antegration of partial information) is being recognised as
sufficient, pragmatic and sometimes supefor someuse casegStouffs, Tauscher and
Biljecki, 2018) The partialness can be thematic, such that orggraon of an instance or
schemadntology is integrated with another, or in the level of information granularity, such that

detail is abstracted in favour of homogeneitiie specific requirementsf a particular user

2 The technique of 'smushing' can be used to map from one resource in an RDF graph to another given an
equivalence/similarity predicate or similarity in property val(i2staincubators, 2012)

49



their use casend theircognitive mode(see sectiof.4.6 should be considered when designing

and developing an integration methéthwever, it has also been assessed that much existing
applied integration researdtas been limited to use cases that are atypical or unreéfista

et al, 2015) Abstraction is critical to many modelling and integration tasks but the extent of
information loss and type of information lost through such abstraction should be appropriate to
realistic, current and worthwhile use casése measure of success of angthod is the
usefulness of the integrated data representations at providing the functionality demanded by

realworld use cases.

Another observation is that it is not always possible to achieve a desired integration outcome
with the data standards as theyise some conceptual models and their instances are too
disparate to be reconciléal an extent that they can be integrated for all or any use cases. Under
these circumstances, data standards should undergo developmdatcin2020, the OGC,
buildingSMART International (bSl) and the Integrated Digital Building Environment (IDBE)
working group published a set of action points for addressing some of the challenges in built
environment integration, one of which was to agree @ra "collaborativemechanism for
opportunistic harmonisation of conceptual representatiom the relevant data standards,
suggesting that a level of commonality or congruence between data standards can be leveraged
for integration of their instances brgtcognising thaté' it is neither feasible nor desirable to
redesign [the data standards] from scratqi@ilbert et al, 2020) Herle et al. (2020) make

similar observations and conclusions, emphasisiiegneed for coordinated standardisation
activities.Enhancements to open data standards should be careful, collaborative, iterative and
incrementalbut this incurs the risk of slow progresSome standardsequire a level of
implementationprior to adoption; for example, the OGC requires "strong evidence of
implementation” prior to adoption of a standard as a Community Standard, which represents an
official position and endorsement by the consort{@pen Geospatial Consortium, 201Case
studies, eftware development and demonstrators aimed at influencing the trajectory of
standards development can be innovative and disruptive, increasing the pevelopment

and confidence in the appropriateness of enhancenarisaccelerating adoption dianges

to standard$n the relevant community

2.5 Research gaps

Before targeting further research, the understanding of data integration clarified at the

beginning of sectio.4.8needs to be refined such thaisitapplicable tdhe use cases of this
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thesis. htegration of utility network topologies iatendedto mean the process of asserting
connectivity between multiple disjoint digital representations ofweald subnetworks that

are physically and functr@lly connected in the realorld, allowing them to be analysed as a
single network in a digital environment. For this integration to be successful, it must be

automatable and enable the analyses and simulations required by the use cases.

Firstly, researie should identify what details can be abstracted (and hence information lost)
through the application of any proposed method, what information needs to be retained, how
these data should be structured and the technologies that can support this. Sexsmaibh r
needs to identiffnow existing representations inhibit the automation of this integration and,
wherethey do, how the underpinning data standaaisbe modified to better facilitate utility
network topology integration.

There is little evidence of integration methods that look specifically at enabling simulations of
multi-scale resource flows and analyses of favourable network topdbogy of whch are
relevantto the use cases of secti@r?2 Research has focussed strongly on geomeity
relatively little consideration of network topology, amldere isa weakness in current
capabilities to integrate data across multiple scales. The opportunistic exploitation of
commonalities between the data standards shbeldvestigated as 'hookg§Gilbert et al,

2020) for integration of utility networks across multiple spatial scales and the suitability of
methods should be evaluatedainst factors such as effectivenass flexibility (Liu et al,
2017)andthe extent to which they can betamated

There aretwo spatial factors that have been underemphasised by existing research and
development: the consisteahd accurateterrestrial positioningf reatworld objects and a
generic, standardised mechanism of representing uncertainties in these pdsigolask of
georeferencing in many BIM models significantly hinders their reuse in GIS environments
(Ohori et al, 2018)and the consideration of accurate georeferencing is often overlooked by
integration method@Jggla and Horemuz, 2018pue to the network topology (connectivity)

of geospatiallyconstrained utility networks being so closely related to their spatial topology,
and the necessary dependency of spatial topology on geometry amerniealocation, the
accurate geoeferening (or geospatial positioning) of both BIM and GIS objects may be an
important factor in theerivationof network topologies where functional relationships between
components of disjoint GIBIM datasets are not explicithe standardised representatain
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spatial uncertainty would enable a better scoping of the suitability and limitationstiobds

that depend on a minimum level of spatial accuracy.

Theway in which these objesareidentified within digital representations would also benefit
from further researchAlthough most data standards provide a means of universal (or global)
unique realworld object identification, there is neithem ancoding system nor deduplication
mechanism (intended as an aspect of data integrity prior to any indbegtatt is common to
themall; unique identifiers vary in their format and multiple different identifiers may refer to

the same realorld object.

With respect to integration of network topolodpgth the importance of object identification

and realworld positioningof these objectare factors that need to be researduether.

2.6 Research approach

Existing research has focused on how techniques can be applied for generic, high fidelity

integration but often without thorough consideration ofjtistification for tre extent or type

of integration. There is an opportunity to devise integration methods through an exploratory

and flexible approach that iterates towards satisfying use case requirements, making use of
focused case studies in which tdolg problems need to be solved with influence from data

producers and application domain experts.

It is important to repeat and further explain the difference between the intended definitions of
use cases and case studies in the text of this thesis. It is also important to distinguish between
what is meant by methods and techniduagain, in the comixt of this thesis. As explained in
section?2.2.], use cases are understood to be more generalised scenarios than case studies, which
are realworld realisations of the use cases. It is also important to distinguish between what is
meant by échniques and method$Vhile integration methods implement one or more
techniques, the methods exist to satisfy the requirements of a use case, a better definition and
understanding of which may be gained through case studies. For example, a method may
implement schema mapping (technique) within a specific workflow that homogenises and
integrates spatial data (method), which enables the visualisation of ssoalétiwalkthrough
simulation (use case), the specific requirements of which could be unddrgtetdlying the
projects of particular architects and their clients (case study). Case stanl@sused to inform
method desigiwhich is a key activity within this researchhis structure is depicted Kigure

2.6-1.
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compose satis' eneralise
TECHNIQUES Hp> METHODS |& — — f—y — 4 USE CASES Qg——— S‘IE:L?DSEIES

Figure2.6-11 A structure used for the research of this thesis. Techniques are implemented by
methods, which satisfy use casehich may be understood through case studies. The structure
can be used to reason that case studies inform method design and choicagqpi¢ech

Philosophically, this research targets the research gaps identified in the previous section through
an approach that is based on the ideas of pragmatism and heuristics in eng(Gexdimzn,

2004; Martineli, 2012) The approach also places importance on consultation with data
producers and owners, and application domain experts through the case studies and the
researcher's membership of the Integrated Digital Building Environment (IDBE) working group

I an international initiative under buildingSMART International (bSl) and Open Geospatial
Consortium OQGC) , whi ch aims to "éachieve better
integration in the geospatial and built environment domains through coordinatiamaéisls
development activities and advocates €' fostering participation from a wide range of
stakeholders and a common understanding of the key problems and obje@Hitksrtet al,

2020)

Technically, the approaddf this projecinvolves the exploratioof case studies using iterative
software development to inform the design of integration methalllsough many agile
software development principles are more applicable to teams working on commercial projects,
the software development in this thesis exgls to the following: a project plan must be
malleable, responding to changing requiremd@aber, 2011) working software is the
primary measure of progress and simplicity (the art of maximising the amount of work not
done) is essentiafBeck et al, 2010) These principles are applied to the (softWre

development of integration methods in support of specific case studies

The research objectives of this thesis involve the prototyping of methods of integrating the
network topologies of electricity and water networks across the building envelope at the Helix
site in Newcastle upon Tyne. The Helix site is chospportunisticaly: the researcher is

located on the Helix sitand detailed datasedescribingthe newbuilds and thesurrounding

%0 The software developed in this research is available in thee@isitories detailed at the beginning of this
thesis.
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urban areare both available and accessifilee utilities of water and electricity are chosen to
enable the research to address the use cases descsbetian2.2 and becausthese utilities
are representedigitally with sufficientcoverageanddetail.

The research questions (see sectidhevolved as the case studies progressed and exposed the
underlying integration challenges; the use cases (see s2@pwhich serve as generalised

forms of the requirements of case studies (Sgere 2.6-1), were also dowsselected and
refinedthrough implementation of and reflection on the importance challenges addressed in the
case studies. Throughout the case studies, persons from academia, standards bodies and utility
companies were approached for discussion and guidance that supporitedatinos towards
appropriate research questions and use cékesendividuals are described Dhapter 3and

Chapter 4n the context of the case studies.

2.7 Summary

Three use cases are identified for their demonstration of the benefit that can be derived from
integrating network topology across the building envelope. The use case2dhowed the
valueof integrated multscale visualisations of electricity usagebuilding estates managers

and conscientious consume?s2.3described how redlme water network partitioning can be
optimised through integration of building data with the urban scale network®;addutlined

how buildings and distribution networks can be better planned in the context of each other if
their digital representations can be integrated.

The utility networks of these use cases span the spatial scales of the geospatial and BIM
domains. Althoup overlapping and merging in their remits, these two domains have different
cultural and practical backgrounds, which has given rise to differences in data standards that
are significant enough to inhibit integration of digital representations of ut#itywarks. An
analysis of CityGML and IFC as proxies for the 3D urban GIS and BIM domains more generally
Is used to identify the key categories of disparity as conceptualisation, unique identification
realworld objects, geometries, location, spatial top@eg@nd betweenetwork topologies.

Researchers and practitioners have used different techniques as bases for integration methods
intended to overcome these disparities. Fundamental differences between these methods are
identified as including the extenh@ explicitness of information abstraction and the depth of
integration achieved. It is observed that complete, lossless integration of digital representations

Is often neither necessary nor desirable; thestraction is critical to many modelling and
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integration tasks but the extent and type of information lost through such abstraction should be
appropriate to realistic, current and worthwhile use c&@ghsre existing digital representations
prove too disparate to be reconcilddta standards should wrdo collaborative, international,
multi-domain, iterative and incrementi#velopment; conversely, it is suggested shéttvare
development and case study demonstrators aimed at influencing the trajectory of this
development can baovel high pace and disruptiv&everal technical research gaps are
identified: the opportunistic exploitation of relevant conceptoaimonalties between the data
standards; theommonand unique identification of realorld objects; and the accurate and
consistence gereferencing or geospatial positioning of utility infrastructure assets. The
suitability of any methods designed to addressdlgaps should be evaluated against factors
such as effectivenedexibility and potential for automatian

The research approach is this thesis is to address the researdasiggggagmatism and
heuristics in the development of methods for case sttigk¢sare chosen to match the target

use cases. The approach values consultation with data producers, data owners, and application
domain expertsand active participation in relevant international forums. The technical
approach embraces some agile software development principles: development should respond
to changing requirements, working software is the primary measure of progress and simplicity

is essential.
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Chapter 3 Integration of electricity distribution
and consumption networks across the building

envelope

3.1 Introduction

The first use case detailed in Chapter 2 concerns electricity desrdmthanagemeifsection
2.2.2. This chapter addresses this use case and the research gaps idenséettbn?.5
through a case studgoncerning the integration of digital representations of electricity
networking insidethe Urban Science Building (USB) of Newcastle's Helix site and the
distribution network of the surrounding urban arElae networktopology of the networks is
integratedand their flowsaresimulated by exploiting basic conceptual overlap between the
underpinning data standards, tahstion of redundant detagénd the use of graph network

representations.

The method is implemented using a prototype software system that is developed iteratively
while exploring the features and characteristics of the available data, making use of several
prominent graph database, rsa&ge broker and web technologies. The applicability of the

method and technologies is demonstrated through a dynamic visualisation that supports
demandside management. The discussion considers the extent to which the data standards in

their current formdcilitate the method and how they can be improved where they are inhibitive.

Several stakeholdem the Helix project and (to varying extents) the outcomes of this research
were consulted throughout this case study. Bl Manager fromthe prime contracr
(Bowmer & Kirkland)for the Urban Sciences Building (USByntributed initial guidance on

data availability and acquisitiosite visits by the Senior Project Manager andineers from

NG Bailey(the engineering contractor) were used as opportunities to understand the electricity
layout diagrams for the USB and data from the Building Management System.(BAtiS)he
support of a Research Software Engineer from Newcastle University, this irforwas used

to develop an understanding of how the utility consumption streaming data provided through
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the Urban Observatodys web services map spatially to

building. The urbarscale electricity distribution netwodata were derived heuristically

3.2 The Helix site

The Helix site is a£350million, 24acre flagship project and testbed, bringing together
academia, communities, business, industry and the public sector in a collaborative ecosystem
(Newcastle University, 2018a, 2018djlelix comprises multiple newuild research and
innovation facilities, includinghe Urban Sciences Building (USB), Catalyst and Frederick
Douglas Centre (FDC) (séegure3.2-1).

Newcastle

Newcastle University
on Newcastle Helix

% Urban Sciences

\

Business School

Figure3.2-1i Top: an artistic impression of the Helix site (viewed from the Northwest) along
with other existing and future constructions in the surrounding area (image credit: Newcastle
University); bottoraleft: Urban Sciences Building (USB, B1, image creditardscapg
bottom-centre: Frederick Douglass Centre (FDC, B2, image ci@déppard Robsgnbottom

right: Catalyst (B3, image credflowcon International

The FDC is a teaching facility ahincludes an auditoriuntecture theatre, seminar rooms and
exhibition spacegNewcastle University, 2020)The Catalyst is home to the National
Innovation Centre for Ageing (NICA) and the National Innovation Centre for Data (NICD),

providing office space for businesses operating and wishing to collaborate in these centres'
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sectorg(Newcastle University2021) The USB is home to Newcastle University's School of
Computing and several research labs including the Centre for Energy Systems Integration
(CESI) and the Urban Observatory (UO). A set of Mechanical, Electrical and Plumbing (MEP)
BIM models exst for all three building, providing detailed representations of the internal utility
networking.All three of these buildings are the subject of the case stu@hafpter 4 this
chapter focusses on the USB.

The USBis monitored in high detail by approximately 4000 sengdisak, Royapoor and
Gilbert, 2019) serving asfrea demonstrator for understandi n¢
buildings and their wider environment. The thousands of sensors located in the building make

it possible to not only understand itsrfprmance, but also how it interfaces with the energy,

water, internet and other networks it is connectéd(lewcastle University, 2018cYhese

data streams are consumed, managed thead made publicly available by the UO. In
combination with the BIM MEP modelling, the availability of réiahe data describing its

internal power consumption make the USB a suitable candidate for a study of electricity flows.

3.3 Data sources

3.3.1 Overview

Chapter 2 analysed CityGML and IFC as proxies for data standards in the GIS and BIM
domains, describing sonwverlap and complementarity in their thematic reniitsorder to

align subsequent method development with the structurguofrainent data standard that is
designed for the representation of utility netwarks ensured that the datasets describing the
physical electricity infrastructure used in this case study are represe@agGML and IFC

T those standards used as pesxfor the 3D Urban GIS and BIM domains in the analysis of
section2.3.4 Where the original source data is not represented in one of these stéseards
section3.3.2), a conversion is carried odthe intention is to maximise the applicability of the
developednethod to the datasets of other integration scenarios

3.3.2 Geospatial distribution network

In the United Kingdom (UK), distribution operators manage the flow of electricity from
transmission substations, through distribution networks, tausatf UK Parliamentary Office
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of Science & Technology, 2014 owever, therareno publicly availate data that describe

the spatial layout of local distribution feeder networks, which are necessary for the modelling
in this case studyFor this reason, a set of heuristically derived synthetic distribution network
produced byJi et al. (2017)were used as a plausible alternative for the network around the
Helix site. The researcherdgorithm uses Ordnance Survey (OS) Points of Interest Data for
the location of electricity substation, OS MasterMdpography for building footprints and

OS MasterMap Integrated Transport Network (ITN) for roads to derive cable layouts between

the subgations and buildinggHijgure3.3.21).

T
1

T

A Substation M Building

Figure 3.3.21 i Heuristically derived distribution network dataset for the west side of
Newcastle upon Tyne. The small blue dots indicate centroids of the buildings, which are
coloured grey. The red triangles locate electrigtypstations.The black dots represent
substation and buildg access nodes

The source data for the synthetic distribution network showigire3.3.21 is represented as

nodes and edges in the Esri Shapefile format. The nodes consist of substations, substation access
nodes, building accessdes, and buildings; the edges represent cablesahat electrical

current. Although alternating current (AC) electricity supply involves a Higlgquency

alternation of direction of electron movemenmt this case studya fixedflow directionwas
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attributedto the graptieatured! in order to capture the demaadpply hierarchy in support of

subsequent analysis and visualisation

For reasons detailed in secti8:3.1, thedistribution netwok data are converted to an instance

of the CityGML UtilityNetworks2 Application Domain Extension (ADE])section 2.4.5
describes how this ADEoverlaps significantly with IFC utility network classgs The
conversion was achieved using a schema mapping, which was developed in a workspace of
Safe Software's FeatiManipulation Engine (FME). The output CityGML network comprises
NetworkGraph elements that contain multiple FeatureGraph elements, within which nodes are
connected using InteriorFeatureLink elements. This structure is shdviguire3.3.22.

Alternative A:

2

e o

FeatureGraph FeatureGraph
Legend
NetworkGraph (] Node (type: exterior)
< Node (type: interior)
—_— InteriorFeatureLink
Alternative B: — InterFeatureLink
ﬁ ) NetworkFeature
A\ [
® V— b |
FeatureGraph FeatureGraph
NetworkGraph

Figure 3.3.22 - The UtilityNetwork ADE's NetworkGraph, FeatureGraph and
InteriorFeatureLink elements that can be used to represent connections between utility assets in
CityGML. Alternative A is chosen as the destination respresentation for mapping of the the
distribution assets from Esri Shaipe$. This figure is a portion of one presented in the core
model document for the AD@Becker, Nagel and Kolbe, 2010)

31 This task of adding flow directions was carried out by Qingyuan Ji.
32 More information on this ADE can be found at the ADE's wiki p@geker, Nagel and Kolbe, 201&hd at
the following referenceg¢Kutzner and Kolbe, 2016; Biljecki, Kumar and Nagel, 2018)
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The distribution network data shown kigure 3.3.21 is a set of smaller networks that are
supplied by substations. From this set, a single distribution network was selected for use in this
study and is shown in the insetlifjure3.3.23. The network comprises two building nodes,

a single substation, two building access nodes and one substation access node, all of which are
situation within 200 m of each other. One of the buildings represents a rekhdddotprint

from Ordnance Survey data and is labelled Building X (BX) (the-weald building
represented by the footprint is not important for this study).

N

-

150 metres

Urban Sciences Building

Building X

INSET

Figure 3.3.23 7 The distribution networks closer to the Helix site: the inset region
approximately encompasses the Helix site, showing the small distribution network that supplies
the USB.

3.3.3 BIM MEP modelling

The two building nodes shownkigure3.3.23 are both used in this case study, each providing

a different purpose. There is a need to apply developed integration method to
demonstrative, technically manageable and well understood datasets representing the static
structure of a building. The BIM MEP modelling for the USB is highly complex and a simpler

model is required. BX serves as agalaolder for which a simple, well understood BIM model
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of a building could be created. The node representing the USB serves the purpose of locating
topologically and geographically the re¢ahe sensor data streams for the building (described
in section3.3.9), providing detailed inforntaon on realworld electricity usage.

The BIM model for BX was created using Autodesk Revit 2016. The structureesesig
building comprising a single room (or space) with four walls and a pitched room. The building
includes realistic objects that are familiar withioth domestic and commercial settings: three
floor lights, two wallmounted screens and five mains powecketsFigure3.3.31 show the

BIM with architectural features and the appliances.
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PLAN VIEW

Wire

M@ Light \9 A |Socket

Figure3.3.31 - BIM model of the lowcomplexity, synthetic Building X with lights, screens,
electric panels, electric sockets, and the cables that connect these elements.

Within the Revit modelling environment, the components were connected to form electrical

circuits. Two ring circuits werereated:one for the lighting and one for the screens. Wires
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branch off from the sockets on the circuits to feed the lights and scraah each circuit is

connected to electrical panels, which are treated as connection points into the building.

The Revit families for the electrical components were modified by adding IfcExportAs and
IfcExportType parameters that specify the correspoceldretween the families and IFC
elements. This ensured that the exported IFC model contained entities that are valid within the
IFC2x3 schema and represent as accurately as possible the electrical components in the Revit
model. Floor lights were exported an IfcLightFixture (POINTSOURCE type), TV display
screens as IfcElectricAppliance (TV type), wall sockets as IfcOutlet (POWEROUTLET type),

and electric panels as IfcDistributionFlowElement (no type).

3.3.4 Realktime data streams

Despite the benefits of usinganple, manageable BIM model for the design and evaluation of

an integration method, no reabrld monitoring data can exist for a synthetic build{sgch as
Building X) and emulators (or substitute real data) would need to be used instead. However, as
described in sectioB.1, the USB is a highly monitored building that contains approximately
4000 sensors, measuring varialdash as air temperatuteymidity, lighting level, occupancy,

and electricity consumptiom. he USBO6s BMS produces messages
Building Automation and Control network (BACnet) protad®RCnet is an ISO standard and

a national standard in more than 30 coest(including the UKYASHRAE, 2020) and is the

"most wickly used standard protocol for building automati@dMC Controls, 2018) The

Urban Observatory (UOJNCL University, 2017)collects readingshat indicatechangesn
measured values (within a predefined tolerangejoss the entirbuilding, approximately 40
changes are recorded each seconduding those to electricity usage of various types.
Although the UQO's interface is not standardiskd,standardisation of BACnet ensures that the
streaming capability offered by the UO eadily reproducible for most other buildings with a
building management system (BM3hese changes are encoded in JavaScript Object Notation

(JSON) and published via an Application Programming Interface (API) and a websocket.

The UO publishes its dataeply and the support of relevant research projects is within its remit
and interestSupport for the USB from NG Bailey continued beyond the construction phase
and their site visits were used as opportunities for discussion airhetteatinderstanithg the

mechanism of consumer unionitoring within the USB and to interpmaessage attributata
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For example, it was necessary to clarify thia appearance d@f C inéthe identifier of a
message indicates that it reféssesource consuntpn within Core 1 of the USB (se€igure
3.3.41).

The USB hasix floors (includingthe ground floor bubeitherthe basementor roof) and each
floor is zoned horizontally into three cores. A set of Revit projects and IFC models exist for the
USBi one of the three 3D architectural IFC models is presentEgjure3.3.41, along with

a plan view of the zoning of the third floor into its three horizontal cores.

PLAN VIEW
Level 3

Core 1

Figure3.3.41 - A 3D architectural IFC model of the Urban Sciences Building, Newcastle upon
Tyne, UK, and a plan view of the electrical supply zoning layout for the third floor.

Many of the electrical consumer units in the USB are serviced via one of three bushali®e (met
strips or bars), which run vertically through the building, feeding subsidiary electrical
networking and consumer unttgoughout the building. The data streams describing electricity
consumption in the USB identithe type and quantity of usagedathe location of this usage

within the building (the vertical floor and horizontal cof@gure3.3.42 showsa single JISON
message with attributes that describe the
specifies the consumer type and core to which the message relates; the valuesof t 06 an
Adat ao prtoivmed epaweare afli gure for the consumer
the floor on which the consumer sits; and t
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"recipients": ©
}
¥

"RECEIVED": {
"signal": 2, 1
"data": { The value of the "id" key is used i
"brokerage": { to identify uniquely the consumer |

"broker": { type and core; for this instance, :
"id": "BMS-USB-1-JACE", the value describes the lighting §
"meta": { power consumption in Core 3. i

"protocol": "BACNET", -7 :
"building": "Urban Sciences Building", ,//
"buildingFloor": "1" o
}
s
i"id": "Drivers.C3_Electric_Meters.C3_Lighting DB.points.C3_LightingDB_Power",:
"meta": {}
T,
"entity": {

"name": "Urban Sciences Building: Floor 1",

"meta'.': { - T The values of the "building" i
"building": "Urban Sciences Building", i ccooceeeeoo. gy " i
"buildingFloor": "1" e bu!ldmg‘FIoor keys ére i

used to identify the building !

} and floor to which the message i

z:‘eed": ( relates. i

"metric": "C3 LightingDB Power",

"meta”: {}

s
"timeseries": { .
irunit”: "kilowatts”, | The values of the "unit" and "data" !

"Vallfe": { keys for the consumer types are used |
"t:!.me" 1 "2018-04-10T10:22:59.254Z", to populate the relationship power !
"timeAccuracy": 4.318, properties. i

i"data": 1.450948715209961, i !
"type": "Real"
}
}
s

Figure3.3.42 - A single JSON message recording the lighting power consumption in core 3 of
the first floorof the USB as 1.45 kilowatts.

The simple keyvalue pair structure of JSON and the humaadable attribute names allow the
message to befiltered for a manageable subset that can be handled in this study despite the
variety and velocity of data from the websocket.
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3.4 Method

3.4.1 Method overview

Chapter 2 highlightethatthe concept of a buildingverlaps the thematic remit of bathe
geospatial and BIM domains, and both of the CityGML and IFC stan@fardswed in section

2.3.4). Despite some disparity in the decomposition a building by stidard, the use of
'building' as an object name and the interpretation of the meaning of this name is identical in
these two standard3he buildings represented in the IFC, CityGML and JSON datasets
described insection 3.3 all reference buildings commonly method of integrating tlse

datasetshat exploits the commonality of referencing building entities is now explored

Beyond ths use of a common conceptetmethod is based on the principle that graph theory
can support the understanding and analysis of urban spatial topologies and integrating models
of urban datgFalkowski and Ebert, 2009; de Almeida, Morley and Down2&1,3) and that

graph databases can be used for efficient storage and querying of topologically connected data
(Holzschuher and Peinl, 2013; Khan and Shahzad, 20hé)objective is to make best use of
building identification (within urban datasets) and graph theory to derive ato-@amd
electricity demanguppl network topology from the subnetworks represented by the disparate
data sources. In support of the demaitk management use case that this chapter aims to
address, also explored is the use of message brokerage technology for the dissemination of the
dynamic state of an integrated demamgbply network. This latter part of the methsdimed

at enabling a visual comprehensionresource flows as a means of managing electricity

demand, which is also explored through the development of anebltecture.

An overview of thdinal software system that implements the method is represented in the flow
chart of Figure 3.4.2:1. The subsequent sewts of this chapter describe the incremental
development of the method asdftware system around the case study datasets and in support

of the target use case. As directed byrdsearch approach of sectidi, the software system

was developed iteratively and subject to changing requirements as the datasets are explored and
better understood throughout the study. Some of the key technologies that were chdsen for t
final system implementation are also showfrigure3.4.11.
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Parsers and processors
(Python, Java & Neo4j APIs)

Graph DB
(Neo4))

\J

Message publisher
(Python, Neo4j API, Kafka API)

Message
Broker
(Apache Kafka)

\

Message subscriber Browser (Chrome)
(JS & Kafka API)

Visualisation
(3S, d3)

Websocket
(Socket.l0)

Server (Node.JS) J l

Figure 3.4.21 - A flow chart showing the method developed during this case study. The
constructiorof this system is explained in detail throughout subsequent sections. The three data
sources are parsed and process for salient elements, which are then pushed tgeapleos)
databasgDB) instance. The datasets are integrated within the DB, the state of which is
published to a message broker for exploitation by a web ssoe&eiclient visualisation
system.For the implementation shown later in this chapter, the GitlyGnd IFC data is
integrated only once but the JSON data is integrated repeatedly.

3.4.2 Modification of the building identifiers

Although the datasets described in secadidentify buildings uniquely, they do so with
different identifiergdand withuniqueness of different scopguch that no direct correspondence
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can be made. The building identifiers used irhedataset needed to be modified in order that

the datasets could exploit the common use of a building concept for integration.

The footprintin the geospatial dataset (sect®B.2 for Building X has areat Britain (GB)
Ordnance Survetopographic identifier (TOID), which identifies it uniquely with@B. The

ot her building node represents Newcastl e Un
been completed in September 2{Néwcastle University, 2018p)he USBwastoo new for
representation in Ordna@Survey data at the time this case study was carried out (2017); for
this reason, the node was manually assigned an atrtificial identifier (in 2018, the USB was
attributed TOID5000005215818799)

Revit allows the assignment of a name to the project iiBthieling Name' parameter, the value

of which is automatically attributed to the IfcBuilding element in the exported IFC version of
the model. This name thus becomes the identifier for the building. Given the intended use of
building identification in thentegration process and the known OS TOID for the footprint to
which BX is assigned, the name of the Revit project was also assigned this TOID value.
However, there was no enforcement of format or uniqueness for the building name; the
matching of identifies between IFC model and building footprint was a design choice and had

to be carried out manually.

3.4.3 Extraction and integration of the network topology

A Python script was written to extract internal building network elements and their topology
from the IFC model using the IfcOpenShgjithon moduldlfcOpenShell contributors, 2020)
IfcFlowTerminal, IfcFlowControllerand IfcDistibutionFlowElementelementsare extracted
fromthe IFC filewith their attribués identifying them as light and screens (the flow termsjnal
switches (the flow controllers) and distribution panels (the distribution flow elements).
IfcDistributionPort IfcRelConnectsPortToElemeand IfcRelConnectsPorts relationshae

used toconnectthese element® each other (seleigure 3.4.31). The IfcBuilding element's

'‘Building Nameattribute identifies the buiidg described by the IF@odel.
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Switch A

’—>< IfcFlowController IchW|tch|ng DewceType)

instance of
chReIConnectsPortToEIemen) IfcRelDefinesBy Type

IfcDistributionPort )

implied cable making the physical
connection from switch to light fixture

lecReIConnectsPorts} ————————— IfcFlowSegment
‘ optional attribute

IfcDistributionPort )

chReIConnectsPortToEIemenD

IfcFlowTerminal IfcLightFixtureType >

Light Fixture B instance of
licRelDefinesByType

.

Figure3.4.31 - IFC elements used for representing utility network topaldgyis figure is
taken from the IF@/1odel Implementation Guid@uildingSMART and Leibich, 2009)ritten
by Thomas Liebich.The diagram shows howarious relationship elements (such as

IfcRelConnectsPorjxan be used to conneattity elements (sudficFlowTermina).

For the CityGML data, a custom Document Object Model (DOM) parser was developed to
traverse the XML tree, extract Node elements from a FeatureGraph and uses
InteriorFeatureGraph XLink references to connect the nédgsre3.3.22 show the structure

of these CityGML elements.

Neo4j graph database (DB) was selected for graph network implementation due to its freely
available community edition, simple gyelanguage (Cypher) and support for the Python
language. The topology extracted by the parsers from the CityGML and IFC files is pushed to

an instance of the Neo4J graph database using Python scripts and the Py2Neo library. The sub
networks derived from eh data source are integrated into a single network by exploiting

building entity references that are common across the CityGML and IFC files. Neo4j Cypher
gueries run 6émerged clauses on building nodes
idenify the buildings to which the source data relate. Use of the merge clause (rather than the
‘create’ clause) avoids duplication by only creating a node if it does not already exist in the
database. Given that the GML IDs for the BX in the CityGML file rhascthe name given to



IfcBuilding element in the IFC model for BX, the two subnetworks are joined via this common

entity.

Figure 3.4.32 shows the integrated topology in Neo4j graph database. The figure shows the
single substation, two buildings (Building X and the USB), the nodes at which the buildings
and substation connedat the distribution network (access points), and the electrical panels,
light fixtures and screens inside Building X. The integrated network is shown at a minimal level
of abstraction, representing the complete spatial topology derived from the data.stheses

nodes can be related directly to the elements in the distribution network and BIM model.

SC - Screen
LI - Light
OUT - Outlet
PAN - Panel

bmé ##
000

Building X Urban Sciences Building Q
BLG - Building

BA - Building access
SA - Substation access
SS - Substation

Figure3.4.32 - A graph network representation of the integrated topology of the electricity
distribution network and the internal electrical components of Building X.

Some infrastructure network modelling use cdsasch as simulating the physical propagation

of the effects of a network node failuie may demand a highly complex representation of
elements, connections, and attributes. However, for an electricity desuppty visualisation

use, much of the complexity is redundant and a clearer understanding ofedtmus may be
presented through a simpler, abstracted topology. For example, a facilities manager might be

interested in energy losses by identifying upstream supply (from a substation, for example) that
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is not accounted for by downstream consumptiornhiwia building), but has no concern for

the physical elements through which the electricity pa@esthe use case of sectib.?).

The Python script thaintegrates the CityGML and IFC subnetworks within Neo4j was
modified such that it merges the nodes and relationships between the substation, buildings, and
consumer nodes into single relationships; these new relationships connect the substation
directly tothe buildings and the buildings to their consumers. The hierarchy of this relatively
simple, abstracted network topology represents changes in spatial scale without the complexity

of connectivity between these layers.

3.4.4 Integration of the flow data with the structure of the network

The realtime data stream is now integrated with the CityGML and IFC topology in the Neo4j
database. Whereas the UtilityNetwork ADE and IFC are dossaecific modelling schemas,
JSON is an encoding language and is often implesdenithin schemas that are developed for
specific technologies or use case8 JSON parser was developed specifically for the data
streamed from the UO websocket. The Python script listens for messages from the socket and,
on receipt of a new messagégiis for those relating to three types of electricity usage: lighting,
mechanical equipment and power sockets. The additional spatial information embedded in the
message, which locates each message to a floor and horizontal core within the Usdgi(see
3.3.42), is also added to the graph network: the values of the floor and core in the message
triggers the creation of a node for that floor and another node for the core (where they don't
already exist), a link between the two and a link from the core to the tygmgdn this way,

the internal spatial structure of the USB and the types of electrical consumption within each
space is built up in graph representation. The resulidastractedraph representation of BX

and the USB are presentedFigure3.4.4 1.

33 An example is CityJSONCityJSON contributors, 2019yhich has been developed as an alternative to
CityGML
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Building X
Urban Sciences Building
SC - Screen
LI - Light/lighting

PO - Power outlets

ME - Mechanical equipment

C1, C2, etc. - Core 1, Core 2, etc.
F1, F2, etc. - Floor 1, Floor 2, etc.
BLG - Building

SS - Substation

Figure3.4.41 - An abstracted, integrated electricity network that represents types of electricity
consumer units in each building. The network topology of Building X was abstracted to yield
a simplified representation.

The spatial topology of electrical componentsdasthe USB (shown ifrigure 3.4.41) is

derived from messages that were received over a period of approximately 5 seconds. Given
exposure of the system to more messages, more consumer types within theilUB&
discovered as they are referenced in the JSON mesJagdsmonstrate more erly these
dynamics, this subset of the network that describes the internal structure of the USB is modelled
in isolation. Figure 3.4.42 shows the evalttion of the integrated network when the graph
database is populatedth data from messages over a time window of approximatél{5.0
seconds, captured at three points in time. As more messages are received from the data stream,
more consumer types areeittified across the floors and cores of the UABy new nodes,

edges and attribute value updates are extracted from the JSON and pushed to the database vie
execution of merge querietn Figure3.4.41 (a), after exposure to the data stream for two or

three seconds, messages have been received for two cores on the ground floor betaamé/ on

and one consumer type on each of the second, third and fourth floors. Around five seconds later,
at (b), values have been received for other cores on the higher floors and for different consumer

types. Given exposure to a further five seconds of@emessages, at (c), the network is
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becoming even more populated by consumer types across the vertical floors and horizontal

cores.

PO - Power outlets

ME - Mechanical equipment

LI - Lighting

C1, C2, etc. - Core 1, Core 2, etc.

FG, F1, etc. - Ground Floor, Floor 1, etc.

Figure3.4.42 - An evolution of the graph network when the database is used to model only the
topology derived for the USB, showing its growth from state (a) to (b) and then (c) as more
messages are received from deteam Any new nodes, edges and attribute valudatgs are
extracted from the JSOMessages received from the websockad pushed to thgraph
database via execution Giyphermerge queries.

Beyond a population of the graph network with nodes representing floors, cores and electricity
consumer types, éhtime series data and unit values from the USB data stream is used to assign
reattime power values to an attribute on the graph relationships (links) that connect the core
nodes to the consumer type nodes. This dynamic updating of a power attribugeliok th
implemented through the same processing script that updates the structure of the graph network.
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Throughout the hierarchy, the power values on each level are summed to provide a value for its
parent level in the demarsipply tree. In the absencé any streaming data for BX, the
individual lights and screens in the building are assigned constant, nominal values that are
comparable in magnitude to those for the consumer types (which each represent the power used

by multiple entities) in the USB.

Ona technical i mplementation |level, O6setd cl
under the 'timeseries’ and 'value' keys in the JSON messagEg)(se8.3.42). These clauses

form part of Cypher queries (written in Python) that update intnea the values on an
attribute of the links that connect to the target consumer nodes. The links furtihe depmand

supply tree are also updatetth set clauses.

This realtime population of the graph database with new nodes and attribution of power
consumption values to links constitutes a dynamic simulation of resource flows through the

infrastructure netork within the graph database.

3.4.5 Communication of the evolution state of the integrated network

In order to experiment with the practical usefulness of the dynamic graph representation of the
network with respect to the target use case, structure antimeaflow-stateof the network

need to be made available for exploitation by potential end users. The evolving structure and
state of the integrated network can be represented in time series by repeatedly producing JISON
that represents the current, rale structure (nodes and links) and state (values of the links'
power attribute) of the electricity networkach JSON representation of the network can then

be communicated as a message

Message brokers are well established software technology that handle streams of messages.
There are two types of message broker models: p@ipoint and publish/subscribe. Pciok

point models are based on messages residing in a queue for consunmgiby arsingle user;

in publish/subscribe models, messages are effectively broadcast through a topic from which
multiple users may consuntlBBM, 2021) The Apache Kafka streaming platfolypache
Foundation, 2020pffers a publish/subscribe brokerage capability (serving also as a message
storage system), rkimg it suitable for exposing the state of the integrated network to multiple
potential exploitation systems. The distribytechlable, elastic and fattilerant functionality

of Kafka (Apache Foundation, 202@)Jso ensures that the system developed for this sudy
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not limited in these respects by the brokerage softwégare3.4.51 shows a producer writing

a message to a topic on a Kafka instance and two consumers reading from thSdogioners

read independently from the topic with their own offset, which is record of the position of the
consumer within the topic. The offseigstion can be set by the consumer, such that the stream
of message can be replayed from anywhere within the tafiimough the implementation in

this case study usenly one consumer, this multbonsumer characteristic is important for the

scalability d the method

Producers
1

lwrites
1
o|112

819
/ reads\

Consumer A Consumer B
(offset=9) (offset=11)

—_——————

Figure3.4.51 - Apache Kafka topic construction. A producer writes to a topic and then two
consumers read from the same topic independently from the position of their own offsets. The
offsets are parameters that determine from where in the message stream the coradmers
Image sourcehttps://kafka.apache.org/intro

In order b capture the redime state of the network, a daemon (background application)
recursively executes Cypher queries (deéined timestep) that apture the state of the entire

Neo4j database instance and store this state as JSON. For this case study, the time interval for
the recursion was set atiagle second. Each JSON messagetairs an array of link objects;

each of these is attributed a start node, end node and power value. These 'snapshots' are then
published as messages to a topic on the Kafka instance. Any other systems may then connect

to the broker, receive the messages byailiiag to the topic and exploit them for analysis or

. Kafka also allows for outputs from other processing and modelling workflows to be published
as messages to the same or another topic on the same broker. The Kafka topic to which the
network state mssags are published serves as a broker and store of time series nsessage

describing the regime evolution of the integrated electricity network.
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3.4.6 Visualisation of the evolving network

A web serverclient demonstrator system was develo@esd a means oévaluaing the
effectiveness of this brokerage method against the use case of electricity ¢eipplyd
visualisation The components of this system and technologies used are depicted at the bottom
of Figure3.4.2:-1. A Node.JS web server is deployed with a script that subscribes to the relevant
topic on the broker and sends the received JSON messages through another web socke
(developed using the Socketlibrary) to a connecting web browser (Chrome was used in this
study). In conjunction with JavaScript visualisation code and the HTML provided by the server,
the browser uses the messages to display a dynamic Sankey diagram. The visualisation script
is based on the d3 and-da8nkey JavaScript librari€Bostock, 2018, 2019 he source code
developed for these visualisation (and other implementations of the method developed for this

chapter) are available dte Git repositorie described in the Impact Statement of this thesis.

Figure3.4.61 shows an example visualisation that represents the electricity consumption from
the substation to the two individual buildings (the USB and Building X) and through to the
individual consumersvithin the buildings. The vertical bars represent the network nodes and

the connecting grey curved bands represent the relationships between these nodes; this structure
relates directly to topology depictedkigure3.4.41 (the colours correspond). The heights of

the bars and widths of the bands correspond to the relative magnitude of power consumption
between nodes. The individual consumer types in Us8 were measured to consume
electricity in the range 0i10 kilowatts; for Building X, the consumer elements were assigned

a constant Xilowatt output.
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B_X_Light_13890 []
B_X_Light_14025 ]
B_X_Light_14094 []
B_X_Screen_14329 []
B_X_Screen_14496 [ ]
USB_F1_C1:Power []

USB_F2_C1_Lighting D
i Floor 1 Core 1 [] USB_F2_C1_Power []
Building X USB_F2_C2.Lighting CJ
Floor 1 Floce2 Core I:I USB_F2_C3_Lighting =
= - USB_F2_C3_Mech
Substati - Floor 2 Core 2 @ _F2_C3 Mech ]
seen USB_F2_C3_Power [ ]
Floor:2 Floor 2 Core 3 I:I
USB_F3_C2_Lighting (]
= Floor 3 Core 2 [ D
Floor 3 O USB_F4_C1_Mech
Urban Sciences Building B
Floor 4 Core 1 USB_F4_C1_Power
- Floor 4 USB_F4_C2_Lighting [ |
Floor 4 Core 2
USB_F4_C2_Power D

Figure 3.4.61 - Screenshot of a dynamic Sankey diagram, showing electrical power
consumption through the network depicted in Figure 7. The thickness of the lines is proportional
to the power consumption.

In the same way th&tigure3.4.61 shows the flow of electricity through the network-adure
3.4.41, the Sankey diagrams Bigure3.4.62 corresponds directly to the evolving network of
Figure3.4.42 for the USB in isolation. With reference kigure3.4.62: by the time that the
network has reacklestate (c), it can already be seen that Core 1 has a relatively high

consumption across all of the floors (where data for Core 1 have been received); it is also clear

that the lighting (labelled O6Lighti erghn) acr os
t hat the mechanical equi pment (|l abelled &éMech
sockets (labelled 6Powerd). The shrinking of

only a result of the visualisation needing to accommodateagadsing number of consumer

types (and the spaces between them) on thehayd side.
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Figure3.4.62 - Three snapshots, with a tirtegse of approximately 5 seconds, of an evolving
visualisation of the flow of electricity through the Urban Science Building from state (a) to (b)
and then (c); in redime, the visualisation is updated each second
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3.5 Discussionof integration method

The method developed arouna ttase studyf this chapteand its datasets demonstrates the
applicability of graph representations for continuous,-tiea integration of the elements of
datasetshatspan a range of spatial scadesl arainderpinned by heterogeneous GIS and BIM
standards. Key to éhmethod ighe exploitation ofeference taommon concept consistent
identification of realworld instances of #&seconceps and abstraction of detail such that only

the information necessary for the target use case is represented. The concept of a building lies
at the nterface of the two domains.idjpoint digital representationsanbe joined by merging
building features when they were identified as referring to the same object. By filtering out
geometric, geographic and semantic detail, flow through the itéelp@pologies were directly
comparable within the visualisation. However, an important shortfall of merging by object
identifiers concerns the scope of uniqueness and commonality of identification. Firstly, only
the OS footprint TOIDs are globally unigueferencesThe name in the Revit project was set
manually and the continued, confident use of 'Urban Sciences Building' as a building reference
in the JSON data stream (d&gure3.3.42) depends on no other building ever having the same
namei this is not an assumption that can be made globally. Furthermore, even if every building
reference was a globally unique identifiet{IB), there is no standardised way of ensuring that

they match.

Graph databases are a useful technology for integrating and analysing urban data. Despite the
concept of a building being common to the datasets of this study, much of the other data
structures, concepts and semantics in the topological hierarchies are dissimilar. For example,
while the CityGML UtilityNetwork ADE uses InteriorFeatureLink to represent connections
between features, and IFC uses IfcRelConnects elements; and the identificaboizaftal

building cores in the JSON data could be represented as 'spaces’ in IFC but there no known
equivalent in CityGML (it would be inaccurate to represent each core as a 'room’). This potential
problem is mitigated, to some extent, by the flexibitifjgraph database schemas: there is no
need to predefine the database schema since new nodes, relationshipsparti¢pian be

added orthefly. As mentioned in sectior2.4.6 this is consistent with the opevorld
assumption (OWA)whichasserts that something may be true even if it is not known to be true.
This freedomis powerful for the integration othe diverse and dynamic data sources

encountered in urban data integrati6wirther to its suitability for modelling and processing
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urban topologieé~alkowski and Ebert, 2009; de Almeida, Morley and Dowman, 2@1gaph
database enables intuitive, humaadable concept model$ systems to be reflected in the
database structureshich results in a schema that is often easier to inteirphes characteristic

is sharedwith ontologies, whictarerecognised as beingoser to a person's cognitive model

that conceptuaschemagqsee sectior?.4.2for clarification of the difference)Any broader
requirement for integration methods to enable deeper mathematical mo@8tinget al,

2017)is facilitated by the speed and efficiency of using graph databases to execute queries on
connected datg§Holzschuher and Peinl, 2013; Khan and Shahzad, 2@hd) the relative

simplicity of constructing query statements.

The use of a message broker as a hub for storage and communication of messages describing
network structure and flows proved effective for the target use (ses#ion2.2.2, and the
technologies are highly scalable, but the scalability of the method thahesesn this study

should be considered. The subscription to a topic is equivalent to subscribing to the database
query that feeds that topic, with the topic serving as a view of the graph database that is tailored
to the requirements of the use cablke Kafka and Neo4j technologies used in this study is
highly scalablé Apache Foundation, 2020; Neo4j, 202dafka, for example, can be deployed

as a cluster spanning several servers, with the ability to communicate data through multiple
topics for multiple use caseand with multipleconsumers subscribed to a to@y using a
websocketo publish topic messagagpdates arpushedo the clients there is no need for a
request.The complexity and size of urban data models is increasing, as is the velocity and
variability of realtime data from urban instrumentation. Although the technologies used in this
study are efficiently scalable, the repeated higth frequencycapturing of snapshots of the
entire state of a large, complex network may result in avodlime data stream thatlergely
redundant. Instead, the messages could caphamgedo the state of a network, from which

a client system could then reconstruct complete topologies and flows from multiple messages

stored on the broker.

A more refined and scalable version of tystem developed in this study has the potential to
provide a basis for various other urban data integration and spatiotemporal analysis
requirements. For example, a regional energy provider could deploy the components of the
system that perform the irgeation and dissemination (based around the graph database and
message broker), publishing messages that describe the state of the network that it manages. A

facility manager could then subscribe to the relevant topic, exploiting the published messages

81



on a dashboard that supports fault diagnosis through highlighting anomalies in a flow
visualisation; at the same time, an urban planner could also subscribe to the topic and conduct
analyses on historic timseries data in support of assessing the impact ropogsed
modifications to the supporting infrastructure. The geometries and geolocations encoded in the
data sources could be used for several other purposes: to rendescalelt8D visualisation in
augmented or virtual reality environments, providing aremintuitive and immersive
visualisation platform to use(®vVang, 2009; Chi, Kang and Wang, 201f8y the detection of
clashes between physical assets that would otherwise be represented in disjoint GIS and BIM
models; or the ability to drill down from ambanscale topographic map to view the réaie
electricity flow within an individual dwelling or factory. The utilisation of timestamps on
messages in the broker topic (or on updates to the graph database) would allow digital playbacks
of network flow eolution from historic time series data. The system could facilitate the
diagnosis of anomalies in usage patterns with alerts issued for values falling outside a
predefined toleranéefor example, identifying that an increase in energy costs is due to the
machinery in a factory activating erroneously at night.

Future work could attempt to verify that a version of the method developed in this study could
be extended to networks carrying other types of resource, such as gas and water. The modelling
of multi-resource interdependencies could show visually the effects of these couplings on flow
dynamics. Such a system would also enable analyses fovgas such as root cause analysis.
For exampleif a set of resource provision services have failed, quesyimgiti -resourcegraph
representation of the netwarkfor upstream nodes that are pareiifsnctionally and
hierarchically)of all failed service engoints(a common dependengyg potential root cause

can be identifiedNeo4j, 2021) Erdeneret al. (2014) identify gasfired power plants in
electricity systems and electricitiriven compressors gas systems as the most significant
dependencies in cpled gaselectricity systems, and active demeside response (DSR)
strategies stand to benefit from the modelling of coupled systems; Qadrda(Qetdatlaret

al., 2017)showed that a significant reduction in gas consumption can be achieved by electricity
peak shaving through DSR.

As is described in sectio®i4.2and the beginning of this discussjdhe building identifiers
used in each dataset neededbe modifiedo enable integration in this case stu@ye of the
research gaps identified in secti2.5is the use of realorld positioning for integration of

network topology given the close relationship between this and the spatial tofaeéggd in
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footnote22) of geospatially constrained utility networks. The following chapter tackles this
research topic in the context of potable water supply netwanmésnvolve more interaction
with data producerand owners, and application domain experts as specified by the research

approach of sectio?.6.
3.6 Summary of Chapter 3

This chapter described the development of a data integration method and implementation
system that targets the use case of electricity dersi@edmanagement. The Urban Sciences
Building (USB) and Helixsite were used as a case study amgatime dynamt Sankey
visualisation demonstrates applicability of the Inoet and system to the use caBee novelty

of this chapter is, firstlythe useof representations of (or referencesha)ldings that feature
commonly acrosmultiple datasetsor merging of digitally disjoint network topologies within

a graph databasand, secondly, the integration of this graph database with a message broker
and websockstfor reattime monitoring of electricity flows across the multiple scales spanned
by the dahsetsThe contribution is the demonstratithatexistingintegrationmethodscan be
furtheredby harnessing smatlatacommonalitiesin otherwise disparate datasets with the
supportof flexible software technology

The research showed the effectivendassong graph representations and a graph database for

the integration of disparate and disjoint urban datasets, and for the representatictinmrereal

of electricity consumption across multiple spatial scales. The developed system also showed
how publisitisubscribe message brokers are an effective means of communicating dynamic
network structures and flow states to multiple consumer systems. It is suggested that the use of
commonanduniversally unique identifiefis an important part of a solution some integration
challenges. The ability to assert correspondence between data streams output by sensors and
the digital representations of their subject +walld assets or environments remains a
significant challenge to the modelling of urban environtsemhe potential of using spatial

data to infer connections between digitally disjoint infrastructure assets is identified as a

research opportunity to be addressed in Chapter 4.

83



Chapter 4 Integration of potable watersupply

network topology across the building avelope

4.1 Introduction

The second and third use cases detailedhapter Xsections2.2.3and2.2.4 concern water
network partitioning and network configuration planning. This chapter addresses both of these
use cases (the first in sectidt®, the second im.3) through a technical study of the water
networking in and around three of the buildings of the Helix site, whiahintoduced at the
beginning of Chagtr 3 (refer to sectiorB.2 for details) This second case study makes more
extensive use of the BIM MEP modelling available for theixisite and, whereas Chapter 3
used a heuristically derived electricity distribution netwaakg this study makes use ofeal

world dataset provided by the local water distribution network (WDN) operator, Northumbrian
Water Ltd(NWL).

Due to the importance @faininginsights from NWL and access to the infrastructure datasets
that are critical to the research of this chaed thughe need to provide sufficient incentive
for engagement in discussions and sharing of dategas necessary taasider thepotential
positiveimpacton theresearch, development and operations ofLINW additional to the other
stakeholder ligd in sectionl.4, remote meetings were held with the NWL Research &
Development Manager and Continuous Improvement Lead to establish the flaatarsuld

be tackled by this researchThe ContinuousimprovementLead provided a description of
existing datecentricefforts underwayvithin the company andiscussedhe types of analyses
within this research that could enhanleWL 6 s capabi l i ties.onsThese
influenced the research gaps of sectidr, research questions and objectives of sedidn

and use cases of sectidr2. While there was significant effort underway by NWL to integrate
their geospatial and hydraulic datasete, tise of spatial heuristics and graph network theory
for improvement of their infrasucture planning and optimisatiarere established aspability

gaps worth pursuing
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Section2.50f the literature reviewdentifiedthe use of both object identification and realrld
positioning for utility network integrationas needing furtherresearch. WhileChapter 3
investigatedobject identificationthis chapter tackles the uselotation data and geometry to
address some problems that cannot be solved using the method develdiirabier 3
Specifically, this chapter considélg closeness afelationship between theetworktopology
of geospatially constrainedtility networks and their spatialtopology, and how spatial
relationships may be used to make inferemmfesonnections between networihere the
absence of complete representations prohibit deductidms.ability to infer interdataset

connectivity is researched in the context of potable veatgply networks.

Within England and Wales, potable water is provided to consumers by privately owned
companies that operate water distribution networks (WDNs). WDNs comprise pipes and other
assets that are spatially and topologically comp¥azdani and Jeféy, 2011; Torreet al,

2017) predominantly underground and challenging to man&jfeat, 2015) The water
companies collect, treat, distribute and monitor the supply of water to individual premises; once
delivered through the boundary of these premises, the pipework and any losses through leakage
become the responsibility of the property owners. The complete desuppty network spans
multiple spatial scales, from reservoirs that feed regions down to consumer units in buildings.
NWL owns and operates the water distribution infrastructure in Nkasih Entgand, including

the Helix site.

Available for use in this case study are a geospst@le\WWDN datasefrom NWL, building
footprint data from Ordnance Survey (OS)'s MasterMap® Topography and VectorMap Local
layers, and BIM MEP models produced W@ Bailey and TGA Consulting Enginedrs the
buildings of the Helix site

The research o€hapter 3involved little interaction with data producers and owners, and
application domain expertsr(aspect of the research approadee sectiof.6). This research

of this chapters involved consultation with NWL, engineering contractors for the Helix project,
the Estates department of Newcastle Universityvaasl influenced byliscussionwithin the
Integrated Digital Built Environmer{tDBE) working group.
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4.2 Spatial inference method of mtegration for water networks

4.2.1 Introduction and method overview

Topological integration of the digital representations of radtle water networks subject

to the challenges presented by disparities in data standardisation (see Chapter 2). Addressing
research gaps identified in Chapter 2, this chapter exarthieeuse of georeferences in the

Helix buildings' BIM Mechanical, Electrical and Plumbing (MEmodels for integration of the
topology of the buildings' water networks their surrounding geospatial WDN, what semantic
and geometridnformation needs to be retained and wbah be abstracted to overcome

disparities in the data standattiat underpirthe source data.

The technical objective of this chapter is to develop a samomatednethod of inferring
connections between the Helix buildings and the WDN that minimises dependency on semantic
information. Themethodis based orthe probabilistic asgnment of plausibility to asset
pairings using heuristics: more specifically, the identification of assets in a WDN that are
candidates for connecting with the mains water entry point of a building and the use of

engineering principles to assign likeliltbscores to these competing candidates.
4.2.2 Geospatial and BIM data sources

Location and attribute data for the NWL distribution assets (pipes, valves and other
components) arprovidedin an Esri geodatabase. The data of interest within this database are
those representing mains potable water pipes, which are represented telde/©SGB36®
coordinatesystem as linear features conggng one or more pipe segmeriibe source data is
two-dimensional2D); the features are given heights by draping them over an interpolation of
a 0.25 m resolution LIDARComposite Digital TerraiirModel (DTM). The assets are then
uniformly offset by negative 1.1 m, representing an approximate average of the minimum and
maximumcoveragdimits under design guidance and dely requirement¢Thames Water,

2015; Northumbrian Water, 2018; Water UK, 2Q18)is process results in a thrdenensional

digital representation of the pipe assets.

Building footprints are understood here to mean the ground area contacted by a building
(Diakite and Zlatanova, 202@nd, for this study, footprints are sourdemm OS Topography
and VectorMap® Local layerdhe OS Topography layer provides lines and polygons that

describe linear building featuras2D. These features are provided with heightsging them
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into threedimensions) by draped over the same DEM that was used for the NWL data (above).
Values of 'obstructing’ and 'overhead' on the 'physicalPresence’ attribute for line features need
to be used for distinguishing polygon features regwesg orthographic projections of
overhanging building sections from those representing footprints. This process is of importance
because it constitutes a derivation (rather than direct sourcing) of foothahtdign with the

above definition of a faprint, which has implications on the automation of the method. In
order to avoid unnecessary data processing, abstracted representations of lawvitdliaigie in

the OS VectorMap Local (VML) laydinstead of the Topography layeme used as building
footprints for buildings other than the subject buildings of B1, B2 and B3; the discrepancies
between precise building footprints and the abstracted building outlines from VML for these
peripheral structures are small enough to be negligible for this. $tadgprints from the VML

layer are also draped over a DEM to bring them into Bi& abstracted footprints disregard
whether the outline is overhanging or in contact with the ground, which is not imgortdna
analysis of the peripherabildings (thosehat are not one &ubject buildings B1, B2and

B3) described later in this chapt&igure4.2.21 shows footprints and water distribution pipes

for the study area, plus the overhangs of the subject buildings.
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—— Distribution pipe
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Figure4.2.21 - Geospatial data used in this study (plan view). Building footprints are defined

in this study as areas of the ground contacted by buildings. Buildings B1 (Urban Sciences
Building), B2 (Frederick Douglass Centre) and B3t&Best) are the subjects of this stublypte

that the peripheral buildings (those that are not B1, B2 or B3) are represented at an abstracted
level, without regard for whether the outlines are overhanding or in contact with the ground.
Contains OS dat@ Crown copyright and database rights 2020 Ordnance Survey (100025252).

The footprints for the three subject buildings serve two purpbisstyy, they provide a means

of checking the geospatial location of the Mechanical, Electrical and Plumbing (EP)
models after transforming them from a local Cartesian coordinate reference system (CRS) into
the geospatial OSBG36 CR&condly, they are representations of the building envelope that
can be used for identifying BIM pipe assets that breach an exteatialf a building and are

thus likely water entry points into the building.

The BIM modelling of the site includes the MEP elements that represent the distribution

systems inside the buildings. These MEP moaets providedin the Industry Foundation
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Classes (IFC) formatbuildingSMART International, 2020a)including data describing
network topology, geometry and geolocation. Although the models represent explicitly the
water network topology between elemernits much of the sawe IFC data, correct flow
direction is not preserved throughout entire flow chains, which has an implication for
identifying flow terminals (this is discussed later). Pipe assetsegmesented in the IFC
datasetss IfcFlowSegment elements using SweplidSgeometries. Connecting assets, such

as IfcFlowController and IfcFlowFitting elements, are stored using 'Beundary
Representatidriechnique, sometimes within SolidModel, SurfaceModel and IfcFacetedBrep
elementsAll the geometries are with respéeta local engineering CRS and the Swept Solids
make use oflirection vectorgDirectionRatiosanddepth values that indicate the axis (within

the local CRS) and distance along which the pipe profiles should be swept. The IFC model also
provides asingle geolocation (in OSGB36&hrough the project's IfcSite entity) and project
vector that orientates the entire model with respect to true north. It is noteworthy that use of the
OSGB36® CRS was not explicit in the BIM models and had to be assumededloeation,

project vector, asset geometries and a scaling factor for the local area (0.99960838) are used in
a translation, rotation and scaling operation to convert the IFC water networking elements into
the same geospatial CRS as the distributiontsssel building footprints using custom Python
scripts. Figure 4.2.22 shows a sample of some MEP elements from the IFC models
(IfcFlowSegment elements) ass all floors of the three buildings, some of which are gart o

the mains water networkhe misalignment of the IFC assets with the building footprint for B3

in Figure4.2.22 shows thathe IFC model for B3 is not positionembrrectly.
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Figure4.2.221 Plan view of a sample of IfcFlowSegmemments (ducts, pipes and conduits,
coloured in blue) across all floors of the three subject buildings; a subset of these elements are
mains water pipes. Contains OS dat&rown copyright and database rights 2020 Ordnance
Survey (100025252).

The BIM assts' clear alignment with (and almost entire containment within) the building
footprints for B1 and B2 (seeigure4.2.22) indicate that the BIM assets are positioned with

at least a similar accuracy to the building footprints (as previously mentioned, the positions of
the BIM assets for B3 were correctaganually).Direct surveying of the interior BIM main

water assets or measurement of their offsets from directly measurable features would be
needed for a more confident assessment. This misalignment of the BIM assetis f@cBied
manually by rotating the project vector for its IF@odel by 11 degrees clockwise. The
elevation value given in for B3's BIM modehs corrected fror8.2to 60.1 metresising the

same draping method (and DTM) as was used for the NWL distribution assets. This need for a

correction to the geolocation and orientation of B3, along with the toeassume the use of
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the OSGB36® CRS for all BIM models, is of particular importance due to the reliance of the

positioning of all the BIM assets on these references.

The uncertainty in positiong of the data sources was measured by conducting gohégision

Global Navigation Satellite System (GNSS) survey of one of the building envelopes and several
of the distribution assets, the data from which were then compared with the source data
positions. The aim was to measure the positions of the featut®s noaikimum accuracy that

could be realistically achieved but with an uncertainty no higher than 50 mm (0.05 m).

One existing survey nail to the east of B1 served as an observation point for a Leica Geosystems
MS60 Total Station (TS). A second nail was pldto the north of B1, enabling the orientation

of the TS on the east nail using the single bsight method. The east nail was positioned close
enough for precise, unobstructaaservation of building features but in a relatively dense urban
environmentthe north nail was positioned in a more open environment, farther from B1 (see
Figure4.2.23). It was ensured that the location of the north nail haddirgght to the east

nail. The nails were observed over an approximatevteek period using a Leica Geosystems
GS18 GNSS receiveFor each nail, five haliour observations were carried out at different
times of day between approximately 08:00 and 21:00 BST, ensuring coverage of a broad range
of satellite constellations and enabling the calculation of amaatisquare error (RMSHor

the observed position of each nail.
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Figure4.2.23 - Photographs of: [top] the GS18 GNSS receiver above the nodbevey nail
(N); [bottomright] the GS18 above the eastern survey (&)l [bottomleft] Google Satellite
view showing the location of the survey nails with respect to the Urban Sciences Building (B1).
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The RMSE of the position of the east nail was calculated as 3 millimetres for the Easting
(424141.3536)10millimetres for the Northing564399.3874and 13 millimetres for elevation
(63.9257; for the north nail, the RMSEs were 3 millimetres for the Easd24(55.521}, 2
millimetres for the Northing564488.0892 and 4 millimetres §9.1895 for the elevatia.

Based on the RMSE data for the east nail, the maximum error in the X¥h@tst position

of the TS is 11 millimetres (0.011 metres). The distance between the locations of the two nails
was then calculated and, with the TS above the east nail amshaglaced above the north

nail, the distance between the two nails was also measured directly. The difference between the
calculated and directly measured distances was 2 millimetres, indicating that the 11 mm

location error for each of the nails is a servative estimate.

The two most easterly vertices of the building footprint of B1 were surveyed using the TS.
Three additional vertices (above ground level) on the building straights were also measured at
no more than 10m above ground level. Given ther@agpmate verticality of the building
straights and the proximity of the measured points to the ground, the XY of these measurements
were used as approximations for points on the (ground contact) foolpradt measurement

of the ground contact points waomplicated by an absence of clean and consistent features.
The measuremenivere used to verify that the OS MasterMap footprint for the USB was

accurate to within 0.15 metres.

The accuracy measurements are consistent with what is expected of OS data. The OS surveyor
responsible for mapping the Helix buildings was then shadolwadga re-surveyng of parts

of the site for changes; through observation of and discussion wisliitheyor about the data
collection techniques used for the Helix sitejsi known that the surveying method and
equipment used by OS for B1 were also used to produce footprints for B2 and B3; based on
this, the uncertainty in position for the building fipent of B2 andB3 is assumed to be similar

to thatfor B1. Through discussions with the surgegynd reference to OS documentation on
positional accuracig®©rdnance Survey, 202Qh) is known that the RMSE for these footprints
should be no more than 0.42m and 99% of points should fall within 0.9m of the recorded

position.

The accuracy of the positions of the distribution network data were assessed by surveying the
centrepoints of seven manhole covers to the northeast, east and southeast of the USB. These
covers were used as proxies for the position of the urmlergrassets for which they provide

access (valves and meter chambdrs)the NE of England, pipes are usually be laid to a
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minimumcoverof 900 mm and a maximum of 138Qorthumbrian Water, 2018Jhe TS was

used in conjunction with a surveying prism that was placed and held manually over each cover.
It was estimated that an uncertainty of roughly 0.5 metres was introduced by the total of i) the
approximation that these centroids represent the position of the underlying assets, ii) the
estimation of the position of the centroid and iii) the manual holdingeoptism in position

during the measurements. To the nearest metre, the positions given returned by measurements
varied from the positions in the dataset by up to 6 metres in Easting or Noahiagpor that

is more than an order of magnitude larger tthexse of the building footprint and BIM daia

Is assumed that Betresis a reasonable approximation of the uncertainty in position of the

distribution network assets as a whole.
4.2.3 Flow data collection and analysis

Flow data for the USB (B1) wasourcedand analysed for this study as a means of verifying
flow connectivity fromthe WDN to the building and to study the granularity of monitoring
availableto thiscase studyThe FDC (B2) and Catalyst (B3) were not completed at the time of
this study and thus their flow could not be studigdsignificant amount of time was spent
studying the connectivity of assets within the basement of the USB, asserting a correspondence
between BMS data and the water meters (inside the basement) and understandingawhether
combination of the connectivity and flow datauld be used to identifyd locateany leakages

in the system.

On the urban scale, the flow of water into the DMA containing the USB is monkigrigiVL
at the boundary to the DMA and then at bloeindaryof the Helix siteby the UO and Demeter
Ltd (just beforethe water enterthe connection pipto the USB. The DMA flow data isnot
made available publicly in reéime but wasrequested angrovided by NWL forthe time
window of F'June to 2% August 2019 The boundaryalve data is available ireattime via

the UO's API andthttps://www.checkyourwater.co.ukaccess was provided to the researcher

by Demetefor this studyAside from the usage of a small subset afstomer units throughout

the building, the USB mains water flow is monitored in several places in the basement:
immediately after entry to the building, at the entries tdthikling'spotable and CAT5 water
tanks and alongwo supply lines that provide water feustainable drainage systems (SuDS)
researchacilities. Data for the mains water entry, potable aategory 5 CAT5) meters were
collected from the UO API and via manual inspection of the analogters in the basemien

on a regular (approximately weekly) basis in August, September and October 2019.
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Excluding the flow data available for the small subset of consumption units, the coverage flows
no lower in the USB's water service hierarchy than the basement storagerevdsted
visualisations equivalent to those for generatedrfore granulaelectricity flows inChapter
3; although the consumption data for the appliances ddidgi X (see sectior3.3.3 were
artificial and fixed, disaggregation of electricity usage into consumption types, floors and zones

was derived from seaktime data stream.

The approximate matching @bw values forthe mains water incoméo the USBandat the
propertyboundarywas a verification of the USBVDN connectivity (see sectioh.2.7). A
significant mismatch would have indicated either that the USB costhatca different point in

the WDNfrom what was expecteat the presence @& leak in the pipes between the boundary
and the buildingHowever the total flow values over ~2 months for of the potable, CAT5 and
SuDS megrvalues were ~7% lower than for the mains water entry nieteg values should
match giventhat there were nknown leaks in the basement during the study pefibds
undermeasurement of flow might be attributable to analogue metering sensitivities: it was
noticed that the meter on one of the water tanks did not reg@isumption when water was

trickling into the tank (very low flow rate).
4.2.4 Connection candidate selection process

The mains water pipes in the BIM MEP models are identified by selecting the subset of IFC
elements that represent the mains water syst&wen that the BIM IFC model does not
consistently preserve flow direction and thus cannot be used in isolatie@ntéyidhe start of
awaterflow chain, the entry pipes to the building (in the BIM model) are identified by their
approximately perpendicular intersection with the building envelope (a buffer of 0.2 m and

angle tolerance of 5 degrees are applied).

The spatial topology ohe distrbution pipe assets in the geodatabasesed to identify assets

that are candidates for connection to the buildihgse that do not touch another asset at one

end are considered epaints and hence candidate water flow end points. It is recognided tha
this is not a full representation of realityor example, some flow terminals feed fire hydrants

and others represent false ends due to missing data. In order to test the effectiveness of the
spatiattopological approach, a set of distribution candidas also generated using a semantic

filter that selects those assets whiddlET FUNC' (network functionattribute has the value
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'PRIVATE'T this value indicates ownership of the asset by the consumer and provides a means

of identifying semantically theonnection points to the premises.

The subsequent aim is to develop a generic and transferable method for inferring connections
between the distribution networkigure4.2.21) and BIM MEP networksHigure4.2.22) that

does not rely on semantic information or conceptualisation. The inference method is heuristic
and involves the probabilistic assignment of plausibility to asset pairings based opdtiair s

characteristics.

It has already been shown that a topological framewanistead of hydraulic simulatioris

can be used for preliminary WDN design purpogsidicianniet al, 2018)and a similar
approach here supports the potential for generalisation and transferability of the developed
method to other utility resourcdsor reasons of practicality and cost, pipes that connect WDNs
with serviced premises are preferably laid on shtgath, direct transits with perpendicular
joins and they should lie entirely within the serviced curtilage, remain accessible for repair and
not be built upon(Amaral, Scala and Barthe, 2000; Atkinson, 2012; Thames Water, 2015;
Affinity Water, 2018, 2019; Giudicianret al, 2018; Northumbrian Water, 2018; Yorkshire
Water, 2018; Zhao, Liu and Mbachu, 201®yetaministic and rulebased modelling approach

can onlyaccount for all realvorld scenario# all of the factors influencing these scenatans

known and can be modellea probabilistic method, however, is able to attribute likelihood to
possible connections without such strict dependencies. Based on the above guidelines and
constraints, it is asserted thatwater distribution networkflow endpoint is a more likely
cardidate if it is closer to thpoint of entry of water to the buildin@rst criterion), if it points

more towards it (second criterion) and if this pointing vector intersects less area of building
footprints (third criterion).These three criteria form ehbasis of a probabilistic inference
method that outputs likelihood scores for candidakas. existing network layouts, this
likelihood may be considered equivalent to plausibility; for future buildsait represent
feasibility.

4.2.5 Algorithm development

An algorithm is developed around the above spatial inference approlaehdistribution
candidates are initially subset spatially to a bounding box within 200 m of the three buildings
in the source BIM data, which is considered a reasonable approximate unafoclidean

distance for connection transit (the selection outcome did not change for a wider spatial limit).
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The distribution candidatésen undergo a muitiriteria decision analysis (MCDA) in the form

of a weighted sum model (WSM) for the three craeThe WSM attributes and sums
normalised values for each of the three criteria for each candidate, yielding a likelihood score.
In the absence of evidence that would favour one criterion over another, the criteria are
weighted equallyThe mostikely candidate is selected for pairing. The entire process is shown

in the flow chart oFigure4.2.51.

Distribution Building BIM pines
pipes footprints (Fi uprg 3)
(Figure 2) (Figures 2 & 3) 9
i Flow terminal idenfication : | gl
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éSemanUC; i topological § i 9 ;
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Figure4.2.51 - Flow chart of the heuristic inference algorithm, which makes use of three data

sources. The building footprints are used for both identification of pipes that breach the building
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envelopeand calculation of the transit criteridna measure of how mudbuilding footprint
would be crossed by a direct connection. Scores are calculated for each possible pairing,
normalised and summed with the highest scoring candidate deemed the most plausible.

A synthetic asset is created between this asset's end poititeaodtermost point of the asset
that forms the entry point to the building; this synthetic asset transits a direct line (shortest path)
between the asset&igure 4.2.52 depictsthe three criteria, which are now formalised

mathematically.

C1

Figure4.2.527 An artificial example that explains how the criteria are scored. The red dashed
lines indicate inferred connections to candidate distribution assets C1 and C2, with the best
option determined by three criteriproximity, alignmentand transit C1 is amore likely
candidate than C2 because the inferred connection is shorter, it points more directly towards
the building entry pointfQx ¢) and it does not intersect any building footprints (grey areas).

The first criterion Equationl) concerns the proximity of the BIM asset to the candidate
distribution asset. Each candidate is scored by the inverse of the distance (in 3D) between its

flow end point andhe start point of the subject BIM asset:

P

6 ’QO

Equationl

whereD is theproximity score assigned to the flow end point of distribution candidate ‘&sset
andQ ° s the scalar distance from the flow end point of candi@tehe flow start point of

the BIM envelope asset.
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The second criteriorEquation2) concerns the alignment of the final segment of the candidate
distribution asset with the flow start point of the BIM entry asset; the alignment of this pipe
segment with a vector that joins it to the building entry. As withpifeimity score, this
calaulation is performed in all three spatial dimensions. dlfiggamentscore is calculated using

the dot product of the two vectors:

o

0 olo Equation2
whereod is thealignmentscore assigned to distribution candidate a§xet is the unit vector
of the pipe segment at the flow end of ag&gendo ° is the unit vector from the flow end

point of candidat&o the flow start point of the BIM envelope asset.

The third criterion Equation3) concerns the total amount of building footprint (summing over

all footprints) that would be transited by a pipe (in 2D) running directly between the candidate
distribution asset and the BIM asset. Given the uncertainty in position of the distribution assets
and recognition that direct transits are a simplificatiobinary condition that mandates zero
intersection is not used; instead, plausibility is again calculated probabilisticdtgs

intersection is deemed more likely.

The use of an inversion operation to model the lower plausibility of high values wauitdmes
extreme and misrepresentative values in cases where there is very little intersection and division
by zero where there is none; instead, the value is given a negative sign to reverse order but
maintain magnitude. For any building flow entry poihg following equation describes how

transitscores are assigned to each distribution candidate:

Y o = Equation3

where"Y is thealignmentscore assigned to distribution candidate a$¥et® is already
defined (above) for thalignmentcriterion, indicates quantitative continuous intersection (not
qualitative binary)= is the footprint area of buildin§and¢ is the number of building

footprints in the calculation.

The criteria scores are then normalised using the followingnmaix feature scaling equation
(Equationd):

O Equation4
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where ¢ takes on criteriad, ® and”Y As a means of multriterion decision analysis, a
weighted sum model (WSME@Quation5) was then applied to the normalised criteria for each

candidate:

Y 0@ Equation5

where Y is the WSM score assigned to candidate a§xetis a criterion proximity,
alignmentandtransif), € is the number of criteria (three for this study), is the weighting
factor for each criteriod) andéd is the normalised score for candig@hnd criteriorc In the
absence of strong evidence or reasoning for prioritising any criterion over another, the
weighting factoid is set to unity (a value of 1) for each of the three criteria, such that they are
attributed equal importance. THestribution candidate asset with the highest valu&isfthen

selected as the most plausible candidate for pairing with the BIM entry point asset.
4.2.6 Technical implementation

The geospatial data, which comprises NWL's geodatabase and OS Topograybagtaridap

Local layers,are processed within Safe Software's Feature Manipulation Engine (FME) and
output GML files, ensuring a consistent format for subsequent analysis. Two FME workspaces
were developed fofiltering out redundant attribute data, subdet datasets spatially, drape
them over the LIDAR digital terrain model (DTM), offset the NWL assets beneath the surface
and convert the required feature data into the target GML files. The attribute data required from
pipe asset features are their ideats, the BNG coordinates of the line segments that represent
their geospatial positions and the network function. For the OS building footprint data, the
DescriptiveGroup and DescriptiveTerm attributes are used to select all features that are building
outlines and, for the Topography layer, the PhysicalPresence attribute is used to distinguish
between ground contact footprints and overhangs for the Helix buildings (see de2iihn

The vertices of the polygons representing these building outlines are retained for spatial

location. Represented in GML, these data form the geospatial datasets used for the analysis.

The IFC data for the Helix buildingse processed entirely within a Python (v3.7) application,

making use of several modules that were developed for this project and several external
libraries. The IfcOpenShell library is used to parse each of the IFC models and store the IFC
elements in menmy. The script subsets the IFC element data according to the requirements of

the specific analyses; for example, IfcFlowSegment assets belonging to a main water system
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areselected for the selection process detailetl24 Functionsvere developed thatace the
element relationship structure in the IFC files neags$ar obtaining individual object
geometries, and for converting between the Cartesian CRSs local to these objects and the
OSGB36 geospatial CRS needed for integration with the OS footprint and NWL asset data. The
DTM model used for the geospatial d&also applied to correction of the elevation of the
base coordinate (within the IfcSite element) of the IFC model for B8on code was
developed to carry oufi¢translation, rotation and scaling operatigedto bring the IFC data

into the OSGB36 CRS within the same processing pipeliftas coding of the conversion
process, rather than use of a software package, enabled more insight into data quality and
characteristics through debugging within the PyCharm integrated development environment
(IDE) and visual inspection of geospatial map$putat intermediate steps.

Within the Python projecthe NWL (geospatigl and IFC assetare represented ioustom
‘geobim’ objects for which custom object and attributes classes were developed. Bsardass
designed taepresent the object types attributes required for the analyseé\sset, IfcAsset

and SyntheticAssetfor inferred connectionsThe UML for these classes arttat attributes

for these classes are detailedrigure4.2.6-1. A module was developed for generation of these
custom objects once tls®urce data had been parsed. Given the size of the IFC models (262
851 Mb each), these-memory Python objects for the IfcAssar®then dumped into Pickle

files (.PKL) for reruns of analyses and visualisations, avoiding unnecessary repeats of time

consuming IFC parsing (processing time for the geospatial data was not inhibitive).
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<<class>>
Point

+x: float [1] (Easting)
+y: float [1] (Northing)
+z: float [1] (Elevation)

<<abstract class>>
GeoBimAsset

+uuid: string [1]
+flow_position: FlowPosition [1]
+outline: Paint[2..*]

<<enumeration>>
GeometricRepresentation

SweptSolid
BoundaryRepresentation
SolidMaodel

+lineage: Point[2..%] SurfaceModel
+flow_start: Point [1]
+flow_end: Point [1]
: +radius: float [0..1] -
<<enumeration>> <<enumeration>>
IfcElementType FlowPosition
IfcFlowSegment Top
IfcFlowFitting Middle
IfcFlowController Bottom
Unknown
<<class>> ] <<class>> <<class>>
GeoAsset IfcAsset InferredAsset

+status_private: Boolean +ifc_element_type: IfcElementType

+rep_type: GeometricRepresentation (o additional attributes)

Figure4.2.6:1 7 A Universal Modelling Language (UML) representatiointhe data model
developed for integration of the WDN with the BIM water netwo8ane details of the model

that are present in the project code (see impact statemerage [Vfor details on where to

find the codg¢are omitted due teedundancyandsomeclass/attribut@mamedave been changed

for clarity. The greyout attributes ofhe abstract class GeoBimAsset included to show how
within-BIM flow chains were recorded as part of a smaller studyich attempted tdrace

flows through the internal pipework of the study subject buildings and relate them to sensor
data.

The UML of Figure4.2.6-1 shows a nomedundant representation of the data model developed
for the WDNBIM integration. The flow_start and flow_end attributes were derived from
spatial topological relations (for exarmepthe end of a terminal pipe not touching another pipe
is the flow end) used for calculating precise valuespfoximity, alignmentandtransit, the
values depend on which end point is consideredrianferredconnectionThese start and end
points, audl the flow_position attribute, do not accountttoereversal of flow directiothat can
occur in some parts of WDNsther purpose is to identify flow direction with respect to
connectivity down from geospatial scale to BIM scale so WDN assets in which flow direction
could change are not considerktheages andutlines were computed from the geometines

the source datalrhe GeometricRepresentation enumeration values were used to determine
whether the outline or lineage of the assets should be usegeémpatialmapping: for
SweptSolid, the lineages were useftth the radius attributes used to inform display thickness

for the others, outlines were usietbr simplicity, minimum rectangular bounding boxes were
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used in place of the detailed boundarise IfcElementType was used to filter for the elements
for those that should be considered for intersection with theibgiliotprints (only the
IfcFlowSegment elements were consideré&tie status_private attribute for the GeoAsset class
represents whether the NET_FUNC attribute was set to PRIVATE.

There are many ways a building or facility can be modelled in IFC, sucthéhgpecifialetail

omitted in this filtering or abstraction processay vary between the implementations for
different case studiedn this case study, the IFC elements are atdbd in complex,
hierarchical spatial and thematic structures, and many objects are represented with very detailed
boundaries that primarily served visualisation purposes. Most of this complexity was discarded
(and hence lost) during the abstraction ofthelements to instances of the IfcAsset class shown

in Figure4.2.6-1.

Thecomprehension, processing and visualisabidirC geometriesequired significantly more
programming work than for the geospatial d@weptSolidelements (used for pipes) were
translated to lines, making use of the objects' local orientation and IBngph jfcFacetedBrep,
SolidModel| SurfaceMdel and IfcFaceBasedSurfaceModelements were resolvable to
geometric boundary representations from whicanding boxegthat contained the spatial

limits of the surfacesyeregenerated for visualisation

Several Python modules were written for gefiegamaps of the source data (sectbB8.?),
carrying out the analyses (including the algorithm of secti@® and producinghe results
(section4.2.2 of this chapter, making use of multiple external libraries including Numpy,
Matplotlib, Shapely and Geopy. Other Pythdmdries, including NetworkXareused for the
subsequent network analysis detailed in seddiédh The projectis structured into separate
modules for statistical, spatial and network analysis functions (along with others for spatial
mapping and graph network visualisation). Git was used for vecsiotmol andhe repositories

are described in the Impact Stateméirthes thesis.
4.2.7 Resultant transboundary topology

The pra@ess described early in sectidn2.4 returns all distributionnetwork connection
candidates and one building entry asset for mains water for each of B1 and B2. The
georeferencing of B3 is adjusted (by a rotation of the project vector, as described earlier) until
an entry asset is identified, bringing the assetsalgmmentwith the corresponding footprint.

The output of this first process is a et@emany relationship between BIM entry points (one
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per building) and candidate distribution assets. The algorithm described in de2ttos then
applied, identifying which of the many distribution candidates is the most plausible for pairing
with the single building entry point$he candidate selection algorithm is applied sogburce

data with candidates identified firstly using spatial topology and then using semantics, as
described irsection4.2.4 Theresults are presented gure4.2.7-1 & Table4.2.71, and
Figure4.2.72 & Table4.2.72.
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Figure4.2.71 - Results of applying the algorithm described in seciéhy with distribution

assets identified by thespatial topology. The dashed red lines indicate the most plausible
connections. The thredigit figures identify the distribution assets that are candidates for
connection to buildings B1, B2 and B3 (Sesble4.2.71 for scores).The ID values for the

pipe assets (e.g. 969, 038 etc.) are the final three digits of the IDs used in the NWL dataset.
Contains OS dat@ Crown copyright and database rights @@dnance Survey (100025252).
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Building | Asset ID | WSM WSM Proximit Alignme Transit
diff y nt
969 2.901 0.998 0.902 1.000
Bl 434 2.742 0.159 1.000 0.742 1.000
992 2.353 0.389 0.854 0.770 0.729
038 2.692 1.000 0.692 1.000
B2 306 2.127 0.565 0.200 0.927 1.000
305 2.124 0.003 0.196 0.928 1.000
754 2.982 1.000 0.983 0.999
B3 737 2.643 0.340 0.792 0.993 0.858
038 2.506 0.137 0.656 0.851 1.000

Table4.2.71 - Plausibility scores for the top three distribution candidates for each building
when identifying candidates by thespatial topology. The WSM diff is the difference in
weighted sum model score for that candidate and the one just above in rank.
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Figure 4.2.7-2 - Results of applying the algorithm of sectidr2.5 with distribution assets
identified by semanticsThe threedigit figures identify the distribution assets that are
candidates for connection to buildings B1, B2 and B3 {sd#e 4.2.7-2 for scores).The ID
values for thepipe assets (e.g. 969, 038 etc.) are the final three digits of the IDs used in the
NWL datasetContains OS dat@ Crown copyright and database rights 2020 Ordnance Survey
(100025252).
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Building | AssetID| WSM WSM Proximity Alignment Transit
diff
969 2.903 1.000 0.903 1.000
Bl 384 2.095 0.808 0.257 1.000 0.839
444 1.819 0.276 0.824 0.003 0.992
038 2.692 1.000 0.692 1.000
B2 304 2.233 0.459 0.243 1.000 0.990
303 2.184 0.049 0.238 1.000 0.947
038 2.859 1.000 0.860 1.000
B3 306 2.606 0.253 0.606 1.000 1.000
304 2.332 0.274 0.397 0.934 1.000

Table4.2.72 - Plausibility scores for the top three distribution candidates for each building
whenidentifying candidates by semanticehe WSM diff is the difference in weighted sum
model score for that candidate and the one just above in rank.
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Therealworld connectivity of each of the buildings to the WDRhe ground trutfi is known
as far as is evidenced in detailed building services schenfatios site inspectionand (for
B1 only) the study of flow between the WDN and the U§ietailed in ection4.2.3. A section

of the diagram showing connection of B3 on its southeast side is shéwgune4.2.73.

METER & IV's LOCATED IN METER CHAMBER

WATER METER (/W BWS PULSED OUTPUT USE
FOR BREEAM EXTERNAL LEAK DETECTION
METER PROVIDED BY UTILITIES SHIPPER

............................ - . v "_ EW:I ( ) I:W:l‘ S WATER SUPPLY UNDER
_ }
|

ROAD CONNECT ONTO
TOWN MAINBY

L 3 BY NORTHUMBERLAND OTHERS
L T P P T b WATER
BY NGB

#90mm INCOMING MCWS TO SERVE BUILDING

Figure4.2.73 - Section of a diagram showing that B3 connects on its southeast side. This and
other similar diagrams were usedccmmbination with site visitto groundtruth the connection
points of each building to the WDN.he dashed black line running eastwardsnftbe meter
chambeis approximately at the location of asset 754, shcovmected to B8 Figure4.2.71.

In both sets of results, the distribution asset identified as most plausible is 969 for B1 and 038
for B2; these selections are consistent with the ground truth. An indication of confidence
this selection is provided by the weighted sum model difference (WSM difalie 4.2. 71
andTable4.2.72). For B1, the selection confidence is substantially higher when figiagti
candidates using semantics rather than spatial topology (WSM diff increase from 0.159 to
0.808); for B2, the WSM diff changes from 0.565 to 0.459, indicating that the use of semantics
does not increase the confidence in selection of asset 038. Howelethe relatively poor
alignment of asset 434 with the vector connecting its end point to the entry afi@iment
criterion) prevents its selection as the top candidateifahthrough spatial topologyThe

results inTable4.2.71 for B1 show that the Euclidean distance (proximity criterion), if used
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alone, would return asset 434 as the most plausible; the results also showtthasihef asset
992, which would implausibly run through the footprint for B1, ensures it is a relatively weak
candidate.

For B3, the selection differs between the two results: when identifying candidates using spatial
topology, asset 754 is considerethadidate and the algorithm identifies it as the rplaatsible
(Figure4.2.71); however, when using semantics, asset 754 is eliminated as a caaddidie

most plausible candidate for connection to B3 is asset 038, the same asRmuB4(2.7-2).

The ground truth is that B2 connects to (or esst through) asset 754, as calculated for
candidates identified using spatial topology; furthermore, this selection is more confident than
the selection of asset 038 from the candidttasare identified semanticallgs indicated by

the highdifference in WSM between the top two candidates (0.340 compared with 0.253).

In order to assess the impact of the uncertainty in position of the distribution assets on the
results, the sensitivity of the algorithm to this uncertainty is measured using a Monte Carlo
method. The positions of the distribution assets are randomlyepedtedly adjusted across a
uniform distribution within thenaximum Euclidean distance error of 6 m; the result of 1000
iterations on the top three candidates for B1 (when spajmlogy is used for candidate
identification) is shown ifrigure4.2.74 as anexample.
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Figure 4.2.7-4. Positions of the top three distribution candidates (identified uspagial
topologyi seesection4.2.4 for B1 after repeated randomisatiohtheir positions within the
measured Euclidean error bounds of £6 m. This sensitivity analysis was applied to all candidate
assets for all three buildings (resultsTiable4.2.73). Contains OS dat® Crown copyright

and database rights 2020 Ordnance Survey (100025252).

The algorithm is then applied to the source data for each of these repetitions, generating
statistics Table 4.2.7-3) that represent potential alternative outcomes under the uncertainty
conditions. For B2 and B3, the candidates selections remain unchaegmdiless of whether

the candidates are selected using spatial topology or semantics. However, depending on the

candidate selection method, the most plausible asset returned by the algorithm was not
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consistent for B1 these differences are shownTable4.2.73; when spatial topology was
used to identify candidates, asset 434 was returned as the most plausible for connection to B1
for approximately 1% of the iterations (demonstrating sensitivity to uncertainty in position)

butwhen semantics are used, the selection is always asset 038 (demonstrating insensitivity).

Spatiattopological identification | Semantic identification
Building | Assetf WSM WSM Total Asset| WSM WSM Total
ID mean range selections ID mean range selections
969 |2.847 0.435 905 969 |2.878 0.503 1000
Bl 434 | 2.701 0.276 95 384 |1.972 0.145 O
992 |2.141 0455 0 444 | 1.715 0.226 O
038 |2.691 0.244 1000 038 |2.688 0.262 1000
B2 306 |2.091 0.135 O 304 |2.177 0.285 O
305 |2.092 0.137 O 303 |2.121 0.403 O
754 |2.990 0.059 1000 038 |2.865 0.099 1000
B3 737 |2.530 0.398 0 306 |2.527 0.252 0O
038 |2.520 0.398 O 304 |2.233 0.146 O

Table4.2.73. Results of a sensitivity analysis in which a Monte Carlo method was used to
randomly and uniformly vary the position of the distribution assets within their maximum
measured error in position (6 m) over 1000 iterations.

Thealgorithmcancorrectly infer connections between all three buildings and the WDN without
the use of semantics; the use of semantics yields higher confidence on correct selection for two
of the buildings but an incorrect selection for the third. The residlthe sensitivity analysis
(Table4.2.73) indicate that, for the study dataset, the algorithm is sensitive to existing known
uncertainties in position of the distribution assets when candidates are identified using spatial
topology hut insensitive when semantics are used accurately and completely in the source data
(with reference to righband side ofTable 4.2.73, note that B3 isassigned to asset 038

incorrectly due to incomplete semantics).
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4.2.8 Discussionof the heuristic inference method

The method haspplicability to the use case described in sectR2.3 (water network
partitioning) by providing a heuristic method of inferring the point of connectidmef-scale

BIM networksto the WDN In the context of dynamically configuration WDNSs, taikows the
simulation of dowrstream impact of redime topology reconfigurations. Theharacteristics

of or element types within tr@IM MEP modellingmay indicatesomecriticality to continuity

of supplyto the facility representedUsing the exampleigen in 2.2.3 the MEP model of a
hospital may contain many objects representingslifpport appliances.|éng with a digital
representation of where this facility connects to the distribution netwosk,irtformation
indicates can be used to predict the consequences of cutting off or reducing supply (or pressure)
to a noden the WDNat which thenospitalconnects.

It should be noted thahé study considers only three buildings in a single urban area.
Generalisations of the analyses and assessments of the results of this study remain tentative
until the method (or similar method) is tested on datasets containing a larger number of BIM
models of different facility types (residential, for example) and iféerént geographic regions;

this scaling will test whether the method has been unintentionallyfitteer to the case study

source data, help to evaluate the assumptions that underpin the method, support unequal criteria
weightings and identify other teria for the MCDA. Br example, similarity in diameter
between pipes in candidate pairs could be used to increase selection confidence; trees and other
vegetation (or urban features) that penetrate the ground beyond a threshold depth could be
modelled asobstructios to safe and stabl@ipework transit,given that the growth and
movement of tree rootss known to cause damagenderground pipeg¢Cameron, 2001;
Pritchard, Hallett and Farewell, 2013)nd linear features such as paths, streets and channels
could be used to determine a transit that is more likely than a shortest path (itisai$mm

the datasets used in this stuiiiyat pipes are placed along more circuitous routes that run
alongside structurgs For the transit criterion, some open areas enclosed by footprints may be
implausible transit zones; convex hulls of footprint vertices could be used to addre4b this.

BIM adds scheduling data as the fourth dimension and might enaldeedlimg of the time
dependency of physical obstructiddowever, any refinements shouté balanced against

potential loss ofeneralisation and hence transferability to other types of utility infrastructure.

The application of the method tolarger dataset brings into question the scalability of the

inference algorithm with respect to speed of computaiitis is important to the application
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of the method teealistic scenarios (see sectdd.8 i such as entire urban ardafor which

larger datasets must analys®dth the existing code implementation and hardware used, the
inference algorithm takes approximately eight seconds to complete on thedatadgt. For

most existing building stock, BIM models do not yet exist and new BIM models (for existing

or new facilities) could be processed as they become available rather than in bulk, such that this
processing time would not likely be inhibitive. Hgeessing speed did need to be increased, the
distance from a building entry point within which WDN assets should be considered for
candidacy (200netreswas used for this study) and the number of footprints that could be
intersected by an inferred asset could both be reduced. Furthermore, the algorithm could be
parallelised by distributing the computation by BUWDN pair (and more powerful computers
could be used), such that the estimated potential computational demand would not be
prohibitively high even for bulk processing of realistic urban areas. However, more constraining
might be the number of BIM models in need of a manually correction similaattodtried out

for B3.

The transferability of the method to other utility types should be evaluated by applying it to
wastewaterelectricity and gas network infrastructure. This evaluation could use the same study
area as an experimental control but, eevjpusly discussed, would also need to encompass
other geographic regions and facility types to yield results that can be interpreted with more
confidence. With sufficient BIM data for the building stock, the method could be applied to
network optimisatia over a much larger are&ny evaluation on other utilities should consider
whether the existing MCDA criteria and underpinning assumptions are appropriate for these

other utility types.

This study shows that it is possible to integrate networks withuastie inference method but

also that the process is technically demanding and far from automatable with existing datasets.
As described in sectioh.2.4 the spathl topology of he asseteeeded to besed to identify
candidates for connection to the buildimgaking use of spatial inference to overcome the
inconsistent use of attribution thabuld otherwise have identiled candidats with more
confidence Although these challenges might suggest that the cost outweighs the benefit at
present, if digital representations could be standardised such that they better facility trans
boundary connections, the integration could be sufficiemtitomatedo make the process
worthwhile.In order to better quantity any likely benethgere is a need to identify other use
cases for the ability to represent the connectivity of fseale internal building water networks

with their surrounding WDNs
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4.3 Application to water network layout planning

4.3.1 Introduction

Chapter 2 section2.2.4 outlined aconfigurationplanning use case in which theyouts of
internal building and distribution networks can be optimised in the context of each other if their
digital representations nde integrated. Supply reliabiligan be increased by ensuring that a
critical facility connects to a node in the network that offers higher routing redundancy and this
section examines how this can be used as a factor in\BIMayout planning.The research
approachof section2.6 specified the need fanfluence from data producers and application
domain experts;for this study, tcussios with a Continuousimprovement Lead at
Northumbrian Véter were used tguide andverify therelevanceof the researcto realworld

WDN management scenaridd®nverations emphasised the importance of ‘'marginal gains' in
reliability of water supply to consumeggrticularly given the large fines incurred by provides

even in the event of small increases to outage durations.

Robustness, redundancy, resilience and reliability are closely related but different concepts. A
robust system may be defined as one thiatsis sensitive to disturbandgsomayounfaet al,

2018) or more tolerant of errors and failur€gazdan and Jeffrey, 2011)Redundancy is
residual system capacifyGi h a ,or th éx@steénce of alternative supply pgttiazdani and
Jeffrey, 2011)and is a key component ofysgem resiliencéMatthews, 2016)Resilience is
defined insection2.2.3asthe capacity of a system to resist, absorb, withstand and rapidly
recover from exceptional conditianBoth robustness and redundancy (and hence resilience)
are related to system reliablif Gi h a , It faldw® t@a) the dpological configuratiomf a
networkinfluences system performance wrtdgpect to allof these qualitiesln the context of
WDNSs, a network with high routing redundancy can suffer more interruptions (such as pipe
bursts) without supply failure because there more alternative paths to consumers that bypass
the assets caugrthe interruptionGiudicianniet al. (2018) articulate this as follosr "The
complex and meshed structure of WDNs allows the syBigetover fom failures, exploiting

the topological redundancy provided by closed loops, so that the flow could reach a given node
through different paths Although other factors influence system resilience and reliability
(such as pipe construction material and age, environmental conditions and reservojritlevels)

is favourable for a building's main water network to be configured such that it may betednnec
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more easily to a point in the local WDN that offers the highest redundancy; convirgely,
favourablegor a WDN tobe configured in such a way that a topologically favourable connection

point is close to the entry point to a building.

Water distribtion networks are spatially constrained by their geogra@occalettiet al,

2006) can be considered complex and modelled as g{&pbdicianniet al, 2018) and graph
theoretical approaches can be applied to them in search of robust network topologies
(Agathokleous, Christodoulou and Christodoul@@] 7; Torrest al, 2017; Giustolisi, Ridolfi

and Simone, 2019yvhich are an important factor in network resilience. The following section
considers how graph metrics can be used to measure the increase in WDN robustness that can
be achieved by optirsing the topological configuration of a set of buildings, again using the

Helix site as the case study.
4.3.2 Example network layout

Figure4.3.21 presents a fictitious, simplistic WDN of one District Metering Area (DMA) that
feeds one building; this example layout supports an intuitive understanding of the influence of
WDN layouts on BM MEP design. The challenge is to determine which connection option
from the WDN to the building (option 1 or option 2) offers the highest routing redundancy and

hence which internal building layout is preferable.
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Figure4.3.2171 Centre: a fictitious, simplistic WDN that is used to demonstrate how a network
layout may influence the configuration of a BIM MEP model (or vice versa). The integer values
next to the links indicate approximate Euclidefistances (arbitrary units). The building is
treated as a single node without consideration of the internal building network (which is shown
for illustrative but not analytical purposegkft: flow paths when the DMA is fed from the
north; Right: flow pats when the DMA is fed from the east.

If the DMA of Figure4.3.21 is fed from the north via node A, from a routing redundancy
perspective, it is intuitive that option 1 is topologically favourable to option 2 (the routing
options are shown on the left Bfgure 4.3.21): the multiple paths through C and D offer
alternative paths to the building in the event of a pipe failure in the dtnidodgle region
formed by nodes B, C, D and E. Alongside each link is shown anxapmate Euclidean length
(arbitrary units). Note that the routeB\C-E is of identical value to that of-A-G-H, such that

the additional paths that use D ensure that connection option 1 necessarily offers more
redundancy (for example, if pipe® bursts water can transit via-B). However, if the DMA

is fed from the east via node H, although there remains only one path via connection option 2,
this path is shorter than all paths via option 1, presenting higher vulnerability to supply; is this

situation, option 2 is clearly favourab
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For more complex WDNSs, it is unlikely that such a visual inspection will provide intuition for
determining an optimal layout and an automated method is reqVieghus statistical and
spectral graph theoretical techniques can be used to measunartheteristicof WDNSs.

4.3.3 Robustness metrics

Several statistical metrics have been used for measuring topological redundancy and
robustness: average node degree, link density, clustering coefficient, meshedness coefficient,
average path length and cerqpaint dominancgYazdani and Jeffrey, 2010; Di Nardo, Di
Natale, Giudicianni, Musmarrat al, 2017; Jung, Lee and Kim, 2019heliterature is not
consistent on whether each of these is a measure of redundancy or robustness; however,
although not identical, the two concepts are closely relajwen that the availability of
alternative supply contributes to topological redundamay that robustness encompasses a
system's error toleran¢¥azdani and Jeffrey, 2011)which may intude pipe failure$ the
topologically redundancy of a network contributes to its robustness. Spectral techniques, which
use matrix representation of graph netwodes) beused in combination with these statistical
metrics inrealworld scenarios and offealternative metrics of redundancy and robustness.
Torreset al. (2017)discovered particularly strong correlations between spectral metrics and
WDN performance indicatorSpectral gappecG (Estrada, 2006nd algebraic connectivity

(AlgC) (Fiedler, 1973)have been found to be the most representative spectral measures of
topological robustnesgrazdani and Jeffrey, 2011; di Naréo al, 2018; Giudiciannet al,

2018) with AlgC found to be most applicable to WDNSiudicianniet al, 2018) Of the
statistical metricsYazdani and Jeffre{2012)describethe use of the meshedness coefficient

as one of a simplified thremetric subset (along with AlgC and SpegG) that can be used for

measurement of a network's robustness and redundancy.

When representing the DMA shownkigure4.3.21 asa graph network (with the building as

a single node that connects to either E or H, and the DMdsfeet included as links), most of

the statistical metrics (including meshedness) are unaffected by the choice of connection
because the metrics depend on total counts of nodes and(Dnkardo, Di Natale,
Giudicianni, Musmarraet al, 2017)(this assertion also applies to rearld WDNSs). The
spectral metrics, however, do vary by connection choice. Also of importance is that all of the
above metrics yield a value that is independent of whether the DMA is fed from the north or
east (via node A or H) because none of the metrics atsmunhe flows through the network.

However, for dynamically configurable WDN topologies, potential routings extend beyond the
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limits of existing DMA boundaries and assets beyond the DMA entry nodes should be
accounted for in robustness and resiliendeutations. In this context, finding optimal points
for connections of buildings should consider a wider spatial scope of the network that could be

physically connected to the buildings.

Although it is "somewhat unrealistic to use a single metric to ctaearae network structures

or capture a vast amount of information on different aspects of network robustness and
vulnerability” (Yazdani and Jeffrey, 201,2yiven the above reasoning, AlgC is applied to the
WDN surroundhg and supplying the Helix site in order to examine whether this spectral metric

can be used in support of layout optimisation.
4.3.4 Application of algebraic connectivity to the Helix site

Althoughit is known from conversations with employees of NWL thatwieN surrounding

the Helix site isnot dynamically configurablet, is now studied in a hypothetical circumstance

in which flows are not inhibited by fixed states of boundary vailvdsat parts of the WDN

outside of the existing DMA may be connected toHledx site. The WDN is represented as a
graph network with pipes as links and their intersections as nodes. Robustness metrics can then
be calculated for the topological configurations that result from different options for connecting
the buildings of thédelix site to this WDN.

Construction of the graph network involves exploiting the spatial representation of the pipe
assets to derive a spatial topology from which connectivity is inferred. Although hydraulic
models that include explicit asset connecyidr the network exisavailablein INP format

which is native tothe Epanet softwar@JS Environmental Protection Agency, 20RQhese
hydraulic datasets are missing data for multiple assets that are present in the geodatabase
containing the WDN asset ddtee sectiod.2.2). Instead, the coincidence of assetpointis

used to derive 'touch’ relationships between pipes, which is assumed to imply functional (flow)
connectivity. Those pipes that intecsbut do not touch are not assumed to be connected (pipe
depths vary)In-situ observation of pipe connectivity (based on location of manhole covers)
around the Helix sitémply that these assumptions yield a correettwork topologybut the
assumption remains unverified for the entire datadet coordinates (in OSGB36) for the pipe
endpointswere consistently represented in the geodatabase with a precision of 1mm and the
same coordinate values were used for the coincident endpoints oénliffssets. In the graph
network, any two pipe assets that touch at thagtpointsare represented as two links that
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connect to a single node, which is identified by the shared coordinate. By this method, graph
networks of subsets of the WDN are cong&dcEach building and its connection to the WDN
comprise an additional link (the service pipe) and node (the building). Algebraic connectivity

(AlgC) calculations are performed on this graph network.

AlgC of a graph network is defined as the second larggenvalue of its Laplacian matrix (L),

which is constructed by deducting the graph's adjacency matrix (A) from its diagonal matrix
(D). The diagonals represent the degree of each node and-tiagihals (of matrix A) the
connections between each ngdazdani and Jeffrey, 2010; Di Nardo, Di Natale, Giudicianni,
Greco,et al, 2017; Giudiciannet al, 2018) A and L can be weighté&by known connection
strength between vertices; this has been used for measuring the robustness of networks for air
transport(Wei and Sun, 2011)xatellites(Zhenget al, 2017) UAVs (Nagarajan, 2018xnd

water distributior(Di Nardo, Di Natale, Giudicianni, Grecet al, 2017) Di Nardoet al.(2018)

provide a formal description of these spectral graph theory concepts in the coNt&ef

When constructing L for the Helix WDN, each link (pipe) is weighted by the inverse of the
length of the pipé& the basis of this is the assertion that grgaifsglength corresponds to more
vulnerable and thus a weaker link (longer routes are less favourbfsdegonnection options

for each of the Helix building are the nearby flow terminals of the WDN; in this study, all of
those within 5ametresof a building ae allowed as options for connection to that building. The
WDN is subset by regions encompassing 200, 300, 400 anché&id@sfrom the centre of the
Helix site (see Figure 4.3.41), the mainconnected components of which are used for
calculations The increasing radius for the remits represents a larger spatial scope of the WDN
that is considered to be connected tolihdings.The Helix buildings are included as nodes
and their connections as links within the main compon@&igC calculations are performed

for all 144 possible configurations of the three Helix buildings to the WDN for each of the
bounding regions (talling 720 calculations). The configurations with the smallest and largest
AlgC values are compared for each spatial remit. The higk@stonfigurations for each of

the network configuration is shown kigure4.3.42 andthe increase in AC from the least to

most favourable configurations is shownTiable4.3.41.

OS MasterMagpopography building footprint data are used in place of BIM models with the

points of entry of water to the buildings left as a design parameter. For display purposes and

34 This weighting operation also involves a scaling of the diagonals such that the sum of each row in the matrix is
zero.
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under the assumption that minimum pipe lengths are preferable, th&VBBIM connectios

(for any particular configuration) take shortgstth transits to the perimeters of the buildings.

The technical implementation of these calculations is performed using a single Python script
that uses the NetworkX library and linear algebra moduldgiofpy. Much of the Python code
developed for the technical implementation described in se¢tib6was reused. Additional
functions werewritten for computing points on the peripheries of the building footprints that
were nearest to the connection candidates. A script was developed that iterates over and runs

graph analyses for all the possiBIEBVI-WDN water network configuration options.
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Figure4.3.41 - Spatial remits (black circles) used to subset the WDN (blue lines). A graph
network is formed using the spatial subsets of assets, the main components of which are used
in algebraic connectity calculations (isolated assets are disregarded). The three Helix
buildings are shown in the centre with-B@tre buffers (red) used for selecting possible
connections for configuration options. The other buildings in this area of Newcastle upon Tyne
(also shown in grey) are not usedtlre calculations of this study.
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