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Abstract

The overall goal of this thesis e develop and validate ways to effectivelgasue and visualiz
integrated project interface statisterms ofinterfacehealth, workload, and engineering progress
Collaboration, communication, and interactions between project stakehb&lera high impact on
the overall success abmplex capitaprojects.Managinginteractions betweestakeholderstracking
deliverablesmeasuringvorkload, and measuring engineering progress is particularly important in the
early phases otomplex capitaproject. Early phases include: (@yojectdefinition, (b) conceptual
plan and preliminary desigii¢) detailed design, anfl) procurement Due to the iterative nature of
design and the cyclic nature of the communications and deliverables between project stakahglders,
decision made in those phases or any health problem between project stakelsoiderss
misalignment or miscommigations hasa critical effect on the reminder of the projectThese
complexities are beyond the capabilities of traditional project management methods such as CPM
(critical path method) schedulirend Eared Value Analysis To managetheseprojects andheir
complex nature, newnethods that can detect overloaded interfaicEstify unhealthy relationships
between stakeholders and measure engineering progresseededin addition to the existing
traditional project management methodshia constructio industry

Consistent with the overall goal of this thesiige djectives of this thesis ate (1) develop methods
to measure and visualize health and workload between project stakehafdk(2)develop methods
to measure and visualize engineeringgress byusing BIM (Building Information Model) and IMS
(Interface Management System) related data

To address the first objective,paoject monitoringmethodnamedintegratedProjectMonitoring
Method (Contribution1l, C1)that visualizesnterfacehealth and workloadheasurements withithe
stakeholder interface netwoik introduced To populate this visualizatiofor a given projectboth
guantitative C2: FrameworkA) and qualitative €3: FrameworkB) measurements of earphase
project health ad workloadare developedThe quantitative analysis receives its inputs frroject
electronic information management systernmluding: Interface Management Systems, Project
Schedules, Change Management systems, Document Management systems, andfoetasgmbn
technology (IT) as well avorkflow management systemibhe qualitative analyses receives its inputs

using a novelsimplified qualitative point systerdeveloped as part of this thesis.
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To address the second objectiaeovel connectiobetween Interface Managemengstems(IMS)
and Building Information Maagement (BIM) data (C4: BIM+I1& Connector) is proposed aibdel
Maturity Index (MMI) definitions forMass Rapid Transidtomain C5: MRT-MMI), as well as

corresponding assessmainid visualizatioriools (C6: MRT-MMI -AT) are developed.

The methodological contribution(€1-C4) of this thesiscombine to form a holistic approach to
measuring and visualizing project health and workload in the early phases of project progréiss, with
potential to give owners and managers early indicatdaout where additional efforts might be best
applied to support project success.

The validation of thishesiswas done across several different projects in different domains. The two
primary domain®f validation were Mass Rapid Transit (MRT) and Nuclear Power Generation (NPG),
with various subdomains in eabking consideredit is concluded thameasuringnterface health and
workload between project stakeholdémnscomplexprojects, such as MRT dnNPG projectsand
measuringengineering progress during the early phases offR& projectsis feasibleby using the

tools and frameworkdeveloped angresented in this thesis.
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Chapter 1

|l ntroducti on

1.1 Background and Motivation

Defining complexity in construction projects is a challenge. Mass rapid transit systems, refineries,
nuclear power plants, and port facilitiese often considered compldéecause theynvolve large
numbers of project stakeholders with different backgrewamdi locations, employ new technologies,
have logically intricate activity relationships, involve multiple contract types within a sophisticated
delivery and governance structure, dralse a high cost as well as exposure to (&thokri, 2014;
Shokri, Haas, et al., 2016; Shokri et al., 20Typically, these projects end up completed late, and
occasionally, billions of dollars over budget, though they can be managed successfully.

Effective communication amongst all the stakeholders is one of the most critical success factor
in project management. Often, miscommunication between stakeholders leads to inefficient processes
and project del ays. According to the Project
findings, on average, twio-five projects do not meet the original project goals, andimfige
projects are unsuccessful due to ineffective communic@@ibti, 2013) That shows how crucial it is
to manage communication and connections across stakeholders for meeting project goals.

Management of stakeholder relationshiporkloads, deliverablesand measurement of engineering
progressare particularly important in the early phases of a project which are acceptajast
definition conceptual plan and preliminary desigifetailed designand procurementphasesn this
thesis Even though any decision made in those phlaaea significanteffect on the re@inder of the
project, limited attention has been given to those ph@sastin et al., 2002) Traditional project
management methods, such as CPM, do not completely cope with these complexities, nor do they
explicitly handle the iterative nature of design or the cyclic nature of communication and d&diverab
among stakeholders the early phases of complex capital proje@sistin et al., 2002; Lawrence &
Scanlan, 2007; Srour et al., 2018) order to manage such projects and achieve project goals, new
methods thatan detect overloaded interfaces or unhealthy relationships between stakelzoiders

measure engineering progress crucial itheconstruction industry.

Several promising practices, tools and systems are emerging for management of complex projects in

the early project definition, design and procurement phases. They inchrd®is electronic
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information management systenmich as Interface Management (IM)automated Change
Management (CM), Request for InformatidH), Contract Management, DeliverabMsinagement,
Building Information Modeling (BIM), Document Management Systems (DMS), Collaboration
Management Systems (CMS), Workflow Management Systemd8)Nfas well as processes and
practices, such as Front End Engineering Design (FEED), Project Definition Rating Index (PDRI), etc
(ElI-Gohary & ElDiraby, 2010) However, while each of these systems solve some aspect of the
management problesyposed, they are not well integrated in theory and practice.

Conventional project management approaches such as CPM scheduliayrzedl/ alue Analysis
remain the backbone of modern project managememijever,t oday 0 s projects rel.y
sophisticatedsystems that employ iterative methodologiksthis thesis the question of how to
measue engineering progress and project health duttiregearly phases of complex capital projects is
explored.Progress measuremeistdefined as a quantitative assesdnoéthe state of development of
a project between conception and delivery for B¢ate of developmeoan be defined for example by
thelevel of detail in 3D design (e.g. BIM), process models, risk registers, public consultations, permits,
right-of-way, project delivery method, procurement specifications, and other project definition and
design elementsiealth measuremeris defined as a quantitative and qualitative assessment of the state
of functionality of stakeholder collaboration in the projeQuantitative assessment includes, for
example, the percent of stakeholder interface agreement deliverables subnities] onthe response
time distribution for requests for information. Qualitative assessment includes, for example, perception
of alignmen amongst stakeholders, confidence in project leadership, participant satisfaction, stress
levels, and other factors. Methods exist for progress and health measuy@mdahiose methods are
explained in Chapter 2 of this theslwowever, they are poorlyesieloped for the early phases of

complex projects.

Improved measurement of project health and engineering progress at the early phases of complex
capital projects is required in order to improve their performance. To improve and measure project
health andengineering processes, relations among currently dominant collaboration and management
systems used for the early phases of complex projects must be developed. Such systems include
Interface Management Systems (IM&)ich is used for managing communicatsoand deliverables
between project stakeholders with a process oriented appBuaitding Information Modeling (BIM)

systems (as well as their industrial and infrastructure equivalemigh is used for creating an



intelligent model of a project with awbject oriented approachnd conventional CPMased project

management systemdore detailed explanation of IMS and BIM are given in Chapter 2.

1.2 Research Objectives

The overall goal of the proposedresearchis to developand validatemethodsfor measuringand
visualizingintegrated project interface stathetween project stakeholders in terms of health, workload,
and engineering progressonsistent with the overafjoal the objectives and theub-objectives that

need to be covered in thisesisinclude:

1. Developand validatenethods taneasure and visualizeealthandworkloadbetween project

stakeholders involving:

1 Definition of quantitativanterface health indicators that can be calculated automatically

by actual project data

1 Definition of qualitative interface health and workload indicators that need human analysis

and input forthe calculation

1 Development ofmodelsbased on both qualitative and quantitative indicattmnmeasure

interface health between project stakeholders

1 Developmenbf modelsto visualizepresent project health between project participants

semantically rich and useful forms.

2. Developand validatemethods taneasure and visualizngineering progresby using BIM

and IMS related data involving
1 Development of a framework for databdeeel integration of BIM and IMS
1 Definition of design progregseasurementriteria and attributes

1 Development of anodel to assestesignmaturity

1.3 ResearchPremises
The two key premisesf this research are;
1. Measuimgand visualizinghealth and workload between project stakeholderdadilitateearly

detectionand more effective diagnostd overall projecthealth problems in complex capital

projects



2. Project design progress can be tracked more accurately with integrated BIM and Project

InformationManagement systems, suchids.

1.4 Research Scope

This research study was conducted within the following scope:

1 Complex Capital Projectsith the focus omharge scale Mass Rapid Transit (MRT) projects
totaling hundreds obillions of dollarsannual activity globallyandNuclearPower Plant
Refurbishmenprojectswhich have araverage capital costf approximately$2 billion
(CAD) perStationUnit in CanadgCME, 2010; Fernandez, 2019)

1 Early phases of the gextsinclude project definition,conceptual planing, preliminary

design detailed desigrand procurement phases

1.5Research Methodology

The proposed methodology is illustrated as a flowdhdfigure 1. Overallthe research methodology
has five mainactions preliminary stagedesign and implementatipdiata collectionvisualization and

validation, and documentation.

Detailed descriptions of the required steps associated with the above approach and objectives are as

follows:

1- Literature review: Condict a comprehensive literature review on 3D information modeling;
project information management systems; interface management systems; project tracking,
control, and monitoring; building information modeling; level of development; model maturity

index; prgect health indicators; argbcial network analysis

2- Health and Workload Measurement Selectinterfacehealthand workloadndicators from
the literature and define metrics and methods to calculate them by the structured and

unstructured data.

3- Dashboard Development: Generate qualitative and quantitative, interrogatable -lukzdeal

dashboards to show interfalcealth conditios between project stakeholders.

4- Integration: Establish links and ways to manage them betw&érand BIM systems by

connecting interface points to related 3D BIM components. The links can be established by



connecting common featurestie 3D BIM andIMS such as; project specifications, location

and dimensions of the elements, &mdustry FoundatioilClasses (IFCs)

5- Formalization: Developnew engineering progress measurement definitions for Mass Rapid
Transit Projects.

6- Data collection: Conduct research meetings with industry partners and collect data for health

and engineering progress measuresi#oin one or more sample projects.

7- Model Development:Review several Mss Rapid Transit projectand create synthesized
3D BIM model and IM network systems. Define interface points between project participants
on boththe 3D BIM andthe IM network. Generiize the models.

8- Monitoring: Measure interface healtind workloadbetween project stakeholders aas$ess
project engineering progress according to data obtained from the IM system and 3D BIM
model. Develop a panel that shorgsults

9- Validation: Validate the proposed methods on sample deddected via functional

demonstratiomndfeedback from industry experts.

10- Documentation and dissemination:Document and present the findings of this resesizh

periodic eports,conference and journahpers and D thesis
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1.6 Thesis Structure

This thesis is organizedtmsix chapters. In Chaptédne, an overview of the background and

motivation of the project, research objectives, scapdmethodology is provided.

In ChaptefTwo, the literature review and background information abaetiace Management (IM)
systemand its elements, Building Information Modelling (BIM) and its components, project health and
interface health, engineering ggress measurement methods, and Social Network Anadysis

presented.



In ChapterThree,stakeholder interface networks atfe methodology of how to measure interface

health and workload between project stakeholders is explained.

In ChaptefFour, a framevork overview ofdatabasdevel integration of BIM and IMS and conceptual
engineering progresmeasurementlefinitions and corresponding assessment tdolsMass Rapid

Transit Systems are presented.

In ChapterFive, validation ofthe proposed frameworkra models are presentethe proposed
Integrated Project Monitoring Methasd validated through applications six complex construction
projects fromwo major industry segments: Mass Rapid Transit (MRT) and Nuclear Power Generation
(NPG). In order to vadatethe BIM and IM system integration and engineering progress measurement
definitions and assessment to@sypotheticalrailway model is created. Functional validation of the
proposed model is presented throaghilway project created.

In ChapterSix, a summary of this research, contributions, limitations, and recommendédions
future workis provided.



Chapter 2

Literature Revi ew

2.1Introduction to Project Management Information Systems

Managing and controlling information and document exchange betvegatt participants is one of

the most important elemestb successfully accomplish projects. There are several project management
techniques in literature and software on the market today. Some of the most known project management
systems are Change Magement, Deliverables Management, Request for Information, and Interface
Management Systen($MSs). In this proposal, all of these system® covered undethe Project

Management Information Systems (PMIS) definition. In the PMBOK Guidi€&dition, PMISis

defined as AAn information system consisting of t
disseminate the outputs of project management proc@®sss, 2013)It is used to support all aspects

of the project from initiating through ¢l osing, a
Among the aforemeidned systems, the main focoisthis resarchis on thelMS. Therefore, detailed

explanatios for other systemare notprovided in this Chapter.

2.2 Introduction to Interface Management Systens (IMS)

The concept of Interface Management (IM) was first introduced as a subset ofssystgmeering in
the 1960s and the first applicatiaof IM werein the aerospace industfonstruction Industry
Institute, 2014)Today there are several different definitions and classificatiotiseof t éntenfiaces
in literature. One of the initial definitions, based on a systems approachiweady Wren (1967) as

ifthe <contact point bet ween relatively autonomou:¢

interacting as they seek to cooperatatohi eve some | ar g\en, 135))Overdhe o bj ect i
yearsyvariousresearchers proposed more definitionsfiertermi i nt er f aced. Today many
consider an interface as fia common bubintatadtag v or i n
systems, organi zations, stakehol ders, (Ghenefj ect pha

al., 2007; Healy, 1997; Lin, 2013, 2009; Morris, 1997; Stuckenbruclg;2¥ren, 1967)

Interface  management (IM) can be defined as the process of manpoijertrelated
communi cations, pr oj ec tprogd phiseshand ptysicalksedtiti@hekis, ponsi bi |
Ahn, et al., 2016; Weshah et al., 2013; Wren, 196i7yeneral IM is used in complex projects and

executed by a large number of stakeholders who have different specializations, with many overlapping
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activities.ln 2014, @nstruction laustry Institute (@) introduced the IM implementation guide where
definitions of IMS elements, and effective IM practices that can be applied broadly on different type

of construction projects, are explainé@onstruction Industry Institute, 2014According to the
guideline, IMS is defined a8t he management of c o,nantueliveraldes i on s |
among t wo or mor e i (Cotsteuctibna lndestry sinsttutee B0OdA)rdedfaces O
Management Systems (IMS), which focus on managing the communications, relationships, and
deliverables between project stakeholders, are a potential solution for managing complex projects,
through definingbetter ways to identify, record, monitor, and track the project interféeesy,

Sanchez, et al., 2019)

Interfaces are generated when projects are divided into sevefalgabts undertaken by different
organizationgChua & Godinot, 2006; Shokri, 2018tuckenbruck, 2008andcan be classified as soft
or hard in a projectn the literature,riformation exchanges between project participants such as design
criteria, clearance requiremengs)d specificationselated interactionbetween engineerindelivery
teams or between a delivery team and an external partgcaepted agxamples of soft interface
deliverables. Examplesf chard interfaces include physical connections between two or more
components or systems such as structural steel conreqipe terminations, or cable connections.
Also, interfaces can be external or internal depending on how the work tel#ttednterface is done.
An interface within a single contract or scope of work can be considered internal, whereas if it occurs
betwveen contracts or scopes of work, then it can be considered external. Moreover, more detailed
classification of interfaces such as time interfaces, geographical interface, technical interface, and
organizational interface can be found in literature(@bua & Godinot, 2006; Eray, Sanchez, et al.,
2019; Shokri, 2014)

2.2.1Elements of IMS

A typical Interface Management System (IMS) would conefssix main components: Interface
Stakeholders, Interface Points (IPf)terface Agreements (lAs), Interface Action Items (lAls),
Interface Agreement Deliverables (IAD@nd Interface Control Document/Drawings (ICDs). The

definitions of these typical element®as follows:

1 Interface Stakeholder: An organization that participated in a formal Interface Agreement

which is within anM plan of the project.



1 Interface Points(IPs)A An | P i s a soft and/ or hard contact

interface stake o | d(8holgi @014)

1 Interface Agreements (IAs): A document that presesithe communication and agreements
between two Interface Stakeholders over an IP. It includes descriptions of interface

deliverables, need tis, and required actions for that specific IP.

1 Interface Action Items (lAls): A document that shows the tasks and activities completed to

provide the IA deliverables that are defined in the related IA.

9 Interface Control Document/Drawing (ICDs): A documentthat presents the information
related to the IP and its approved interface change requests.

1 Interface Agreement Deliverables (IADs)In order to generalize these terms, from this point
on lAls and ICDs will be mentioned as Interface Agreement DelivesalheDs) in this

proposal.

Generally, anMS may include dozens if not hundreds of IPs, each IP may include multiple IAs, and
each IA may include various types of IADs. Therefore, there could be numerous IADs in a system
(Shokri, 2014; Shak, Haas, et al., 2016A simplified IMS Herarchy can be seen on Figure 2

Interface Interface
Stakeholder Stakeholder
| ]

I
[ | |
Interface Interface Interface
Point Point Points

Interface
Agreements

Interface
Agreement

Interface
Agreement

Interface
Action Item

Interface
Agreement

Interface
Action Item

Interface Control
Document/
Drawing

Intertace Agreement
Deliverables (IADs)

Figure 2 Simplified IMS Hierarchy(Source Eray, Sanchez, & Haas, 2019)

Recording and managing Interface Points (IPs), Interface Agreements (lAs), and Interface
Agreement Deliverables (IADs) make up the core structure of an Interface Management System (IMS).

The fundamental data of an IP that should be recorded inttiadeference number, title, description,
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category, involved stakeholders and their responsibilities, creation and approval dates, and the status of
the IP. As illustrated in Figur@, there can be several IAs relatedan IP. Therefore, it is also
recommendedot register and track IAs by recordiaglescription of IAD, creation date, need date,
forecasted date, delivery date, and closing d&té (Construction Industry Institute, 2014; Shokri,

2014) These are the examples of metadata required.

2.2.2Applications of IMS in the Construction Industry

In the literature, an increasing number of studiethe Interface Management System (IM&finition,

interface problems, andeb-basedMS platforms, can be foundnterfaceproblems in construction

projects have been studiethdervarying constraints such as limiting the study to only two parties

involved in a projecsuch asowners and contractorsr designers and contractors, contractors and
subcontractorgetc. (Al-Hammal, 1990, 1995, 2000; AHammad & AlHa mma d 1996 ; Al H &
1993) or limiting the project type to a specific construction cateqo |amrlad & Assaf, 1992;

Chen et al., 2008; Yeh et al., 2013) to a specific phase in the project lifecyslech as design or
constructior{Arain & Assaf, 2007; Yeganeh et al., 201®to a country/regiof A | Hammad & Ass
1992; Sha b aortoa dpecifidinteffacetypd. 6 )

SeveralscholargproposedMS for various type otomplex projectsvhich are executelly a large
number of stakeholders who have different specializations, with many overlapping acBsitigsand
Gibb published pe of the early works on the need IfgS in building projects anohtroduceda system
to manage cladding interfacéBavitt & Gibb, 2003)In 2004,Harrison ad Hamilton provided an
overview of anMS for railroad and rail transit systems. They also explained interface problems that
can occur on different types of contracts in railway projects, interface control process illustrations, and
risks of IMS on rail transit projects(Harrison & Hamilton, 2004)In 2006, Cha and Godinot
introduced the Work Breakdown Structure (WBS) matrix concept to impi&ein construction
projectswith a case study on Mass Rapid Transit projéCisua & Godinot, 2006)Another IMS
platform was proposed by Lin (2018) connect project participants for managing ifstee problems

during the construction pha#ian, 2013)

In 2015, two different webased IMS are introducedu and Ding (2015proposedan integrated
interface model for metro egpment engineering to improve dMS by changing it from traditional
methods to a more standardized and structwedabasedM format (Ju & Ding, 2015) Lin (2015)

also developed web-basedMS that integrateshreedimensional interface maps to a BIM approach
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for engineers to improvphysical interface information sharing and tracking during the construction

phase for building project&in, 2015)

In recent years, usage of IMS has been investigated in variosofyganstructiomprojectssuch as
Mass Rapid Transit (MRT) projects, adaptive reuse projects, offshore prefecEor exampleYeh
et al. (2017) focuskon interface problems on designild and desigid-build type MRT projects
andprovideda four-step solution which includes using WEBSidentify key interface correlatiorasd
manage engineering interface problems in these prgjéetset al., 2017)Following that research, in
2020 Yeh et al. proposed preventive IM for Mass Rapid Tranejegs and suggested series of
interface design criteria for MRT projects to prevent interface problems related féiatest al.,
2020) In 2019, Eray et al explored barriers and interface problems occur in adaptive reuse projects and
investigated usage of IMS in adaptive reuse projEatsy, Sanchez, et al., 201%¥assari and Bahai
(2019) investigatedhe IM process and strategies to manage interfaces between various subsystems
during the design, fabrication, and installation phases on a case studth&oihand gas industry
(Yasseri & Bahai, 2019)

The wageof IMS is growing in the construction industry latelglthough IMS was introduced in
the 1960s it was not used in engineering and construction projects extensively, bectheskack of
necessary technological infrastructure and lack of common understanding @bdlely, with the
developments in information and communication technologies, more engineering amdctionst
projectshave adopted IM in different forms in their projects usinfidnse and commercial systems
(Shokri, 2014; Shokri, Ahn, et al., 2016; Shokri, Haas, et al., 2016; Shokri et al., 2011, 2012)

2.3 Introduction to Building Information Modelling (BIM)

Building Information Modé#ing (BIM) technology which was introduced almost thirty years ago, is

one of the most promising developments in the architecture, engineering and construction (AEC)

industry todayEastman et al., 2008) Al t hough the term ABI MO is very
single orwidely accepted definition for BIM technology. The definition provided by The National
Building I nformation Model Standard (NBI MS) as fia
characteristics of a facility and it serves as a shared knowlesiggrce for information about a facility

forming a reliable basis for decisions during its
the BIM definition for this researdiNBIMS, 2016)
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The main idea behind BIM is creating an intelligent modethef project which includes not only
graphical details, but also engineering information of the system such as material data, wind force, cost,
schedule, and facilittnanagement information, e{&han & Goodrum, 2014Basically, BIM can be
explained as a philosophy that many projeeihagement software can interoperable with each other
and reveal a 3D model that includes project related information andHelelements itself. In other
words, BIM is not a readjo-go software package that companies can purchase and use, but there are
many different software packages on the market todayateatteroperable with each other aocan
create more accurate models together.

In traditional 3D modeling, elements were created as lines, squares, circles, etc. With new modeling
techniques, ements can be modeled with data included. For example, when a model on Autodesk
AutoCAD (or another equivalent software) is created, the elements would be presentedthatlines
only include information related BOEmMeOmMtoxvd ddi
information about the modeled element itself. However, when a model is created on Autodesk Revit
(or equivalent), the elements would be created in 3D including not only its geometric information, but
also nongeometric such as schedule, tgaslentity, location, manufacturer, owner, etc. related
information too(Ahn et al., 2010; Azhar, 2011; Ding et al., 2012; Lin, 2015; Zeng & Tan, 2007)

Thereforethe evalationof the BIM system changghe 3D modeling concept from its roots.

2.3.1Evaluation of BIM

Improvements on computer science and developments on the software platforms helped BIM
technology to extend traditional 2D and 3D technical drawings into morégatglvisual modeling.
Today, schedule and cost data of the project can be connected to a BIM mdbel4ds and 5th
dimensions and can be tracked visually. Also, improvemant®ud computing technology helped

BIM systems move forward on accesg@date, and sharing model informati®han & Goodrum,

2014)

Today, a BIM system can be considered as a group of tools that enables users to generate, store,
manage, exchange, and share building information in an interoperable and reusable way during the
project lifecycle(Vanlande et al., 2@). A BIM system can be used in each stage of a project for
different purposes. During the conceptual design stage, it can be used for design, sustainability analysis,
site and logistics management, and cost estimation. At the design acdnpteiction stage, it is
mainly used for multirade coordination, design visualization, and evaluation of the constructability

the project The advantage of the BIM System usage in this phase is to coordinate design between
13



stakeholders, to conduct clash detttinalysis, and to create walkthrough animations of the project.
Using a BIM System during the construction phase would help project participants reduce requests for
information and change orders, do less rework, solve design problems before the astuattoan

through visualization, and improve productivity by having more effective construction management
and easier information exchange. Project participants couldtisaeand monewvith these benefits

during the construction phase. At turnover aacllity management stages, a BIM system can be used

as a centralized information database of the pr@i@ite et al., 2011; Shan & Goodrum, 2014gnce,

usage of a BIM system in all the phaséshe project would facilitate control of the lifecycle cost and
project data in a systematic way and help to manage the project on rapid, accurate and interoperable
platforms(Leite et al., 2011)

Interoperability is a concept that is highly important for BIM systems since it is one of the root ideas
behind it. Therefore, software vendors working in the BIM area are also focusing on providing
interoperable solutins for all phases of the project such as the Industry Foundation Classes (IFC)
Standard. Since BIM systems software works with structured data, which can be easily ordered and
processed, connections between BIM and other systems can be easily crdaed/irAccording to
SmartMarket Report published by McGraw Hill Construction in 2014, almost 28% percent of the
construction industry in North Americaas using BIM System orelatedtools in 2007, while it
increased to 71% in 20{®cGraw Hill Construction, 2014)

In the literature, there are numerous studies that deal with different application areas of BIM
technology on construction projects, such as; using BIM models for improving collahdratiseen
project participants, reducing material waste, detecting clashes, creagngyefficient structures,
controlling design changes, simulating the construction phase in terms of cost and ti(Aeheicet
al., 2011; Meadati & Goedert, 2008; Roh et al., 2011; Singh et al., 2011; Wong & Fan,/A843)
there are several reseanmtojeds have been done on integratiB¢M models with other methods or
systems such as facility management systems, building lifecycle management s\idt&nesc. to
solve specific problems on the construction projects and imgreesage of 3D modelingmong

different stages of the construction projects.

One of the most cited research papers on integrating a BIM system with another system was written
by Goedert and Meadati in 2008. Their research was based on integrating construction process
documentatio with a BIM system during the construction phase. That research introduced the concept

and methods of integrating a BIM model with 3Bbaslt data, as well as methods to capture and store
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construction specifications, submittals, shop drawings, changesp@hd RFIs submitted during the
construction phase and producing 4D as constructed model by connecting the s@fieddhi &
Goedert, 2008)

The integrationof CPM and BIM system has been achieaddng time ago, and that connection
opened ways toew research areas. For example; Shan and Goodrum (2014) provided a framework on
integrating BIM with CPM to simulate the impact of temperature and humidity at the project level. The
proposed framework only focused on structural steel erection activitesthese activitiesremostly
done outdoors, they are mostly high priority activities and generally on the critical path in the
construction projects, and there is already a BIM standard for steel. As an outcome of the project, Shan
and Goodrum (2014ptind that thenanhours on the structural steel erection activity differ according
to the start date of the project and location data on the r{®kdah & Goodrum, 2014)

Sustainability and green building constructeme alsotwo of the main research aean the AEC
industry. Theredre,the number of studies on green building consetd BIM systemis also raised.
Jrade and Jalaei (2015) explained a new concept of integrating Blith@@dnadian green building
certification system (LEED) at the conceptual design stage of sudtinmaitdings. The proposed
methodology describes how to implement an integrated platform during the conceptual design phase to
create sustainable designs for buildings. In order to integrate these two systems, Jrade and Jalaei
collected the lists of greemr oduct s and <certified materials anct
database. The advantages of the proposed integrated sy&témt the documentation process of
certification becomgshorter by using the proposed methodology, and users can calbaltdtal soft

cost relatedo the registration and certification process of the designed buildidgei & Jrade, 2015)

Although an IM system is a relatively new concephimconstruction industry, there are researchers
around the world working on IM in different stages of construction projects. Lin (320&ppsed a
methodology to integrate IM and BIM approach to effectively manage physical interfaces in the
construction projects. The proposed methodology enables users to track and manage the interface
events using the 3D interface maps integratedti@®IM approach during the construction phase. A
webbased framework callethe ConBIM-IM system is developed for the construction phase of the

smallsized construction projects as an end result of the resganci2015)

In general, BIM systems are used for building s/pkeconstruction projects. However, nowadays
with technologicaldevelopment®n BIM -relatedsoftware, BIM is also being used for infrastructure

projects such as highways, airports, bridges, and railway projects, too. LondomiCposiect, which
15



is the first major infrastructure project using BIM lifestyle concis,unique example for BIM System

usage on infrastructure projecfs part of this research, 4 research meetimg®conductedetween

August 201andDecember 201With Nisrine Chartounyan industry expert from Bechtel Corporation.

Bechtel Corporationvas hired as Crossrail projectbés project
acting as lead contractor agi/ing project management supportttee London Crossail projectto

deliver the 42km of central tunnels, and eight new subsurface st@iogsrs, 2019)n these research

meetings BIM System usagén the LondonCrossrail project was investigated through epaded

questiongEray, 2017)

2.3.20pen Data Standards

Industry Foundation Classes (IFC) is an ob@tnted building information model foahdeveloped

by the International Alliance for Interoperability (IAl) in 1994 with the aim of describing, sharing and
exchanging building data among different AEC/FM (Architecture, Engineering, Construction /
Facilities Management) software applicatigdzhar, 2011; Deng et al., 2018} is anopensource
format which is free and well document@deo, 2016; buildingSMART, 2016)

Most of the objects in a BIM model canodhe def i ne
controls, groups, products, processes, and resources information as structured information. In other
words, an IFC file of a BIM model would include both geometric and semantic information of the BIM
elements, such as owner information, cost, scheglulitility information, etc. Therefore, a BIM model

based on | FC6s can be used in various stages of a

The main common form of IFC is a plain text ascii file. Each line of an IFC model data would include
an instance of an entity wiits unique reference ID, entity name, and its list of attrib(leenledari
et al., 2017) To date, four IFC domains have been released, and the latest release, IFC4, is accepted
as the ISO 16739 standard. The first releases of the IFC domain mainly included instancewrelated
building type of projects, howevgts coverage area increased with each new release. The next release,
IFC5, is still under the planning phase, and it is expected to include full support for various

infrastructure domains and more parametric capabilities.

Similarly, 1ISO 15926 is an equivalent open data standard that developed for data integration and
information exchange between computer systems during the life of a process p&antin idea
behind ISO 15926 was developing a common language between mgstased by the project

stakeholders such as owner, operators, engineering procurement and construction companies, suppliers,
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and subcontractors. Although ISO 15926 standard is originally developed for Oil and Gas industry, it

can be used for any type ofammation exchange and integration due to its generically developed data
model and reference data librdKim et al., 2017; Leal, 2005)

Though it is not released as an IF@®lard yet, China Railways BIM Alliance prepared and

submitted the first national development of IFC for the railway domain to Building Smart International

(bSI) in 2015. It is published as bSI SPEC which is a document that is prepared by any orgamzation

any topic for which they want to create a standardized best practice, but which is not yet ready to be a

bSI Standard. The published bSI SPEC covers alignment, track, subgrade, bridge, tunnel, station,

drainage, and geology disciplines in railway eegiing, and it provides a platform for further

developments in the IFC railway dom#iliance, 2015, 20@).

The latest release of the IFC standard includes eight domains which are namely;

= = =4 =4 =4

1
T

IfcArchitectureDomain,
IfcBuildingControlsDomain,
IfcConstructionMgmtDomain,
IfcElectricalDomain,
IfcHvacDomain,
IfcPlumbingFireProtectionDomain,
IfcStructuralAndysisDomain, and

IfcStructuralElementsDomain.

In order to provide a better explanation of IFC format and IFC domain connectiohs/AC

example is created. A typical HVAC system and some of the typical interface points between the

contractors can be seen Figures.
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Figure 3 An HVAC system and its contractors, (a) HVAC system contraSmurge (Stevenson &

(@)

Whalen, 2012) (b) Mechanical contractoSgurce(Air, 2017)), (c) Electrical Contractor
(Soure (CIM-TEAM, 2017), and (d) Ductwork contractoBgurce(Systems, 2017)

The connections of the HYAC domain with other system domains can béendéguare 4 When a
BIM modelthatcontains an HVAC system is saved in IFC format; the information retated HVAC

elements would be saved in related domains.

IFC Plumbing Fire P Domain

7.6 IfcPlumbingFireProtectionDomain

7.6.1 Schema Definiti

7.6.2 Types

7.6.2.1 IfcFireSuspensionTerminal TypeEnum

) IFC Electrical Domain
7.4 IfcElectricalDomain

17.4.1 Schema Definition

7.4.2 Types

7.4.2.1 IfcAudioVisualApplianceTypeEnum

7.6.2.2 Ifcl

IFC HVAC Domain

7.4.2.2 IfcCableCarrierFittingTypeEnum

TypeEnum

7.6.2.3 IfcSanitaryTerminalTypeEnum

7.5 IfcHvacDomain

17.5.2.23 IfcHumidifiderTypeEnum

7.6.2.4 IfcStackTerminalTypeEnum

7.5.1 Schema Definition

7.5.2.24 |fcMedicalDeviceTypeEnum

7.6.2.5 IfcWasterTerminalTypeEnum

7.5.2 Types

7.5.2.25 IfcPipeFittingTypeEnum

7.6.3 Entities

7.5.2.1IfcAirTerminalBoxTypeEnum

17.5.2.26 IfcPipeSegmentTypeEnum

7.6.3.1 IfcFireSuspensionTerminal

7.5.2.2 IfcAirTerminalTypeEnum

7.5.2.27 IfcPumpTypeEnum

7.6.3.2 IfcFireSuspensionTerminalType

7.5.2.3 IfcAirtoAirHeatRecoveryType

7.5.2.28 IfcSpaceHeaterTypeEnum

7.6.3.3 Ifcinterceptor

7.5.2.41fcBoilerTypeEnum

7.5.2.29IfcTankTypeEnum

7.6.3.4 IfcinterceptorType

7.5.2.5 IfcBurnerTypeEnum

7.5.2.30IfcTubeBundleTypeEnum

7.6.3.5 IfcSanitaryTerminal

7.5.2.6IfcChillerTypeEnum

17.5.2.31 IfcUnitaryEquipmentTypeEnum

7.6.3.6 IfcSanitaryTerminalType

7.5.2.7 IfcCoilTypeEnum

7.5.2.32 IfcValveTypeEnum

7.6.3.7 IfcStackTerminal

7.5.2.8IfcCompressorTypeEnum

7.5.2.33 IfcVibrationlsolatorTypeEnum

7.6.3.8 IfcStackTerminalType

7.5.2.9 IfcCondenserTypeEnum

7.5.2.17 IfcEvaporativeCoolerTypeEnum

7.6.3.9 IfcWasteTerminal

7.5.2.10 IfcCooledBeamTypeEnum

7.5.2.18 IfcEvaporatorTypeEnum

7.6.3.10 IfcWasteTerminalType

7.5.2.11IfcCoolingTowerType Enum

7.5.2.19 IfcFanTypeEnum

7.4.2.3 IfcCableCarrierSegmentTypeEnum

7.4.2.4 [fcCableFittingTypeEnum

[7.4.2.5 IfcCableSegmentTypeEnum

7.4.2.6 IfcCommunicationApplianceTypeEnum

7.4.2.7 IfcElectricApplianceTypeEnum

7.4.2.8 IfcElectricDistributionBoardtypeEnum

17.4.2.9 IfcElectricFlowStorageDeviceTypeEnum

[7.4.2.10 IfcElectricGeneratorTypeEnum

7.4.2.11 IfcElectricMotorTypeEnum

7.4.2,12 IfcElectrictimeControlTypeEnum

7.4.2.13 IfcJunctionBoxTypeEnum

7.4.2.14 IfcLampTypeEnum

7.4.2,15 IfcLightFixtureTypeEnum

7.4.2.16 IfcMotorConnectionTypeEnum

7.5.2.12 IfcDamperTypeEnum

7.5.2.20 IfcFilterTypeEnum

7.5.2.13 IfcDuctFittingTypeEnum

7.5.2.21 IfcFlowMeterTypeEnum

7.5.2.14 IfcDuctSegmentTypeEnum

17.5.2.22 IfcHeatExchangerTypeEnum

7.5.2.15 IfcDuctSilencerTypeEnum

7.5.2.16 IfcEngineTypeEnum

Figure 4 HVAC IFC domain

2.4Introduction to Project and Interface Health

Project health and human phgai health have various similarities when it comes to evaluating their
health conditions. There would be several symptoms that give clues about the health of a construction
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project, similar to symptomsf humanphysical healtlfWeippert, 2009)Humphreys et al summarized

these similarities in 7 points. These similarities are namglgtate of health influences performance,

2) symptoms can be used as a starting point to quickly assess health, 3) symptoms of poor health are

not always present or obvious, 4) state of health can be assessed by measuring key areas and comparing
these artem®d val ues to established nor ms, 5) heal t h
prescribed to return to good health, 7) correct and timely diagnosis can prevent small problems from
becoming larggHumphreys et al., 2004; Weippert, 2008y tracking these similarities, proactive

solutions can be taken before poor health conditions occur.

Health of a construction project can be widely determined by tracking project performance against
predetermined project goals, objectives, and relationships amongst the project team members. In the
literature, project health and project performance measurement related studies are intertwined and
correlatedFor exampleTsoukas (2005) defined project hibeds the synonym of project performance
(Tsoukas, 2005)It is expected that a project which has an unhealthy project environment, where
stakeholdersd communication is poor, i nterfaces
wor ki ng towar ds atedne wopld laye & paoripjecaperformanee at the end of its
lifecycle. Therefore, there are overlapped indicators that are used as both project health indicators and

project performance indicators.

Interface health is a subset of project health simamagement of interfaces between project
stakeholders is one of the main components that directly affect the overall project health. Interface
health can be defined as the overall health of all the connections between two interface stakeholders in
terms ofmeeting the requirements of the 1As they have, and working as a team for predetermined
project goals. Therefore, in order to measure project health, first, interface health between project
stakeholdershould be measurdgfray, Haas, et al., 2019h Figure 5the connection between project
health and interface health is presented as a triangle.

Project
Health

Interface

Health

Figure 5 Triangle of Health in Project Environment
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Several models that are related to measuring project health have been proposed in the literature. The
most recent significant research on determining health problems in construction projects was conducted
by CIl in 2006. Cll proposed a Project Health Iradar (PHI) tool that contains a questionnaire with
43 leading indicators. Each of these indicators has a hypothesized connection with one or more of 5
outcomes, which are project cost, schedule, quality/operability, safety, and stakeholder satisfaction. By
filling out the PHI tool questionnaire with its Likert scale, the health of a project in terms of what may
be expected for these 5 outcomes can be estirn(ate@006)

Another model for assessing construction project health was proposed by the Cooperative Research
Centre (CRC) Project Diagnostics Research Team in 2002. Over the years, the mdust tiraposed
has been converted into a tool kit named AProject
investigating the health of a construction project is used. Initially, construction projects are assessed by
using 30 Key Performance IndicasdKPIs) that are related to 7 Critical Success Factors (CSFs). If the
outcome indicates that an assessed project is unhealthy, then the project is examined according to
Contributing Factors (CFs) that are associated with each CSF, and Secondary Peefdmaiaators
(SPIs) that are relatetd each CFs. At the end of these examinations, root causes of the unhealthy
project are determined, and remedial activities that are associated with each root cause can be identified.

This cycle should be repeated Uithie projecs health is measured as healffigoukas, 2005)

2.5 Introduction to progress measurement in design

Measurement of the design progr ess dommateadesignvol vi ng
environment(Poirier et al., 2015)Improvements in the software engineering and computer science

fields extended traditional 2D and 3D technical design drawings into more intelligeaitmisdeling

processes itheconstruction industry. Today, Building Information Modeling (BIM) philosophy which

can be defined aseating a virtual prototype of the system, is getting more and more importtoa

constructionndustry(Azhar et al., 2015)

Today, there are several 3D modeling software options on the rsatket engineering design can
be done on the shared design files among the prégei®lders. Although these improvements bring
huge flexibility and power to the construction industry such as automatically superimposing different
design files and being able to detect clashes, creatingttvalisgh views of the design models, and
estmad i ng projectsd quantity takeof f automatically,

progress during the design phase of the projects.
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The taditional design progress measurement technique was counting the completed engineering
drawings and conipted issuedor-construction files. However, it is hard to perform this technique on
3D models, sinc¢he 3D design is an evolving process on the same design files. Measurerttent of
design process becomes even harder on complex construction projeetsaity project participants

are involved in the design of the project.

There are different approaches and tools for measuring design progress in both the literature and
industry today. One of these approaches is tracktieg_evel of Development (LOD) otlesign
elements in the modeMainly LOD definitions are focusing on graphical details on the design
elementsBeyond the geometric information, LOD can be used to specify what additional semantic
data should be defined and shared for model componendiffement LOD levelsLOD definitions
helps project stakeholders who receive design models, to understand the content and reliability of that
content(Grani, 2016) However design progress is not only relateal the graphical details and
representation, it is also relatealengineering information added to the model, and documents and
process records behind the desi§ynother approach to measuring design progress, which focuses on
engineering information added the model, is tracking Model Maturity Index (MMI) levels of the

project disciplines. Both LOD and MMI level approaches are explaingg imext subsections.

Also, there arevariousBuilding Information Modeling (BIM) maturity assessment tools available
today that help users to measure their project performance on BIM implementation. Arup, which is a
global engineering and design firm, developed one of these BIM ityaiissessment tools in 2014
(Azzouz etal.,2016) The main purpose behind Arupbs BI M Ma
is to assess the BIM implementation maturity in projects and compare it between different projects.
Therefore, kthoughtheBI M MM t o o | provides a meacaadtme nt on

tool is different than measuringe design maturity of the project itself.

2.5.1Level of Development (LOD)

Generally, 3D models of construction projects range between a conceptual drawing to a fully detailed

and coordinated construction mod€ne way of measuring design completeness in construction
projects is tracking Level of Development (LOD) level of the elements on the model. In 2008, the
American Institute of Architects -Z088IBAM)Protoeml e ased
Exhibi t , 06 which defines Level of Devel opment (LOD)

the amount of design detail in the model. According to the AIA, LOD 100 represents a conceptual
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drawing while LOD 500 is the abuilt model; LOD gets higher dugnthe design phase of the project
and reaches its highest levelrihg the construction phagalA, 2008).

In 2011,BIMForum formed a working group to initiate the development of a LOD specification
which follows CSI Uniformat 2010 organization and LOD schema developed by AIA. By following
these organizations and basic LOEfiditions, the working group created examples, illustrations and
defineda LOD Specification. In this specification, general insight and definitions of LOD levels for the
design elements specified in Uniformat 28t&sprovided BIMForum released the latest version of
the LOD Specificationin April 2019 (BIMForum, 2019)

LOD Specification provides consistency @@mmunication of thelesign content anthformation
reliability of design modeléBIMForum, 2019; Grani, 2016Mainly LOD level definitions are related
to the graphicabnd geometridetails on the design elements on the model. In other words, as the
accuracyof the design of the elements gbigher, the LOD level oéachelement also gets higher in
the modelBeyond the geometric information, ID3specificationgan be used fapecifying additional
semantic datauch as cost and schedule d#tatshould be defined and shared for model components
in eachLOD levels (BIMForum, 2019; Latiffi et al., 2015)There are seeral LOD spreadsheets

available tcaccompany theOD levels.

LOD levels are defined only for elements ondesignmodelandthere is no such LOD level of the
complete design modelt cannot easily or consistently be aggregateatdtal LOD level fa aproject
However, it can be used to track the design progress of specific elements in the design model over time
(BIMForum, 2019; Boton et al., 2015; Yoders, 2012XpD can be added as a shared parameter to the
models created on Autodesk Revit to tréedesign progress of the project. During the design phase,
the LOD level of the elements can be arranged manually byléisegn team according to the LOD
definitions that they created for their projecto

defined on the model, the project team can track changes on these levels to see progress in their projects.

2.5.2Model Maturity Index (MMI)

Most of the engineering progress in the early phases of complex capital projects is not gdagigoal
related, and such progress must be captured as well in order to have a complete idea about the progress
in the project. Examples of suchgemeering processes are diverse and include geotechnical studies,

mechanical and control systems design, and structural systems analysis.
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Similar to the AlA, the Construction Industry Institute (CIl) published metrics to measure progress
in modetbased egineering projects in 2017. These metrics aakled Model Maturity Index (MMI)
and they are focusing on engineering information added to the 3D model, and documents and process
records behind the design. Similar to LOD, MMI definitions have levels rarmgthgeen MMI 100
which mainly refers to conceptual design, to MMI 600 which indicates that facility management data
is includedin that discipline.

Until today twelve sets of MMI definitionhich arePiping, Structural, Instrumentation, HVAC,
Equipment, @il, Electrical, Fire Protection, Layout, Foundations, Buildings, and P&IDs, have been
established by CIl. Each of these definitions is providing a clear set of modeling requirements for each
MMI level in that discipline to fulfill. The MMI levels are callated per discipline per location on the
3D model, and calculations are done by the Model Maturity Risk I(M&RI) tool developed by ClI
(Cll, 2017)

While LOD levels are mainly related to tdesign detail on the model, MMI levels are related to the
amount of the information in the model. In other words, both graphical angraphical information
associated with the project is reflected with MMI levels. Another difference between LOD and MMI
levels is, LOD is mainly related with details on the design of the model elements, while MMI levels

are prepared for design disciplines in the project.

2.5.3Model Maturity Risk Index (MMRI)

As part of the Model Maturity Index research, the Construction Industry Institute also developed the
Model Maturity Risk Index (MMRI) too(Cll, 2017) The tool includes questionnaires for each MMI
discipline defined(Piping, Structural, Instrumentation, HVAC, Equipment, Civil, Electrical, Fire
Protection, Layout, Foundations, Buildings, and P&IO%e aim of theMMRI tool isassessinyIMI

level of these disciplines for a specific location in thajgxt. It also provides a percentage of remaining

work to achieve higher MMEvel within the discipline for the selectsgecific location too

The questionnaires in the MMRI tool have inrtigsciplinary relationships between the disciplines
too. Mainly, the questions on the tool are based on the information added to the model such as site plan,
geotechnical investigation, design parameters, equipment data, clash detealysis The user of the
tool needs to seleen answer fronthe drop-down menuor each question for the selected location.
The typical answers in the tool ares, No, Not applicable, Design Specified, Loaded, Confirmed, etc.

for each question. Each of these answers would have connections with different MMI levels and also

23



weights onMMI level calculation. As an example Foundation is a disciginehich Cll provided

MMI definitions and MMRI table. The questionnaire for Foundation in the MMRI tool has questions

about the size and location of the design components. While the arfswefigor el i mi nary desi
these questionshags onnecti on with MMI 100, t atanneationsvithe r o f A d
MMI 300.

The main usage area of the tool is expected to be a guide shbemgrent maturity of the model
and required modieg efforts of specific disciplines in different locations on the project. The project
team can have better communication in model reviewing meetings by filling the questionnaires and

obtaining current MMI levels of the specific modeling disciplines ffedént locations.

2.6 Introduction to Social Network Analysis

Briefly, Social Network Analysis (SNAgxtends from graph theory aigdan approach faanalyzing
relationships andnvestigatinginteractionsbetweendependent entitiefEteifa & Eladaway, 2018;

Shokri, 2014)Networks are used in SNA to represent and analyze interactions between individuals or
groups.In these networks, each individual or grospgepresented by aode, and the interactions
between each individual or group are represented by a link betweer(Atzdeén et al., 2013; Shokri,

2014) The definition of the interactions between groups differs based on the research area and problem.
In this researchan interaction can baninterface point, agreement, deliverable, report, meeting, etc.
betweenwo individuak or grougs (nodes), andghe volume of those interactions defines the weight of

the links between nodes.

Several metrics can be obtained by conduc8ngial Network Analysis (SNA)such as network
density,clustering coefficientdistanceaverage path length, degree centrabigenvector centrality,
etc. (Kereri & Harper, 2018) These metrics make SNA a powerful tool that converts invisible
information to visible and easily understandable fosr(@alarcon, 2013). For example, distance gives
the minimum number of links refed to connect two particular nodes, asniep opul ar i dea of

degrees of separationo.

In this thesis, degreeentrality OC) is used as part of the SNA analysis to measure eacl@snode
importance. Theoretically, in a network, a node is importanisifinked to other important nodes, and
importance is based on the number of links and weigititose linksAlso, whenthedegree centrality

value gets higher, the importance of the node gets higherTtoas, by calculatinghe DC value of
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eachnode in a network, important nodes can be detedtethis thesis, aropensource network

visualization software named Gephi (version 0.9.2) is used for visualization.

2.7Knowledge Gays

Traditional project management methods often provide solutions to tstiesmurce profikof the
stakeholders. However, those solutionsndt provide anydequaténsightof the health or workload
status of the stakeholder connecticbemmunication and collaboration between project stakeholders
directly affect the overalproject outcome, therefore special attention should be given to interfaces
between project stakeholders. Although IMS and project hballe been studied in the literature,
measuring workload and health of the interfaces between project stakeholdilra isesv research

area.

Currently,there is a lack of a detailesiudy on measuring engineering progress at the design phase
of complex construction projectdlethods exist: however, they asgherpoorly developedor the
early phases of the compleropectsor obsolete in the 3D design world 3D based engineering design
evolves through levels of development, added detail, and established relategsiting IMS, BIM,
and Critical path method based project management techniquesrngaediutionsto these problems.
However, although IMS anBIM havebeen studied comprehensively in the literatthiereis still a
knowledge gapn integrating these systems.

The concegof LOD, MMI and MMRI levels are relatively new in the literature. These definitions
are particularly important to measure design progress in complex projectsh&pege considering
not only the geometric data but also engineering data to measure progoess MMI levels are only
available for 12 disciplineg@nd they are not available without purchase from the Gtjveverthe
scope of these definitions limited with buildings or industrial projects, and there is still a knowledge

gap on engineering pgoess tracking in transportation and infrastructure projects.
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Chapter 3
St akehomltceerf acea Mikntwogrkat ed Proj ect
Met hod

3.1 Usage ofetwork analysisin construction projects

The roots of 8cial Network Analysigioback to studies of social relations (Moreno, 1934) and network
characteristis of individuals (Lewin, 1936)Originally, networks were used as a tooldescribethe
relationship patterand flow of informatioramong individuals or groug®aul et al., 2008)0ver the

last D yearsSocial Network Analysis§NA) and retwork analysis gainebroad attention in project
management and construction management related sfuldedevelopmertf several SNA toaland
software accelerated this process. Gradually SNA has become one of the keystoatisedn hybrid
researchdesign in management research, amgibed popularity irtonstruction industry in the areas
of construction managemeritansportation planning, and construction saf€tyinowsky & Taylor,
2012; Eteifa & Eladaway, 2018; Zheng et al., 2016)

In the last two decades, SNA has been used as an analytical tool in various research ptiogects in
construction managemefield such as(1) examiningcommunication efficiency in engineering project
organizationgLoosemore, 1998; Mead, 200XR) understandingollaboration between groups in
engineering projectéPryke, 2004, 205), (3) recognizing knowledge sharing patterns among project
teams(Paul et &, 2008; Schropfer et al., 2017%) investigatingcorrelationbetween communication
networks and coordination in construction proje@tsssain, 2009; Hossain & Wu, 2009Fb)
investigating collaboration patterns and their impacts on the pesfiormancéPark et al., 2011)6)
comparing knowledge integrating process in competitive and collaborative working syRigmset
al., 2012) (7) analyzing stakeholdeassociated risks and their interactighi®ng & Zou, 2014)(8)
understanding and analyzing jslie management probler{ShyhChyang, 2015)and(9) analyzing
job-site physicalhealth and safety pblems(Eteifa & EFadaway, 2018)n thisthesis,SNA ismainly
employed for visualization and as a part & dmalytical method for evaluating workload and health of

communication and coordination between project stakeholders

Traditionally, the chain of commands and line of authority in an organization is illustrated by using

traditional hierarchical managentestructures. In such systems, tbennectionsbetween project

participants are illustrated as a tree structure. However, these structures do not illustrate all project

participants and they exclude the lines of communications in many cases, as welragpa of
26
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relationships. Especially in modern management systems, such as Integrated Project Delivery (IPD),
organizations are becoming more collaborative and less hierar¢hilzal 2007; Gahassemi &
BecerikGerber, 2011)In a typical complex project, there would be many project stdédlehpairs

whose responsibilities in the peajt are directly interdependenn other words, there would be
interface points between those project stakehol@@@hsia & Godinot, 2006)In order to evaluate
interfaces betweenproject stakeholders, it is important to visualigge communication and
collaboration patternisetweerthese groups in an orgaation.

Interfaces between project stakeholders can halied by using networks where nodepresent
stakénolders and edgagpresentinterfaces between stakeholdéghdkri, 2014) In thisthesis,these
networks are referred as stakeholiderface networks. In order to provide an illustration, an example
stakeholder interface network is presenteéigure 6 In this illustration all nodesare accepted as
equally mportant andhe weight of the edges assumed to béhesame for all edges.

Figure 6 Example Stakeholder Interface Network

Stakeholder interface networks are useful for illustrating collaboration between prdjeboddars.
In this thesisthese networkareused as a base for visualizithgghealth and workloadonditionof the

interfaces between project stakeholders.

3.2 Methodology1 Integrated Project Monitoring Method

In this researchinethods to measure and visualiaterfacehealth and workload between project
stakeholders are investigated ahd IntegratedProjectMonitoring Methodis developedintegrated
Project Monitoring Method contains tweameworks(FrameworkA and FrameworB) to evaluate
st a k e h o Inettenms Stakeholden Interface Networks are used for visualization of the results.
Figure 7 presenthie methodology of howo measure interface healdmd workloadoetween project
stakeholdersas well as how testablistStakeholdetnterfaceNetworksby using the Integrated Project

Monitoring Method Details of each steareprovided in the following subsections.
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Figure 7 Methodologyof Integrated Projed#lonitoring Method

3.2.1Project Selection andldentification

Thefirst step is selecting a projectconduct interface health analysis and gather general information
about theprojectsuch as problem definition, location, timeline, contact point,@bnistruction projects
might follow different project phases throughout their lifecycle, or name the phases differently,
depending on the project delivery method used. Theretwe@roject lifecycle map where names of

each project phasendtheir orders should be gathered in this step too
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3.2.2Stakeholder Identification

After selecting a proje@nd gathering general information abtha project lifecycle the next step
is identifying project stakeholders in each project phligs.expected that any construction project
would have a dynamienvironment where stakeholders involved in the project change throughout the
project lifecycle. Thereforan order to create stakeholder interface networks for a project throughout
its projectlifecycle, the first step is identifying a master stakehol@ithat shows all the stakeholders
involved in the projeciWhile preparing this listhie projectphases wén these stakeholders are actively
involved in the projectshouldbe clarified. This way stakeholder list for egutoject phase can be

created.

Typically, stakeholder list data would be stored in project information management systems adopted
in the project and can be reached by writing specific queries. In case whea system is not
available, othedata acquisition process is time consugniproject stakeholders should be defined by
having meetings witlthe project team. In those meetings name of stakeholders, the timeline of when
each stakeholder actively involved in the project and their status in the project (internal
stakeholder/exterhatakeholder) should be clarified

3.2.3Stakeholder Connectionldentification

After creating stakeholder lists for each project phdmmext step is investigatingterfaces between
stakeholders. If a pair of stakeholders have interface points in thetptfmécequire them to have
meetings, and/or sharing reports in between, and/or sending requests to each other, and/or have
common deliverables that they need to agree, then it is accepted that these stakeholders have a

connection.

If an InterfaceManagemen®ystem(IMS) is already established in the project, then data for interface
points between stakeholders can be obtained by creating related queries. In case there is no available
IMS data for the projectthe format presented in Tablechn be usd for gathering interfacing
stakeholders list data from construction organizatidgpically, project managers or team leaders can
identify interfacing stakeholders g4t is addressed in Section 3,2dnstruction projects might follow
different projet phases throughout their lifecycle. Therefore, instead of naming project phases as
i D e ,ifExecutio, oriiCloseoud, generic namesuch as Phase A, Phase B, ate.used for project

phasesn Table 1
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Having face to face review meetings with Projglanagers (PMs) aieam leaders to fill Table 1
would speed up the process in this sildsor team leaders can identify interactions between project
stakeholders for each phase during review meetings. At the end of this exercise, adjacency matrixes for
each project phase that shows interfacing stakeholders would be obtxaetbles of filled version

of Table 1 can be found in Appendix D, AppendixaidAppendix F

Table 1 Data collection drmat for defining interfacingtakeholders in each project phase

Interactions with other stakeholders in
Name | Phase A | Phase B | Phase C | etc.

In this researh, two different approacheseinvestigated for evaluating interface health between
project stakeholders. The first framework which willreé&rredas FrameworA hereafteris defined
for measuring interface health by using actual project data from various project information
managemensystems such as Change Management, Interface Management, Document Management,
Request For Information systems, and project schedule. However, although Frameprorkdes
objective results based on actual project dathomit human interpretation,i found that-ramework
A is hard to implement as a general model for every organization thectmplexity of data required
and differences in IT system&fter having several meetingsith five different organizatios namely
Ontario Power Generation, Stantec, Arup, Toronto Transit Commission, and Waterloo Begion
various constructiorprojects they undertake,ift concluded that either it would take a very long time
to establish FramewoiK in their organization, or it waspossiblebecauséhe required data was not
avail abl e i n sdatabmaseNonethelass, thia approachdis partially validated through
functional demonstration later iBection 5.1to substantiate the conclusions made concerning its
feasibility and efficacyIn orderto overcome these problems and create a simpler model that can be
adopted in any project without having a complex project information management,systeoond
framework (FramewoiikB) which is based on a novel qualitatipeint sysemis established. Details

of each frameworlareprovided in the related subsections below.

3.2.3.1Evaluating Stakeholder Connections using Framexpork

In typical complex construction projects, there would be several project stakeholders involued, and
numbero f st akehol ders would change in dindbf evemberpr o]

of project stakeholders involved in a project, the number of paired combinations between these project
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stakeholders can be found with the formula given indiiqn 1, wheren is the number of project

stakeholders.

5 el —A4 (2]

However, since interface health can be measurditdiitionally, the order or the combination of the
project stakeholders would matter in this research. Therefore, thenamxaumber of calculatian
between pairs would be double of the result reached by using Equation 1. In other words, since the
order of the pairs is important in thiamework instead of combination formulas, the permutation
formula which is given in Eqation 2 where again is the number of the project stakeholders, should

be used.

A

b &fc X 2]

For example, if a project involves 10 project stakeholders, the theoretical maximum number of links
that can be created would be 45, and in that odtwthe maximum number of interface health
measurement calculations that need to be conducted would be 90. Manually collecting data and
conducting these calculations for a project that has a large number of stakeholders wioukl be
consuming. One way of overcoming this problsnusing project information management systems

data to measure interface health.

The main assumption behind Framewérls thatproject information management systems are used
in complex construction projedis order to manage communication and collaboration between project
stakeholders, and data from those systems are stored in project dathleastore, Framewo+h is
based on the idea of using actual project data to measure interface health. The etrevdbblogy that

is followed in Framework-A is presented in Figure 8

Specify Calculate each Calculate
Define interfac benchmark indicator value interface health
health table and for each value for each
indicators weight for each stakeholder stakeholder
indicator connection connection

Figure 8 Methodology of Framewori&

As presented in Figure 8he first stepof FrameworkA is defining interface health indicators.
Therefore, a literatar revew on health indicatorss conducted, andhterface health indicatorare
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defined. In 2006, CIl released a tool to estimate project health in construction projects in terms of
project cost, schedule, quality/operability, safety, and stakeholder satisfhgtusing a Likert scale

(Cll, 2006) The tool included a questionnaire with 43 leading projegitthéndicators. Initially, among

these 43 health indators, 10 of thenare selected as health indicators that can be calculated
automatically using actual project data instead of using a Likert 3¢wda, these health indicatase

used as a guide tefine 14 interface health indicators that can be measured by actual project data from
various project information management systems. The defined interface health indicators and expected
data resource for those indtors are presented in Table 2

Table 2 Defined Interface Health Indicators

No Description Data Source
I Number of RFls
I, Average response duration of RFIs Request For Information Systen

I3 Percentage of RFIs that have thoeerruns

Il Amount of Change requests

Is  Percentage of cost effect of the change
requests/scope changes

ls  Average response duration of change requests

I Average approval duration of the change requests

ls  The averagaumber ofrevisions on the documents Document Management Systen

lg Number of rejections Interface Management System

.o  Total design rework hours

.1 Design rework hours vs targeted design hours

12 Cost effect (percentage) of design rework hours  Schedule

.3 Number of milestones that are missed

.4 Delay effect on actual vs planned schedule

Change Management System
Interface Management System

The second steff the methodology is specifying benchmark values and weights for each interface
health indicators defined. However, these values would be project specific and should be determined
by the project team. Therefore, defining a general weight and benchmarkorabéeh indicator is

beyond the scope of this thesis.

The third step is calculating each interface health indicator for each edge on the stakeholder interface
network using actual project data. As explaipegliously interface health between two stakéters
is bi-directional, therefore, interface health indicators should be calculatticebiionaly too. After
calculating each indicator for botlirectionson the edge between two stakeholders, benchmark tables

should be used for selecting related indicator values. However, it is worth repdetiritbese
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benchmark tables would Ipgojectspecific, and the project team should define the values according to

project goals and expectations.

After finding each indicator value between two project stakeholders, the fourth step is calculating
interface health (H) value for each edge on the stakeholder interface netwosingyEquation 3

below.
(AAl OK g 0 2O 0 O 0 O VPO E O @O [3]
wherew represents the weight of each indicator definedheyproject team, andl representshe
calculated values of each interface health indicator.

Interface health (H) value between two stakeholdaries between 1 and 0, whehe higher value
would mean better project health. After calculating the H value between two stakelibkiaterface
health condition can be determined by using a final benchmark table that is defined by the project team.
Then, interface health condition resufor each stakeholder connection can be presented on the

stakeholder interface network by using color codes.

Interface health between two stakeholders -gifgictional, and each direction can have a different
interface health result. In other words, interface health value between stakeholder A and stakeholder B
can be different for each stakeholder since they may experience the health of the relationship
differently. In Figured, an example of different interfacedith measurement between two stakeholders

are presented with the color codes.

Good interface health
Poor interface health
Figure 9 Bi-directional interface health representation

However, éhough Frameworf can provide an objectivand quantitative data based interface
health value for each stakeholder connection in a complex project, it is hard to collect data required for
defined interface health indicators. In order to validate Framepsdeveral research meetingsre
conductedwith five different construction organizatiorf®ntario Power Generation, Stantec, Arup,
Toronto Transit Commission, and Waterloo Regiomdertaking multiple complex construction
projecs simultaneously. However, after several meetwgh these organizains, itwasfound that
either these organizations were not using all of the systems listed above in their projects, or they were

not storing required data in a reachable datalddssreforejt can be concluded that Framewdkks
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ideal for construction granizations where required project information management systems and their

data are available.

3.2.3.2Evaluating Stakeholder Connections using FrameyiBork

In the previous section, a novel system to measure interface health between project stakehbklers in
ealy phases of construction projects using actual project data is introduced. The limitations faced
during data collection to apply Framewekkshowed that a simpler approach is needed to measure
interface health between project stakeholders where actugcpmata is notreadily available.
Following this idea, a simpler yet powerful methodology that can be aphliedghoutthe project
lifecycleis developedhrough a series of discussions amdterative process with the industry partners

in this researh project

FrameworkB is based oaqualitative assessment of interface health and interface wdrk&taveen
project stakeholderdlthoughi nt er f ace heal th condi tintlwercurrenf st akeh
project phasean be a leading indicator for project performarmglth measurement is considered
feasibleonly for past and current phases of the procthe research partnesshereas workload
estimation is considered feasilheoughout project lifecyclby theresearch partnergstimating future
workload may be useful faresourcdeveling in a portfolio of projectand it is one of the future
research subject recommended in Section 6.4 of this thdséskey indicatorsbehind workload
estimation ischeckingthe numberof shared interfaces, amount of interface agreements, amount of
interface agreement deliverables, and communication frequmsteseen project stakeholde&ince
the evaluation is based on qualitative assessment, even though there is no stmghifiigect
Information Managemer8ystentbeing used, or the data of those systems are not availabtayould
still beable to evaluate the workload between project stakeholders based on their observations. In this
analysisthehigh number of sharddterfaces, agreements, deliverables, and frequent communications
would indicatea high workload between two stakeholdérbus,themain idea behind interface health
measurement between two interface stakeholdergveduating their responsiveness of thei
communication, punctuality otte project schedule, their alignment on overall project goalstand

number of revisionthatoccur on the deliverables sent and received between those stakeholders.

Starting from this idea, a novel qualitative pasgstem to estimate workload and intedehealth
between stakeholdeiis defined. In this system, project managers are expected to evaluate each
stakeholder connection in their project fotirae periodsuch as per project phalsg using a Joint

scale were A30 i ndi cadnehe cohnegidgrandwralicakes potedtial poor health
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conditions, and A10 indicates | ow workI|lo&d in ¢t
point scale equates to highediumlow (HML) scale which is used insk managemen(Baccarini et

al., 2004; Diad.6pez et al., 2016By evaluating each stakeholder connection using this qualitative

point system, project managers cancilyi diagnog overloadedunhealthy stakeholder connections.

In Table3 and Table4, criteria and scale descriptions for both workload and health estimation point
systems are presented respectiviélig.important to ote that while tts qualitative poinsystemsavere

devel oped for the research partnerso6 relatively
nuclear maintenance projects, and large complex transportation projects), it is gbasthiey may

need to be recalibrated for difent industry sectors or other categories of projects, such as mega oil

and gas projects.

Table 3 Point Systemfor WorkloadEstimationBetween Each Pair of Stakeholders per Project Phase

Code Main Criteria Scale description Value
w1l Interfaces High Number of interfaces (physical, organizational, contract 3
(>15)

Medium Number of interfaces (physical, organizatior 2
contractual) (>5 and O15)

Low Number of interfaces (physical, organizational, contract 1
(O5)
w2 Communication Daily or 2-3 times per week 3
Frequency Weekly 2
Bi-weekly or less 1
W3 Agreements High number of agreements per shared interface (>4) 3
Medi um Number of agreements 2
Low number of agreemengse r s hared inter 1
w4 Deliverables High Number of deliverables (reports, design files, specificati 3
etc.) (>10)
Medium Number of deliverables (reports, design fil 2
speci fications, etc.) (>4 a

Low Number of deliverable§eports, design files, specification 1
etc.) (04)

Table 4 Point System for HealtBstimation Between Each Pair of Stakeholders per Project Phase

Code Main Criteria Scale description Value

H1 Responsiveness High degree oambiguity and reluctance 3
Fuzzy responses that require multiple revisions 2
Well defined and smooth process/responses 1

H2 Punctuality Constant delays on requests and deliverables that affect miles 3

and critical path
There aretm@ verruns on requests 2
affect critical path
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Code Main Criteria Scale description Value
No missed milestones and no thmeerruns on requests ar 1
deliverables

H3 Alignment Stakeholders are experiencing poor relationship and misalign 3
on project goals
Stakeholders have disagreements on project goals and delivel 2
but are solution oriented.

Stakeholders are well aligned on project goals 1

H4 Revisions Hi gh amount of revisions (0'3
change requests (CR)

Medium number of revisions on reports/design files/delivera 2
(05 and <50) due to miscommt
Low or no revisions on reports/design files/deliverables (<5) di 1
miscommunications and/or CR

It is worth mentiomg againthat tievalues orthe scale column of both TableaBd Table4 were
defined by considering complex construction project environsnginthe research partners of this
thesis.However, these can lrecalibratedaccording tathe expectations of any project team befor
starting evaluation. After evaluating each stakeholder connection on the stakeholder interface network
using Table3 and Table4, the overall workload and health value of each stakeholder connection can

be calculated by using Equation 4 and Equatiogspectively.
WET Qaé WP wg wo ot [4]
Qw6 @ O @ O [5]

whereW1, W2, W3, and W4 are main criteria for workload, H1, H2, H3, and H4 are main criteria

for health, andj representshe connection between stakeholdend;.

In order to eliminate biases, health and wor kl oa
be done by multiple people from the same grdomsuch cases, group decision can be achieved by
using average mean or geometric mean of all the inputs from different decision makers from the same
group.Also, different stakeholder groups should be involved in the evalyatimessinterface health
and workload conditioemight be experiencedifferently among two interfacing stakeholders, and by
collecting data from both parties, different perspectives can be analyzed. Thus it is important to collect

health and workload data from various stakeholtelsave a broader view on the project.
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3.2.4Network Analysis

There are several metrics that can be obtained by conductingn8MAingdensity and distandgee

et al., 2018) These metrics make SNAp@werful tool that converts invisible information to visible

and easily understandable fornfAarcon et al., 2013)For example, distance gives the minimum

number of edges required to connect two particular nodes,thefno pul ar i dea of Asi
separ at i o,mist of Hhose metriesrare defined for binaityations where edges between

nodes are just present or(Opaahietaln 20l0dnd doesndt hay

In FrameworkB, weighted networks where edges betweetesbave weights(workload valuepre
analyzed. In such networks, node centrality is not solely relatibe@ number of the edges a node has,
buttheweight of those edgdsas animpact on node centrality too. Therefore, in order to identify each

n o aimportance in weighted networks, the methodology proposed by Opsahl et al (2010) is followed.

Opsahl et. al (2010) discussed thtcentrality of a node, in other wordheimportance of a node,
would be impacted by both timimberof edges the focal e has anthe weight of those edges in a
weighted network. In order to measure node centrality in a weighted network, they propesteg a 3
methodology that combines node degree and node strength by using a tuning parameter. The first step
is calculatingthe degree of each node. According to Freeman (13¥)ree of a focal node is the
number of nodes that the focal node connectéBrimeman, 1978)r'his measure carelralculated by

using Equation ®elow.

0 B o [6]

wherek is the node degreejs the focal nodg, represents all other nodésjs the total number of
nodesandx is the adjacency matrix of the network wheyés equal to 1 if nodeis connected to node

j, otherwise it equals t@ (Opsahl et al., 2010)

The second step is calculating node strength which is the sum of edge weights the focal node has.
This measure cape calculated by using Equatiom&low.

i B [7]
wherew is the weighted adjacey matrix of the network, in which the celj; corresponds to the
weight of the edge between nadend nodg.

The third and last step is calculating degree centrality (DC) measure which shows the node centrality

in weightednetworks by using Equationtilow.
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whereUis a positive tuning parameter that should be set according to the research setting and data
collected. IfU value is selected between 0 and 1, then the higher DC value would show higher
importance, while ifU value selected a higher value than 1, then low DC value would show higher
importance in the studied netwq®psahl et al., 2010)n this researgiUvalueis assumeda beequal

to 0.5 inall case projectpresented itChapters.

Most of the network metrics are focused on static networks whose topadegyot evolve with
time. In recent years, new studies on dynamic networks that change within time by the addition or
removal of new nodes and edges have been added to lit§@haeem et al., 2018 thisresearch
a snapshot methodised for gnamic network analysignd static networks are obtained for different
time frames inthe project lifecycle. In other words, dynamic networks that evolve and change
throughoutheproject lifecycle are divided into several static networks for differemd frames. Then
DC value of nodess calculated for each individual static network.

As introduced in Section 3.2.4.2 this research workload value between project stakehdklers
used as the weight of the edges. Thusile DC valuepoint outsthe importance of the nodes, it also
indicates the workload of the nodes based on the number of the connection it has anlltiae wf

those connections.

3.2.5Network Visualization

Nodes and edges are two main elements of any network system, therefoderitiooestablish a
stakeholder interface network, nodes and edges should be defined. In this step, data collected in the

previous steps are processed and converted into nodes and edges tables.

First, data collected ithe stakeholder identification phaseeconverted into nodes table by giving
a unique ID and Label to each stakeholder and converting phase involvement data irget Mahges.
Time-set values can bactual start anénd date of the phases when each stakeholdénvolved in
the projectlf this data is not available, then interval values can be used. For example, if a stakeholder
stays active for onlyhefirst three phases of the projetiignthe Time-set value for that stakeholder
would be [0,3] where 0 is the start point of the fphse and 3 is the endpoint of the third phHse.

FrameworkB is used therthedegree centrality of the nodes should be added as the fourth column.

Second, data collected ithe stakeholder connection identification phased evaluating

stakeholdesd onmections phasare converted into edges tableEach @lges table consstof six
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columns namely(1) Source,(2) Target,(3) Type, (4) Interval (5) Weight, and6) Health ASourceo
and fATar get 0 c dDhsafconrectingstakehalders. Depertiag on the network created,

thet ype of each connection woul d bWFEefelnntteerrevda lads cead It
contairs the Timeset data of each stakeholder connecti®ince workload between staketieisis

only analyzed in FramewotR, if FrameworkA i s used for evaluating stak
thewei ght of each connection would be acdfepted :
FrameworkB is used,thenthe i We iogdiumn would conta dynamic workload values between

project stakeholderd.astly,thefi He al t h 0 ¢ s Hdynamin healtb watuesibetween project
stakeholdes:

After creating nodes and edges tabletfor selected projecthe stakeholder interface network
established and visualized using a network visualization softviaferameworkB is used,the
thickness of the linksvould represent the workload between stakeholderstlamdolor of the links
would represent the interface Héwrof stakeholder connectis. Workload and health value between
each stakeholder range between 4 toHigher valuegepresent high workload and poorer health.
Also, both workload and health valuasetransferred tahe edges table without using a benchmark
table. Therefore, ede thicknesses on theakeholder interface networksdso range between-42.
Interface health of stakeholder connecti@msepresentedy a color spectrum where lower health
valuesarerepresentetdy alighter color and higher health valuaserepreserdd bya darker color on
the links between node$he color spectrum used for health value visualizatioRrameworkB is
presented in Figure 1thespddirum fortthe projects where Ifieflth daifass a d d ¢

not available.

Figure 10 Color spectrum for Interface Health Values

In Equation4 and Equatiofb, thewe i ght of each <criterion is acce
different weightsare assigred to each criterion based on project expectations. Similddfining a
standard array for poor, good, and average health corgigibeyond the scope of this reseasihce
theweight of the health criteria and expectationglmhealth of stakeholder collaboration can differ
in each project. In order to prodn examplef how the health scale can diffeom project to project,

two different health scales are presented in FigureBEtore adopting this methodology in any
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organization, the scoring system explained in this research should be reviewedask thoece, and

health definitions should be set for their project types.

Good Poor
l_l_\ I l 1
|Hea"h| 0 | 4 | ’ | 6 | ! _ Example Scale 1

|

Average
Good Poor

l_‘_\ l
I |
[ e o s

Average

| Health | 0

Figure 11 Example health scales

Lastly, Degree Centrality (DC) values are represented by node sizes in stakeholder interface
networks where higher DC valuage represented with bigger nodes. In this research, node sizes are
scaled relatively. For each stakeholder interface network, the node which has the lowest DC value
would have the size of 10, while the node which has the highest DC value would haze tfe38.

The size of the remaining nodes would be arranged automatically in be#wsample stakeholder
interface network which is used for visualizing interface health and workload values on the edges and

DC values on the nodes is presented in Fid@re

[ [ [ [

Stakeholders Workload Degree Centrality
foternal  EE 6 Higher
External

Figure 12 A sample Stakeholder Interface Network

There are several network visualization software available in the market today. In this reagarch,
different tools are used for visualization of the stakeholder interface netwbik§rst one is an open
source data visualization tool named Gephi (version 0.9.2) which requires nodes and edges tables

imported in CVS file format. The second onelgan opersource tool created for this research. Gephi
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is used as the main visualization tool in this thesis to create stakeholder interface networks and visualize
the interface health and workload results. The stakeholder interface networks creafdégepsinare
presented in Chapter 5 and the stakeholder interface networks created using the second tool is attached

to AppendixH as a second visualization option.

3.2.6Interpretation and Corrective Action

The last step ithe interpretationand corrective aath on the networks created. In this step, critical
stakeholder connection with high workload and poor health condition can be detected on the established
networks. It is important to have review meetings with PMs and/or Teanetséathis step to discuss

the results presented on the established networks. PMieanuleadkrs of the project can review the
established networks and provide their feedback and make corrections on their evaluation files if
neededl deal |l y, st akehol de aldated regolariy ko this iesearahbiveedkly u |l d b e

re-evaluation is recommended.

3.3Summary

Workload and health of stakeholder interactions in complex projeats been ignored or
underappreciated in the past, howesgtakeholder connections are the core eleismthagffect overall

project success at the end. Especially in the dynamic environment of complex construction projects
where there are several project stakeholders working together to achieve overall prggecygtadr,

it is important to trackhe workload and health of the interactions between stakeholders. Traditional
project management methods often provide solutions to estithateesource profile of the
stakeholders. However, those solutions do not provide any inalghit the workload beteen
stakeholders or interface health between stakeholders.

In this sectionintegratedProjectMonitoring Methodwhich is the first methodological contribution
of this thesis, is introduced. Integrated Project Monitoring method is developed for measuring and
visualizing interface health and workload between project stakeholders in complex construction
projects. Integated Project Monitoring Methodontainstwo new frameworksvhich are the second
and third methodological contributions of this thesifie contribution of the first framework,
FrameworkA, is that it focuses on interface health measurement between stajesholders by using
project data obtained from Interface Management Systems, Project Schedules, Change Management
systems, Document Management systems, and related information technology (IT) and workflow

management systems directly. Therefore, it psesian objectivdatabased methodology to measure
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interface health between project stakeholders. However, since Framégdlased on those systeins

availability, data acquisition is the main limitation of Framewark

The contribution of the seconcafnework, FrameworB, is that it focuses on both workload and
health measurement between project stakeholders by using a novel qualitative point system.
FrameworkB promises a simple, yet powerful tool which provides results quickly without any
complicateddata acquisition process.

Ideally, Integrated Project Monitoring Methahould be adoptedt the beginning of any project,
and evaluation of stakeholder connections should be done every couple oflwégkgesearch, a-bi
weekly reevaluation of the takeholder connections is recommendBy.doing s there would be
more and constant workload and health data so that oveda@adpoor health conditions on the
stakeholder connections can be identified befasfattsthe overall project health.
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Chapter 4
Mehodo lf oEgrygi neer i nMe aBruogarmeelsnstvi sual i zat

usiPrgoj ect I nformati on

The £cond objective of this thessdeveloping methods to measure and visuaiggneering progress
in complex capital projects. As part of this objectienethodology (BIM+IM Connector) for movel
connection between Interface Management Systems (IMS) and Building Inforftatitating (BIM)
datausing dathase level integratiois proposedBIM+IMS Connector) Thefundamental idea behind
BIM-IM S integrationis to obtain more accurate project dé&a better control during the design phase
of complex construction project¥histhesisdoes not coveitlustration ofanIMS on a design model
by adding Interface PointdPs) and Interface Agreemen{$As) on the3D model. ly database

integration to obtainetailed datas investigated

In this Chapter the scope is limitetb the MassRapid Transit(MRT) domain MRT project activity
is rapidly growing internationally, and they represent hundreds of billiom®l&rs of investment
annually (Fernandez, 2019)n literature there are models and frameworks for measuring design
progress of supdrsicture projects, therefore specific attentionisgiveMiRIpr oj ect s t hat do
specific design maturity definitions. Developing methods to fill the knowledge gap on design progress

measurement for mass rapid transit projects is the noveltysafegearch.

In order tomeasur@ngineering progsss in MassRapidTransit (MRT) projectspewModd Maturity
Index(MMI) definitionsarecreated fotheTrack Line, Overhead Contact Systef@CS) and Station
disciplines. Thesenew MMI definitions arenamed as MRIMMI definitions. Furthermorebased on
the MRT-MMI definitions, semiautomated toalto assesand visualizeéhe engineering progressé
theTrack Line,OCS and Statiomlisciplinesper location irenMRT projectare alsalevelopedThese
engheering progress assessment visualizatioriools are named adRT-MMI -AT. In these tools,

visualization of the engineering progress is provideddigg spider web graphs.

4.1 Integration of BIM and Interface Management System(IMS)

Integration oflMS and BIM datas a vital need for both improved project monitoring and control, and
for more informed reafime decision making in larggecale complex projects. Although both BIM and
IMS are used for managing complex construction projects and have coreatare$, theyequire

different project data. BIM systems generally consist of design, schedule, and cost data related to the
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project, whileIMS contairs information related to the engineering progress of the project. Therefore,
by integrating these two stems, datdor tracking engineering progress can be obtained more

accurately.

Today, in many complex construction projects, $vand BIM systems are used and managed
separately. Connecting BIM systemsd detar minist.i
oriented approach with I8l gprocessoriented approach would provide a better understandfng
managing the complexities associated with project uncertainties and risk in organizational structure,
coordination, collaboration, and communication. Alsoggnation of BIM andMS would provide
more accurate data to track engineering progress during the design phase, since data feeding these steps
would be complemented by two systems.

Generally, in complex construction projedtse project team starts craagithe BIM model of the
project before establishingeIMS. In the early stages of the design phase, a conceptual 3D BIM model
would be generated and wolddcomemore detailed during the project lifecycle, while arSiould
be adoptedvhen work packagesf the project are defineith the design phasén this thesis,the
definition of work packages is accepted as the-defined manageable pieces of a project that can be
executed and managed by different stakeholdie2015, Linproposedh web based 3D interface map
model which is based on integration of BIM dME. According to Lin (2015), the steps of integration
of BIM and IMS start with creating a BIM model, and it is difficult to implemédsS within a BIM

environment ithe model$ not created for construction management purphses2015)

BIM and IMS are dyrmmic systems sinceheir elementscan change, evolve, andre sometimes
removed from the system. Especially in the design phases of construction projects, many new elements
areaddedo the BIM, while many of the existing elements could be edited or ddletader to achieve
a more detailed design. Likewigaenumber of project participants anatérfacePoints (IPs)change
in thelMS during the project lifecycléAs it is explained in Section 8enerally, there are few project
participantsatthe begnning of the project, while the number increases during the construction phase,
and then it decreases at the end of the project. lsdp not stay the same; they appear and disappear
during the projecparticularly duringthe design phase. Therefotee IMS expands and shrinks with
changs in the number of project participants and number of interface points during the project

lifecycle.

Creating the link between BIM and IM systems would help project participants to duaiteinae

over thecourse othe project and have better communication on interface related problems. Although
44



implementing anIMS in the early phases of complex projects should generally result in better
management in terms of cost, schedule, and scope, in practice, notSalinfMementations have
concluded successfully. Some reasons given for
of communi cation and coordination between proje
APoor definition omapaoé¢ment i ot er Eapensdsi biilMi i e
integration and fusion between project parties
dr awi n Shakri 204} c .

Many of these listed problenase relatedo communication, and coordination problems that can be
solved by connecting diMS with a BIM system in the early design phases of the project. The result is
expected to improve communication and alignment along with reduced requests foratidor
change requests, and rework.

4.1.1Methodologyi BIM+IM S Connector

Connections can be created by using common features in BIMIM&dsuch as the schedule,
specifications, locatigrand dimensions of the elements. In this research, mainly 3D BIM maréels
investigated One way of establishing the link between BIM aiMiS is using the IFC(industry
foundation classypatabase of a BIM system. The properties of many objects in a BIM racslel
reachable using IFC files and can be useddonecting8IM elements with associated Interface Points
(IPs)in theIMS (Eray et al., 2017)

Many objects in a BIM model can be defined in |
groups, products, processes, and resources information as structured information. Ahbdugh
releases of IFC format were relatedbuilding projects BuildingSMART concentrated on creating
common resources for infrastructure projects such as bridge, tunnel, road, and rail construction.
Although the IFC domain does not contain all elements on a complex construction project today, by
using IFC infrastrature work extensions, some IPs could be connected to related BIM elements on the
BIM model. This proposed idea jgsesentedn Figure B with internal connections both BIM and
IMS.
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Interface Management System Building Information Modelling

(e - ) (e ()

Figure 13 Proposed idea for connecting Bihd IMS

Establishing alMS for a mmplex constructiotproject needs a detailed effatthe beginning of
the project. Initially, the project needs to be divided into work packages, disciplines, and areas. Then,
each stakeholder needs to be linked tor¢heted work packages. Alsie project manager, interface
manager, and technical manager information should be protédeaith stakeholder, so they can be
informed of any new action on thdS relatedto their work package. When tlsetup phase of tH#MS

is finished thenlIPs and mterface Agreemes{lAs) of the project can be defined.

Theoretically, in order to define an IP between two interface stakebolsiag a sophisticatdS
available on the market today or arhiouse model, users are required to define mandatory metadata
and generate a unique ID. Metadata for defimintP between two interface stakeholders could include
but not be limited tahe title of the IP, and proj phase, discipline, area (location), leading work
package, interfacing work package, etc. An example database connection behind an IP form can be
seenin Figure 4.

Stakeholders

Wor Pockag

Title -

L Phase

Disciline | ) corecinto

Area

Leading work package

Interfacing work package ——

Support work package

Figure 14 Example database connection behind Interface Paintsf
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Initial connections between BIM and IMS using the proposed framework would be area (location)
data since that information is commensurate and consistent in both systems. In future implementations,
facility systems, and model layer may also be ugelations. Each element on the BIM model would
have a unique ID and area (location) data on the system that can be reachable by IFC format. By
defining an area on an IMS, related BIM elements would be filtered and become reachable over the

database. The pgthetical database based connection can be seen in Figure 1

Area ID

BIM Element ID

-

Figure 15 Hypothetical Database Level Connection

A crucial aspect of this connection is that each element would have one area, while each area would
have many BIMelements. Therefore, some of the connections on the database would be one to many,
while some of them would be one to one. When a database connection of a BIM model and a related
IMSis established, links between BIM elements and related IPs would bedcogathe IP form. The
flowchart of creating an IP between two interface stakeholders with explained database integration is
presented in Figure6l A sample of the IP and IA forms that are available today can be found in the

AppendixA.
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Step 1 Step 2 Step 3

Defining Mandatory Selecting BIM Element Defining Work Packages

Information on IM system Related to IP
Title ] Leading Work Packages
Phase Element Selection Interfacing Work Packages
Discipline Supporting Work Packages

Area

Figure 16 Flow chart of creating IP on integrated MMM system

4.2 Model Maturity Index Definitions for Mass Rapid Transit Projects(MRT -MMI)

Mass Rapid Transit (MRT) systems such as Light Rail Transit (LRT), Bus Rapid Transit @HT),
subwaysareimportant for solving traffic congestion and mobility of the people imtleer Icrdvéded

cities. These MRT projects are generally considered complex projects due to théirlsicep wn f i el d o
nature engineering design and construction complefitgncial approach, contract type, and delivery

method.

Although the project environment varies constantlyese projects can be considered as linear
projectswhere many identical units are repeatetiowever,the graphical details and engineering
informaton added to the model would changeationtto-location on the design file. According to
expert opinion fronthe railway industry, it is hard to track design progress in MRT projects since
design details and engineering information added to the modetletaaévays similathroughouthe
project. In other words, there would be locations such as stations or areas between stations, where the
design model is close to the-lagilt version, while other locations are still time conceptual design

phase.

In order to gain industry expevtews, numerous research meetindace to face, teleconference,
and skype meetingsjere conducted wittndustry experts fromarious organizationsuch as Stantec,
Toronto Transit CommissiofT TC), Arup, andthe Region ofWaterloo(Eray, 2018a, 2018d, 2018c,
2018b) These organizations typicallyndertake mass rapid transit projesteh ad RTs, subways
projects, andreightrail projects.The names of theontact point&nd projects are kept confidential in
this thesis. In those research meetings, general commigigisedfrom industry expert®n how to

track engineering progress during design phase
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1 fDepending on the project requirements, either 2D drawings or 3D design models were

created for each project.i Senior Structural Engineer, ArupJune 2018

1 fAEngineering progress is tracked by countingdisf drawings, list of specifications,
reports, and design briefs. So many things can get left bahimebgress is only tracked
in a 3D model, but it does have some value as an indicatBail Sector LeadStanted
September 2018

1 AThe most important element in railway projects is Track Uieeausdrack design and
track alignment influences everything. If anything on the Track Line changes, everything
in the project changes, and it would create monthsark 0-Rail Sector Lead, Stantéc
January 2019

1 nfDesign progress can be measured by tracking number of the desigrofileach
componenttracking volume of comments from stakeholdansl volume of feedbacks on
the design file of each component. Forragée, if there are 600 comment on the design
file of a component then it can be accepted as design is now 10%. When design is getting
more detailed, number of the comments should decrease, if it does not decrease than it

would indicate there is a probletn: Project Lead, TTG April 2018

1 AProgresaneasurement can be done by number of hours based on effortwBieector
Project Controls, TTEMay 2018

1 ADesi gn progress i s ba@ BreatManaget, Waerled Rggier t 6 s o0
February 2018

In this researchMRT projects specificonceptuamodel maturity index (MMI) definitionMRT-
MMI) andcorrespondingssessment toofMRT-MMI -AT) aredefined for theTrackLine, Overhead
ContactSystem(OCS) andstation disciplinesAmong various types of MRT projecthe main focus
is given to LRT projecti this thesisand LRT projects are used to proviglmecific examples related

to the MRT-MMI definitions andassessment tools

LRT projects are a subdivision BRT systems andc@ording to the American Public Transportation
Association (APTA), the definition of LRT syste
ability to operate single or multiple car trains along exclusive rightgay at ground level, on aerial
structures, in subways or in streets, able to board and discharge passengers at station platforms or at

street, track, orcar | oor | evel and normally pdRueanald& by o0Ve
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Schumann,2014) According to the report published lilie International Association of Public
Transport (UITP) in 2015, LRT and tramway systems are operated in 388 cities around the world.
Europe is the richest region in terms of the number of LRT projectdalofc?06 cities in Europe ba

LRT or Tramway system igervice. Eurasia follows Euromdth 93 cities having LRTEUITP, 2015)

4.2.1MRT -MMI Definitions for Track Line discipline

Track lines on LRT projectared i f f er ent t han on otrabkdines singethe s o f
main difference of the LRT projects is that the light rail vehicle (LRV) would have the abitiperae
in mixed traffic on thestreet when necessd(fgray et al., 2018; P.C. & Consultants, 20I)erefore,
track line types used in LRT projects are generally thinner. In LRT projects, differeaofyjpacks
such as ballasted track, direct fixation trackbedded track, etc. are ug@C. & Consultants, 2012)
In this thesis ageneralized definition for measuring design completeness of the track line discipline

that can be usdar varioustypes of MRT projectsis created.

In order to creatdMRT-MMI definitions for the Track Line disciple, MIl definitions provided by
Construction Industry Instita (Cll) arestudied(Cll, 2017) In addition to Cll documenttheliterature
on Track Line desigrand available project agreement documents for LRT propeiseviewed
(Bonnett, 2005; METRO, 2010;dgion of Waterloo, 2013After this proceskeydesign components
that can be used for trackingack linedesignareselectednd the first version dIRT-MMI definitions
for the Track Line disciplinds created Then, these definitionare sharedwith a rail industry expert
and he validity of these definitions are established througbonsultation At the end, the second and
final version of MRT-MMI definitions arecreated conceptuallfpr the Track Line discipline These
definitionsare presentesh Table 5

Table 5 Conceptual Model Maturity Index Level Definition for Track Line Discipl(MRT-MMI)

Level Definition

100 A genericmodel of the site plan, route, and topographic nimpeeated.
Existing conditions have beeuantified and graphically represented.

The preliminary geotechnicahd hydretechnical investigationepors havebeen
200  received.

The engineering team decidga:type of track to be utilized.
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Level

Definition

Track line components graphically molael withpreliminary size and configuration, as
follows;

- Site plan, topographic mapand surveys
- Horizontal andrertical layout design

- The route of the project

- Track components

- Track ballast/bed design

- At-grade crossings

- Grade separations

- Roadways

Designperformance parameters, as defined by the project, are associated with mod
design components as graphic or 1goaphic information.

300

The geotechnicalndhydrotechnical investigation reportgve been received and
confirmed.

Projectspecific layoutand track line specifications are attached to the related compotl

Track line componentaregraphically modéed with desigrspecified size and
configuration, as follows;

- Site plan, topographic mapand surveys
- Horizontal andrertical layout design
- The route of the project
- Track components
- Track ballast/bed design
- At-grade crossings
- Grade separations
- Roadways
Project plans and permits have been submitted to AHJ (Authority Hawrimsglictior).

Environmental and remediation requirements have beenigatrito AHJ.

350

Track line componentaregraphically modékd with confirmed size and configuration,
follows;

- Site plan, topographic mapand geotechnical investigation

- Horizontal andrertical layout design
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Level Definition
- The route of the project
- Trackcomponents
- Track ballast/bed design
- At-grade crossings
- Grade separations
- Roadways
Project plans and permits have been confirmed by AHJ
Environmental and remediation requirements have been confirmed by AHJ.
Track line componentaregraphically modékd with approved size and configuration, &
follows;
- Site plan, topographic mapand geotechnical investigation
- Horizontal andrertical layout design
- The route of the project
- Track components
400 - Track ballast/bed design
- At-grade crossings
- Grade separations
- Roadways
The Issued for Constructidi-C) drawing package and specifications have been
submitted.
Project plans and permits have been approved by AHJ.
Environmental and remediation requirements have been approved by the AHJ.
500  As-built: asbuilt condiions are graphically represented in the model
600 FM-enabled: abuilt models are supplied wiflacility management information as

outlined by project scope

4.2 2MRT -MMI Definitions for Overhead Contact System(OCS)

The second discipie selected for this researishthe Overhead Contact Systef®CS) In order to
create MMI definitions fothe OCSdisciple, MII definitions provided bZll, OCSdesignliterature,

and project agreement documentsviariousLRT projectsarereviewed in d&il (Bonnett, 2005; CII,
2017; METRO, 2010; Region of Waterloo, 2013; Weiss & Dupont, 19g€r this processthe key
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design components thaare be used for tracking desigme selected.The conceptuaMRT-MMI

definitions created fathe OCSdiscipline can be sedén Table6.

Table 6 ConceptuaMRT-MMI Level Definition forthe OCSDiscipline

Level Definition

100 A genericmodel of the site plan, route, and topographic nspeeated.
Existing conditions have beguantified and graphically represented.

The locatiorof any underground and overhead utilities have been detected and grapl
represented.

Overhead Contact System componeamegraphically modded with preliminary size and
configuration, aollows;

- Site plan, topographic mapend surveys

- Curb and property lines

- Horizontal andrertical layout design of track line
200 - Intersection layouts

- Vehicle envelope

- Pantograph envelope

- Polelocations

- Pole loadings

- Guying network

- Tension calculations

Overhead Contact System componemegraphically modéded with desigrspecified size
and configuration, as follows;

- Site plan, topographic mapand surveys

- Curb and property lines

- Horizontal andrertical layout design of track line
300 - Intersection layouts

- Vehicle envelope

- Pantograph envelope

- Polelocations

- Pole loadings

- Guying network
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Level Definition

- Tension calculations

Overhead Contact System componemegraphically modded with confirmed size and
configuration, as follows;

- Site plan, topographic mapand surveys
- Curb and property lines
- Horizontal andrertical layout design of track line
- Intersection layouts
350 - Vehicle envelope
- Pantograph envelope
- Polelocations
- Pole loadings
- Guying network
- Tension calculations

Overhead Contact System componemegyraphically modded with approved size and
configuration, as follows;

- Site plan, topographic mapand surveys
- Curb and property lines
- Horizontal andrertical layout design of track line
- Intersection layouts
400 - Vehicle envelope
- Pantograph envelope
- Polelocations
- Pole loadings
- Guying network
- Tension calculations

The IFC drawing package and specifications have been submitted.

500 As-built: asbuilt conditions are graphically represented in the model

FM-enabled: abuilt models are supplied wiflacility management information as

600 outlined by project scope

54



4.2.3MRT -MMI Definitions for Stations

The last design discipie selected for this researishhe Stations.In order to creat®MI definitions

for the Statiors discipline, design specificatichand agreements from various LRfojects across

Canadaare studied.Additionally, currently available MIl definitions provided I§yil, station design

literature andkey design components for tracki®ation desigmrestudied ConceptuaMRT-MMI

definitions created fothe Station discipline can beeenin Table 7

Table 7 ConceptuaMRT-MMI Level Definition for Station Discipline

Level

Definition

A genericmodel of the site plan, route, and topographic maps are created.

100 Existing conditions have been quantified and graphically represented.
The preliminary geotechnical investigation report has been received.
The utility conflict matrix is prepared.
Publicinfrastructure works are planned.
The civil plan of the statiomrea and profile have been quantified and graphically
represented.
The engineering team decidét type of foundation to be utilized.
Station componen@regraphically modded with preliminary size and configuration, as
200 follows;
- Subsurface foundationesnents
- Station platform
- Station fixed objects
- Station equipment
- Station access routes and emergency exit routes
Station equipment data, as defined by the project are associated with model design
components as graphic or ngraphic information.
Thegeotechnical investigation report has been received and confirmed.
The locations of major equipmieand structures aecided and graphically modied.
300 Stationcomponentaregraphically modHed with desigrspecified size and configuratior

as follows;
- Subsurface foundation elements

- Station platform
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Level Definition

- Station fixed objects
- Station equipment
- Station access routes and emergency exit routes

Clash detection analysis has been conducted.

Station componen@regraphically modéed with confirmed size antbnfiguration, as
follows;

- Subsurface foundation elements
350 - Station platform
- Station fixed objects
- Station equipment
- Station access routes and emergency exit routes

Station componen@regraphically modded with approved size and configuration, as
follows;

- Subsurface foundation elements
- Station platform
400 D .
- Station fixed objects
- Station equipment
- Station access routes and emergency exit routes

The IFC drawing package and specifications have been submitted.

500 As-built: asbuilt conditions are graphically represented in the model

FM-enabled: abuilt models are supplied wiflacility management information as

600 outlined by project scope

4.3 Engineering ProgressAssessmenand Visualization Tools for Mass Rapid Transit
Projects (MRT -MMI -AT)
AlthoughMRT projects specific MRIMMI definitions forthe Track line, Overhead Contact Sgm,

and Station disciplinesare conceptualcurrently, conceptualengineering progresassessmerdnd
visualizationtools (MRT-MMI -AT) for those discifinesaredevelopedExplanation of eaclobl and
explanation ofhowthedesign progressf each disciplineanbeassessewith this method is provided

in thenextsubsections.
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4.3.1Engineering Progress Assessmeand Visualization Tool (MRT -MMI -AT) for the Track
Line Discipline

In order tocreatetheengineering progresssessmenbol for the TracK.ine discipline first, currently
avalable tools and definitionarereviewed in detail anthensix main categories thareused in Track
Line designaredefined The categories afereliminaryWork, Design componentsnterdisciplinary
Work, Specifications, Permits, and Submittad&ased on théMRT-MMI definitions explained and
presented in Section 4.2.lyenty-one criteria are creded underthe six cate@ries. The developed

conceptuakngineering progress assessmentfimol'radk Line discipline is presented Table 8

In order to obtaithe MRT-MMI level of Track Line discipline for a specific location on the project
by using the criteria presentauTable8, theapplicability of each criteoin for that locatiorshould be
obtained. herefore afourth column, named Applicability, iadded tohe right end othe presented
table. The options itheapplicability columrbelong to Set Aandis presenteds Equation delow.

6 0 éonna CddEan Qa QAFQR & M BOEE "QQa Q0
8 AY 'Q & 'Q TR CXVHEQ o "B ERY DG Q6 6 Wk
é 0 & UG QXD T 1) 71 £ d Q006 [9]
By filling the applicability column foreach criterion on the table for a specific location on the

project,the MRT-MMI level of Track Line discipline irthat location on the model can bketained.

Table 8 MRT-MMI -AT for theTrack Line Discipline

Categories Code Criteria Applicability
Preliminary C1 The geotechnical investigation hae status S|SVA
Work C2  Thehydrotechnical investigation hake status SIS A
C3 The site plan, topographic mapsd surveys havaie S |SY A
status
C4 Existing conditions have been quantified and S|SVA
graphically represented.
Design C5 Thetrack alignment (horizontal and vertical layout S |Sv A
components design) hashe status
C6 Thetrack ballast/bed design htee status S|SYA
C7 Theat-grade crossings havbe status S|SYA
C8 Thegrade separations hatiee status S|SYA
C9 Theroadways havéhe status S|SYA
C10 Thetrack line components are created with S|SVA
approximate size, material, and location, and lhiage
status
Cl1l1 Design performance parameters have status S|SYA
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Categories Code Criteria Applicability
Interdisciplinary C12  The Overhead Contact System designthastatus S|SVA
Work C13 Thesignal design hathestatus S| A
Cl14 Thegrading and drainage/stormwater sewer design S |SY A
thestatus
Specifications C15  Projectspecific layouspecifications havthe status S| A
C16  Projectspecific track line specifications hatleestatus S| SY A
Permits C17 Regulator permits havbe status S| A
C18 Permits from Municipalities/Highways hatieestatus S |Sv A
C19 Permits from Utilities havéhe status S|SVA
C20 Environmental and remediation requirements tihee S |SV A
status
Submittals C21 The IFC drawing package and specifications has be S| Sv A
submitted

According tothe MRT-MMI definitions for the Track Line discipline minimum applicability
responséor each criterionn Table 8s defined. In Table 9, suggested minimum applicability responses
to obtain eacModel Maturity IndeXevelarepresentedWhen applyingproposednginering progress
assessmenmbol to anyMRT project,suggestedesponses for eadhRT-MMI level should be reviewed
by the project design team and adjusted according to their project definitions and requirements.

Table 9 Suggested minimum applicabilitesponsefor each criterion for each MRWMI Level of

the Track Line discipline

Code 100 200 300 350 400

C1 Not modeled Received Confirmed Confirmed Approved

C2 Not modeled Received Confirmed Confirmed Approved

C3 Generic Preliminary Design Specified Confirmed Approved

ca Yes Yes Yes Yes Yes

C5 Not modeled Preliminary Design Specified Confirmed Approved

C6 Not modeled Preliminary Design Specified Confirmed Approved

C7 Not modeled Preliminary Design Specified Confirmed Approved

C8 Not modeled Preliminary Design Specified Confirmed Approved

C9 Not modeled Preliminary Design Specified Confirmed Approved

C10 Not modeled Preliminary Design Specified Confirmed Approved

Cl11 Not modeled Loaded Loaded Loaded Loaded

C12 Notmodeled Preliminary Design Specified Confirmed Approved

C13 Not modeled Preliminary Design Specified Confirmed Approved

Cl14 Not modeled Preliminary Design Specified Confirmed Approved

C15 Not modeled Not modeled Loaded Loaded Loaded

C16 Not modeled Notmodeled Loaded Loaded Loaded

C17 Not modeled Not modeled Submitted to AHJ Confirmed by AHJ Approved by AHJ
C18 Not modeled Not modeled Submitted to AHJ Confirmed by AHJ Approved by AHJ
C19 Not modeled Not modeled Submitted to AHJ Confirmed by AHJ Approved by AHJ
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Code 100 200 300 350 400
C20 Not modeled Not modeled Submitted to AHJ Confirmed by AHJ Approved by AHJ
C21 Not modeled Not modeled Not modeled Not Modeled Yes

Measurement of engineering progress of the Track Line discipline for a selected location in the
design model is done by comparing availabilégponse of each criterion witle suggested minimum
required answers presented in Table 9. By doing so, maewél reached by each criterion is obtained.

At the end, ke highestmaturity level met by all criteria shows the MRIMI level of the Track Line
discipline for the selected location.

Visualization of engineering progress assessment is obtained bySmsotey web graphs. Spider
web graphs which are also known as radar charts, are used for presenting multidimensional metrics and
comparing datgThaker et al., 2016)These graphs provide simple and practical visualization of
multiple metrics togethefRankin et al., 2008; Thaker et al., 2018k it is presented in Table 8,
developed MRIMMI -AT tool for Track Line discipline contains 21 assessment criteria. Spider web
graphs can provide simple and practical visualization for those metrics altogdthénfoFmation
presented in Table 9 @nverted intespider webgraphs for eacMRT-MMI level and preseted in
Figure 17 These graphs are alssed as dashboards \sualizethe progress of each criterion by
comparing it tdollowing MRT-MMI level.

MRT-MMI 100 MRT-MMI 200 MRT-MMI 300
c1 c1 c1
€21400 c2 21400 L] 21400 2
€20 c3 c20 c3
300 300
c19 ca c19 c4
200 200
c18 & cis 5
1
c17 e 17 6
C16 €7 c16 7
C15 cs €15 cs
c14 &) C14 9
c13 c10
c13
c12 ti c12 o1
MRT-MMI 350 MRT-MMI 400
a
21400 c2 !

21400 C2
0

C20 3

3
300
C19 4
200
18 5
100
c17 e
o

Cl6 7
C15 8
14 (-]

13 10
ci2 11

Figure 17 Spider web graph®r eachMRT-MMI Level for Track Line Discipline
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An example filledout MRT-MMI -AT for the Track Line discipline in a hypothetical LRT project
station area is presentéd Table 10.In this example, even thoughost criterion inthefi De s i g n
componetegoya@ar e model ed
APrel i minar yolndthermwords, altfougll some cgitaria are ready for higher maturity
levels, not all of them are in the same lelelthe last column of Table 10, theaturity level reached
by each criterion is preated.According to the applicability response of the criteria, the max maturity
level reached by all criteria is Level 20therefore, even though someteria have higher maturity
level, the engineering progress result for that specific arseasuredsMRT-MMI 200.

Table10An e x a mpehgieefing prégeess assessmentfirolrack Line discipline

as iDes i griteriaSme estlliirfthee d 0

Categories Criteria Code Applicability Level
C1 Received 200
Preliminary Work Cc2 Received 200
C3 Design Specifiec 300
Cc4 Yes 400
C5 Design Specifiec 300
C6 Design Specifiec 300
Cc7 Design Specifiec 300
Design components C8 Design Specifiec 300
C9 Design Specifiec 300
C10 Design Specifiec 300
C11 Loaded 400
C12 Preliminary 200
Interdisciplinary Work C13 Preliminary 200
Cl4 Preliminary 200
Specifications C15 Not modeled 200
C16 Not modeled 200
C17 Not modeled 200
Permits C18 Not modeled 200
C19 Not modeled 200
C20 Not modeled 200
Submittals C21 Not modeled 200
MRT -MMI Level 200

In Figure B, an example dashboard containangpider web graptor this example is presented. In
this chart,graphs corresponding to MRWIMI 300, MRT-MMI 200, and responses ifable 10are
overlaid to present progress on each design criterion for the example statlus.wayprogress of

each criterion can be seen and any criterion that needs attention to obtain followirglMR&vels

can be detected.
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Figure 18 Example dashboard f6iRT-MMI -AT Results

4.3.2Engineering Progress Assessmeand Visualization Tool (MRT -MMI -AT) for Overhead
Contact System(OCS)

Similar to theproposedMRT-MMI-AT for the Track line discipline, artMRT-MMI-AT for the
Overhead Contact Systg@CS)is createdafter reviewingheliterature on OCSTwo main categories
are defined for trackingthe design of OCS The categoriesare Preliminary Work and Design
ComponentsBased on thdMRT-MMI definitions explaingl andpresented in Section 4.2 R&velve
criteriaaredefinedunder selected categoridhe ceveloped conceptudMRT-MMI -AT for the OCS
discipline is presented ifable11.

Similar to theMRT-MMI -AT developed fothe Track Line discipline,n order to obtaitthe MRT-
MMI level of Overhead Contact Systeutiscipline for a specific location on the projethe
applicability of each criterioshould be obtained:he options irthe applicability columnalsobelong
to Set Awhich ispresented as Equation 9 in SectibB.1.After filling the applicability column for
each criterion omable 11 for a specific location on the projethe MRT-MMI level of OCSin that
location on the model can be obtained.
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Table 11 Engineering ProgssAssessment Ta (MRT-MMI -AT) for Overhead Contact System

Categories Code Criteria Applicability*
C1 The site plan, topographic mapsd surveys have S |Sv A
Preliminary thestatus
Work C2 Existing conditions have been quantified and S|STA
graphically represented.
C3 Intersection layouts havbe status S|SVA
C4 Curb and property lines hatlee status S|STA
C5 Location of any underground and overhead utilities S | Sv A
have been detected and graphiegresented
_ C6 Vertical andhorizontal layout of tracks hakestatus S| S A
Design C7 Vehicle envelope hahestatus S|IS*A
Components C8 Pantograph envelope htdme status S|SYA
C9 Pole locations havihe status S|SVA
C10 Pole loadings havihe status S|SYA
Cl1 Guying network haghe status S|SVA
C12 Tension calculations havbke status S|SVA

Based on th©CSMRT-MMI definitions, the suggesteaninimum applicability response of each

criterionin Tablel1for eachMRT-MMI level is presented ifiable 12below.

Table 12 Suggestedninimumapplicability of each criterion for eadiRT-MMI Level of OCS

Code 100 200 300 350 400

C1 Generic Preliminary Design Specified Confirmed Approved
Cc2 Yes Yes Yes Yes Yes

C3 Not modeled Preliminary Design Specified Confirmed Approved
C4 Not modeled Preliminary Design Specified Confirmed Approved
C5 Not modeled Yes Yes Yes Yes

C6 Not modeled Preliminary Design Specified Confirmed Approved
C7 Not modeled Preliminary Design Specified Confirmed Approved
C8 Not modeled Preliminary Design Specified Confirmed Approved
C9 Not modeled Preliminary Design Specified Confirmed Approved
C10 Not modeled Preliminary Design Specified Confirmed Approved
C11 Not modeled Preliminary Design Specified Confirmed Approved
C12 Not modeled Preliminary Design Specified Confirmed Approved

It is worth mentioing againthatthe information presented iFable 12is suggestedesponses for
each criterion. It is important thbefore applying thedeolsand definitions to any railway projethe
design team should review these suggestions and adjust them according to their needs and project

requirements.
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4.3.3Engineering ProgressAssessmenand Visualization Tool (MRT -MMI -AT) for the Station
discipline

Lastly, anMRT-MMI -AT for the Station disciplinas created after reviewinthe literature on Station
design.Fourmain categorieareddined for tracking Station design MRT projects.The categories
are Preliminary Work, Design @mponents Analysis, and SubmittalsBased on theMRT-MMI
definitions explained and presented in Section34.8ixteen criteria are created under selected
categoriesThe cevelopedconceptuaMRT-MMI-AT for the Stationdiscipline ispresented in Table
13

Similar to theMRT-MMI -AT proposed fotheTrack line and Overhead Contact System disciplines,
in order to obtaiMRT-MMI level of Stationdiscipline for a specific location on the project by using
the criteria presentdd Table13, theapplicability of each criterion should be obtain€de options in
theapplicability columrbelong to Set Avhich ispresented as Equation 9 in Section 4 .&ffer filling
theapplicability column for each criterian Table 13or a specific location othe projectMRT-MMI

level of Station disciplingn that location on the model can be ob¢din

Table 13 Engineering Progregsssessment Tool (MRMMI -AT) for the Station Discipline

Categories Code Criteria Applicability*
C1 The geotechnical investigation hae status S|SYA
C2 The site plan, topographic mapsd surveys have S |SV A
status
. C3 Existing conditions of the track route have been S|SVA
Preliminary o .
Work ngntlfled and graphlcally represente_d
C4 Civil plan of the station area and profile have been S|Sv A
guantified and graphitig represented
C5 Utility Conflict plansare prepared. S|SVA
C6 Public Infrastructure works are planned. S|SVA
C7 The locations of major equipment and structuresha S | SV A
thestatus
C8 The engineering team has determined the types of S| SV A
foundations to be utilized
C9 Subsurface foundation elements are graphically S|SYA
Design modeled with size, materidgcation and elevation,
Components and havehestatus
C10 Station platform hathe status S|SVA
Cl1 Station fixed objects (furniture, signage, shelters) hi S| Sv A
the status
C12 Station access routes and emergency exit routes he S| SV A
thestatus
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Categories Code Criteria Applicability*
C13 Station equipment (ticket vending machines, S|STA
communication equipment) hatlee status
Analysis Cc14 The equipment data hatiee status S|SYA
C15 Clash detection is conducted. S|STA
Submittals C16 Thelssue for Construction (IFC) drawing packagea S| S* A

specifications has been submitted

Based on the Station syst&mRT-MMI definitions, suggestedhinimumapplicability response of each

criterionin Table 13 for eachModel Maturity Indexevel ispresented in Tabl14below Similar to

Table 9for theTrack Line discipline and Table 1@r the OCSdiscipline, the informatiopresented in

Table 14is suggested responses for each criterion. It is important that before applyingtteaed

definitions to any railway projecthe design team should review these suggestions and adjust them

according to their needs and project requirements.

Table 14 Suggestedpplicability of each criterion for eadMRT-MMI Level of Stationdiscipline

Code 100 200 300 350 400

C1 Not modeled Received Confirmed Confirmed Approved
C2 Generic Preliminary Design Specified Confirmed Approved
C3 Yes Yes Yes Yes Yes

C4 Not modeled Yes Yes Yes Yes

C5 Not modeled Yes Yes Yes Yes

C6 Not modeled Yes Yes Yes Yes

C7 Generic Preliminary Design Specified Confirmed Approved
Ccs8 Not modeled Yes Yes Yes Yes

C9 Not modeled Preliminary Design Specified Confirmed Approved
C10 Not modeled Preliminary Design Specified Confirmed Approved
Cl11 Not modeled Preliminary Design Specified Confirmed Approved
C12 Not modeled Preliminary Design Specified Confirmed Approved
C13 Not modeled Preliminary Design Specified Confirmed Approved
C14 Not modeled Loaded Loaded Loaded Loaded
C15 No No Yes Yes Yes

C16 Notmodeled Not modeled Not modeled Not Modeled Yes

4.4 Summary

In this Chapterthe creation o& novel connection between BIM and Interface Management System

(BIM+IM S Connector) is described and neMI level definitions and their corresponding assessment

and visualizatioriools forthe MRT domain are introducedVhile BIM+IM S Connector is the fourth

methodological contribution of this thesMIRT-MMI definitions and corresponding assessmemd

visualizationtools (MRT-MMI -AT) are the domain contributiorus this thesis.
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Currently,the MRT-MMI -AT that weredeveloped with expert engineering guidaraa be filled
with semiautomated assistance by usBiyl andIMS data per location. As described in Section 4.1.1.
of this thesis, location data can be usethagmnain integration point for these two systems. When full
integration of BIM and ING is developed, some automated assistance to fill engineering progress
assessmerdnd visualizatiortools would be availableas well As a general example; geotechnical
investigation reports can be trackesingIM S by checking interface agreements, anelrequest for
information system data between civil works and infrastructure stakeholders of the LRT project since
they would share that information with each other tivese systems. Similarly, track line layout design
related criterion otrack ballast/bedlesignrelated criterion can be answered by using LOD levels of
the related elements on the BIM file.
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Chapter 5

Val i dation ofs PDemonesd r dodeln of Func

As explained in Chapter 3, twibameworksare developed in this research as parttef Integrated
ProjectMonitoring Method Among them, FramewotK requires actual project data, aaftierseveral
abortedattempts for data acquisition from different cwastion organizations undertaking multiple
complex construction projects was found that either required information management sygsteme

not available in their organization, ¢ine required data was not storiedan accessiblelatabase.
Thereforejn this Chapter, Framewoik is validated only to the extent allowed through the grounded
theory methodology used to develop the metrics and presented in Section 5.1 below.

The second Framework developeBrameworkB, focuses on both workload and health
measurement between project stakeholders by using a novel qualitative pointdsstéoped as part
of this thesis. In this Chapter, Framew®@ks validatedempirically throughimplementing the point
system in6 projects from two different industrieBetils of each project investigated and analyzed

using FrameworB areprovidedin the related subsections below.

In Chapter 4amethodologyfor databaséevel integration of Building Information Modeling (BIM)
and Interface Management Systems (IM8M+IM Connectorwas explainedIn order to validate the
proposednethodologya representative Light Rail Transit projectiesigned by using Autodesk Revit
and CoreworxIMS. BIM+IM Connectoris validated through a functional demonstration on the
desgned LRT project. Moreover, the Engineering Progrkssessment Toolfor Track Line and
Station disciplines arealidated on the representative Light Rail Transit (LRT) project. Details of the

validation process amxplainedn Section 5.4.

5.1 Partial Validation of Integrated Project Monitoring Method i Framework A

As presented in Figure 7, the first thites of theIntegratedProjectMonitoringMethodarei Pr oj e c t
Sel ection and INdBe ratkiefhiod alteirond®denti fi cati ono,
Ident i f ilncoalér itoocredte a functional demonstration of Framewgrkhe sampleproject
presented in Figure 6 is selectdthe project stakeholdsrand their connections are summarized

Table 15.
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Table 15 ProjectStakeholders and their connections

Node ID Label Connections

1 A 2,6,7

2 B 1,4,6

3 K 6

4 L 2,5,6

5 M 4,6,7

6 N 1,2,3,45,7,8
7 X 1,5,6,8

8 Y 6,7

After defining stakeholders and stakeholder connections, the next step is specifying benchmark tables
andweights of each interface health indicatas. it is explained in Section 3.2.3.19th benchmark

values and indicator weightwe projectspecific In this example project, all indicatoave equal
importarce, therefore indicator weights atke same for all indicatorsnlorder to provideexample
benchmark valugshebenchmark tablasedfor |5 (Percentage dRFI time overruiin this examplés
presented in Tabld6. It is worth repeatinghatthese benchmark tablese project specificandwill
changeaccording to project goals and expectations. Therefbeeproject teasshoulddefine the

values according to their specific project

Table 16 Example benchmark table for RFI time overrun

Time overrun (%) Indicator value
0.0%- 20% 1.0
21%- 40% 0.7
41%- 60% 0.5
61 %- 80 % 0.3
81 %-100 % 0.1

After defining benchmark values and weights of eachcatdr,the next step igofi Ca | ceadhat e
indicator valuef o r each st ak e Amndxahmplecaloulationnfer @rinterdfanedhealth
indicator valwue is prepared for the thimgdd.i ndic
To calculate the valuef this indicator, RFI log data (create date, need date, and completed date)
between two project stakeholdemeeded to be collected. For thenctional demonstration, RFI

workflow data from a construction project of cabin gas plants in British Columsbiseadin this

example For fifteen RFI workflow instances, log data between two stakehatdsih®wnin Tablel17.

The last two columns of the table show the duration of the workflow instances and the difference

between needateand closed date (tin@verrun).
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Table 17 RFI workflow log data between two project stakeholders

Create date Need date Closed date  Duration (days) Time overrun (days)
8/11/2010 8/11/2010 8/13/2010 2.00 2.00
8/11/2010 8/11/2010 8/12/2010 1.00 1.00
8/20/2010 8/24/2010 8/23/2010 3.00 none
8/11/2010 8/12/2010 8/12/2010 1.00 none
8/11/2010 8/12/2010 8/12/2010 1.00 none
8/11/2010 8/12/2010 8/16/2010 5.00 4.00
8/11/2010 8/16/2010 8/12/2010 1.00 none
8/11/2010 8/17/2010 8/17/2010 6.00 none
8/11/2010 8/12/2010 8/13/2010 2.00 1.00
8/18/2010 8/24/2010 8/20/2010 2.00 none
8/18/2010 8/24/2010 8/23/2010 5.00 none
8/18/2010 8/24/2010 8/18/2010 0.00 none
8/18/2010 8/24/2010 8/20/2010 2.00 none
8/18/2010 8/20/2010 8/20/2010 2.00 none
8/26/2010 8/26/2010 8/27/2010 1.00 1.00

In this sample data, the average duratbthe RFI workflow instances was27 days, and 33% of
the workflow instancesxperiencedime overruns. Also, the average duration of time ovenas.6
days. Ater calculating thesealues, thebenchmark tablgresented in Table 1&ould beusedto
determine the appropriate indicator valfecording to the example benchmark values in Tabj¢he
value of thedwould be 0.7. The remaining 13 interface health indicators can bdatatthy following

similar steps.

After calculating each indicator value between two project stakehaldensext stepitoii Cal cul at e

interface health value (H) o r each stakehol der, interfage meakhtvallen o . For
between project akeholders can be calculated by using Equaipresented in Section 3.2.3An
example H value table that summarizes interface health values between project stakehthders

example project is presentedTablel8.

Table 18 Example Interface Health (H) Values betmeproject stakeholders shown in Figure 6

Name  Value Name  Value Name  Value Name  Value
Has 0.46 Hux 0.85 Hyn 0.82 Hiwm 0.88
Hea 0.82 Hxy 0.80 Hny 0.76 Hnk 0.86
Hax 0.40 Hyx 0.88 Hm 0.86 Hkn 0.81
Hxa 0.42 Hxwm 0.65 Hwvn 0.83 HsL 0.92
Han 0.65 Hwmx 0.72 HnL 0.84 His 0.89
Hna 0.72 Hen 0.40 Hin 0.81

HXN 082 HNB 042 HML 090
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After calculating the H value between projecstakeholdersinterface health conditiobetween
stakeholdersan be determined by usindiaal benchmark tableThe final benchmark tabigould be
also projectspecific and should bdefined by the project team. For this example, interface health
condition for H valaeesc dettevee eans AIMGBdd alnrdiuedirlfoa c e
bet ween AO0.d%fcacaergtBd. @90 0n Av edr,a gaen dl nttheer fvaackeu etse abl e
accepted as APoor Interface Healtho. Accosrding t
between these eight project stakeholders areepted on thetakeholder interfaceetwork by using
color-codes in Figure4.

As it is explained in SectioB.2.3.1 interface health between two stakeholders difgctional, and

each stakeholder might experiertbe health of the relationship differently. In this example project,

both the pair of Stakeholder A and Stakeholder B, and Stakeholder Y and Stakeholder N experienced
the health of their relationships differently. In such case, on the overall network reptesent the
interface health condition, the color of the link between those stakeholders would be the associated
color of the lower H value calculated. However, knowing each H value and seeing the actual colors of
the links as it islsown in the lookouti Figure B, would help uppelevel managers to diagnose any

health problem that arises from those connections.

Good interface health
Average interface health
Poor interface health

Figure 19 Interface health condition presentation ongtekeholder interfaceetwork

These network representatioof interface health condition between project stakeholders can be used
as a dashboard for upplevel managers in complex construction projects. Diagnosing any interface
health problem between project stakeholders before it affects overall projectcheatth achieved by

using the explained model.
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5.2 Validation of Integrated Project Monitoring Methodi Framework B

Integrated Project Monitoring Method using FramewBris validatedthroughusing data fronsix
ongoingprojects fom two different industried hroughout the validation phase, a total of 37 research
meetings have been conducted with two industry partAenengthose 37 researahneetings15 of

them werewith the construction organization in railway industry, and 22 of them were with the
organizdion in the nuclear industryin these research meetings, first, this research project and its
objectives were introducedhen example projects among these
were selected andata from those projects was collect&etails of each projecinvestigated and

analyzedaregiven in the related subsections below.

5.2.1Project 1- Rail Line Project

The first project wher&rameworkB was applied t@an ongoinglesignbuild (DB) type industrial rail
line project located irNorth America The constructin organizationthat provided the data was
working onvariousrail line projectswith different ske and scopall around the gloheThe planned
length of the selected industrial rail line project was approximately 38 kilometergstineated
construction cost of the project was $000,000, and the anticipated duratioithe design phaseas

19 months.TheProject Manager of the consultant teamssinvolved asa decisionmaker in this case

or gal

study. Thus, interface health and workldzetween stakeholders were analytectht he cos&sul t ant &

point of view. During the interviews and data collection, the project was still under design. Therefore,

the proposed framework was only appliedhe design phase of the project.

5.2.1.1Stakeholder Idatification and Stakeholder Connections ldentification

In order to identify project stakeholders and interfaces between those stakeltoleleiesy meetings

were held with th&Rail Sector Manager ariroject Manager (PM) of Project Consultant. During these
meetings, firstthe methodology of the Project Health Measurement Model presented in Figure 7 was
briefly introduced to the decision maker. Thére list of project stakeholders and their hieracethi

order were defined by askimpenrended questions. It was found that there were 4 main stakeholders;
Owner, Contractor, Consultant, and Regulatory offices during the design plfi@sedefining sub
groupsof Owner, Contractor, and Regulatory Officastotal of 14 stakeholders were defined tfoe
design phase. Thetihe PM (JJ in Table 15identified interfacing stakeholders during the degibase

of the project. In Tabl&9, the stakeholder list and thetonnectionwith each other are summarized.

The names of the companiesre omittedor confidentiality purposes.
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Table 19 Stakeholder List and Stakeholde@onnections List ofhe Rail Line project

Node ID Label Name Group Connections
1 AA Owneri Project Manager 1 2,3,10,5,4,6

2 BB Owners Engineer 1 1,3,10,5,4,6

3 CcC Contractor- Project Manager 2 11,10,12,3,1,13,1¢
4 DD Regulatory Office 1 4 2,1

5 EE Regulatory Office 2 4 1,2

6 FF Regulatory Office 3 4 21

7 GG Regulatory Office 4 4 18,10,17

8 HH RegulatoryOffice 5 4 2,1

9 Il Regulatory Office 6 4 18,10,17

10 JJ Consultant PM Team 3 32,1

11 KK Contractor Surveyors 2 10,12,13,3,2,1
12 LL Contractor Geotechnical/Pavemer 2 10, 3,2,1

13 MM Contractor- Bridge 2 110, 3,2,1

14 NN Contractor Rail 2 10,3,7,9,2,1

By the end of this step, it was found that interfaces between defined stakeholders created a total of 25

undirected connections.

5.2.1.2Evaluating stakeholdsréonnections

As presented in Figure 7 in Chapter 3, after defining stakeholders and their connections, the next step

in the Integrated”roject Monitoring Method is to evaluate thep r 0 j ec t

Therefore the decisionmaker was asked to fill othe point system toslexplained inTable 3 and

stakehol

der 0 ¢

Table 4for each stakeholder connectidn the case of larger projects, it could be a project leadership

team that fills out the tool. Later in this thesis, the potential impact and value of visualizing

disc epanci es

In Table20, responses of thdecisioama k e r

bet ween

di fferent

and cal

stakeholder connection according to those respons@sesented.

Table 20Workload and Health evaluation of each stakeholder connection in Rail Line Project

cul

asses saeexplained or
fis\dfoeack | 0 a d O

ated

Source Target W1 W2 W3 W4 Workload H1 H2 H3 H4 Health
AA BB 3 3 2 2 10 2 2 1 2 7
AA CcC 3 1 1 1 6 2 3 2 2 9
AA DD 2 1 2 2 7 2 2 2 2 8
AA EE 2 1 2 2 7 2 2 2 2 8
AA FF 2 1 2 2 7 2 2 2 2 8
AA HH 2 1 2 2 7 2 2 2 2 8
AA JJ 2 1 2 1 6 2 2 2 1 7

st a



Source Target W1 W2 W3 W4 Workload H1 H2 H3 H4 Health
BB CcC 3 3 2 2 10 2 2 2 1 7
BB DD 2 1 2 2 7 2 2 2 2 8
BB EE 2 1 2 2 7 2 2 2 2 8
BB FF 2 1 2 2 7 2 2 2 2 8
BB HH 2 1 2 2 7 2 2 2 2 8
BB JJ 3 3 3 2 11 2 2 2 1 7
CcC JJ 3 3 3 2 11 2 2 1 1 6
CcC KK 3 3 3 3 12 2 3 1 1 7
CcC LL 3 3 3 2 11 2 2 1 1 6
CcC MM 3 3 3 2 11 2 2 1 1 6
CcC NN 3 3 3 2 11 2 2 1 1 6
GG JJ 1 1 3 1 6 1 1 1 1 4
HH JJ 1 1 3 1 6 1 1 1 1 4

Il JJ 1 1 3 1 6 1 1 1 1 4
JJ KK 3 1 3 2 9 2 2 1 1 6
JJ LL 2 1 3 2 8 2 2 1 1 6
JJ MM 2 1 3 2 8 2 2 1 1 6
JJ NN 2 1 3 1 7 2 2 1 1 6

5.2.1.3Network Analysis

In order to determine the stakeholder that has the highest workload in this rail line ghejpetgree
Centrality (DC)value of each node was calculated.ekplained inChapter3, the importance of the
nodes in a network is based bath the quantity and weighof connectiondor each nodeln this
researchthe weights of the connections are based on the workload vakiegeen stakeholders.
Therefore, higher Degree Centrality (DC) values slhadvwgher wakload on the nodes. In Takdd,
DC value of each stakeholder in this industrial rail line project is presented.

Table 21 DC value of the nodes of Rail Line Project

ID DC
AA 1871
BB 20.32
CC 2245
DD 5.29
EE 5.29
FF 5.29
GG 245
HH 7.75
I 2.45
JJ 27.93
KK 6.48
LL 6.16
MM  6.16
NN 6.0
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Based on the network analysis conducted, the consultant (JJ) of the Rail Line Projecthigitetdte

wor kl oad among al l project

(BB).

5.2.1.4Visualization

stakehol der s,

foll owe

As discussedin Chapter3, nodes and edges table should be createdstablish and visualize

stakeholder interface networks. the previous steps, required data for these nodes and edges tables

were collected and analyzeldodes tablenay contain,Code,ID, Label, Type,Interval, and Degree

Centrality(DC) data In Table 22, thenodes table for the Rail Line project is presemtedn example

Table 22 Nodes tablé¢ Rail Line Project

Code ID Label Type Interval DC
1 AA  Owneri Project Manager 1 [0,1] 18.71
2 BB Owners Engineer 1 [0,1] 20.32
3 CC Contractor Project Manager 2 [0,1] 22.45
4 DD Regulatory Office 1 4 [0,1] 5.29
5 EE Regulatory Office 2 4 [0,1] 5.29
6 FF  Regulatory Office 3 4 [0,1] 5.29
7 GG Regulatory Office 4 4 [0,1] 2.45
8 HH Regulatory Office 5 4 [0,1] 7.75
9 Il Regulatory Office 6 4 [0,1] 2.45
10 JJ Consultant PM Team 3 [0,1] 27.93
11 KK  Contractor Surveyors 2 [0,1] 6.48
12 LL  Contractor Geotechnical/Pavemer 2 [0,1] 6.16
13 MM  Contractor- Bridge 2 [0,1] 6.16
14 NN Contractor Rall 2 [0,1] 6.0

The data required for the edges table were collected and analyzed in Section Bakdd2on those

analysesedges table faheRail Line project is presented in Tal2g.

Table 23 Edges Table Rail Line Project

Source Target Interval

Workload Health

AA BB
AA CcC
AA DD
AA EE
AA FF
AA HH
AA JJ
BB CcC
BB DD

[0,1]
[0,1]
[0,1]
[0,1]
[0,1]
[0,1]
[0,1]
[0,1]
[0,1]

10

N~NooN~N~N~NO

00 ~N~000oOo o~
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Source Target Interval Workload Health

BB EE [0,1] 7 8
BB FF [0,1] 7 8
BB HH [0,1] 7 8
BB 3 [0,1] 11 7
cC 3 [0,1] 11 6
CC KK [0,1] 12 7
cC LL [0,1] 11 6
CC MM [0,1] 11 6
CC NN [0,1] 11 6
GG 3 [0,1] 6 4
I 3 [0,1] 6 4
3 KK [0,1] 6 4
3 LL [0,1] 9 6
J MM [0,1] 8 6
3 NN [0,1] 8 6

The stakeholder interface netwonkas establishedaccording to the data preseniedTable 22 and
Table 23 and is visualizedin Figure 19. In order to specify stakeholder groups on the network
representation, coloodes weraised. In the graplgrey-colored nodes represent Ownblye-colored
nodes represent Contractpink colored nods represent consultant, agiceencolored nodes represent
regulatory agenciesdoreover,as introduced earlietheworkload value between project stakeholders
is presented with the line tthness of theonnectionsand health values are presented with color codes.
In Figure 20, higher workload valudetween project stakeholdesse representedby thicker edges
between ndes Snce higher health value indicates poor health condition according to thesystiern
used, higher health value between stakeholders are represented with darkendblerdged astly,
the degree centrality of each stakeholderdsresented with node sizeich that a higher workload
(higher DC) corresponds to a larger noddedend for these repregations is included in Figure 20

As it is explained earlier in Section 3.2.3, interface health and workload conditions might be
experienced differently among two interfacing stakeholders. Therefore, in order to include paspectiv
of di fferent project stakehol der s, heal th and
should be done by multiple decision makers from different stakeholder groups. Ideally, in order to
eliminate biases, these evaluations should also be lopmaultiple people from the same group.
Ultimately, by collecting data from various parties in the same project, different perspectives can be
analyzed and a broader view on the health and workload condition of the stakeholder connections can

be achieved.
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Health 0 4 5 6
Stakeholders Workload Degree Centrality
Owner
Contractor Higher
Consultant —— ] ichter
Regulatory Offices
gulatory . Lower

Figure 20 Stakeholder interface netwook the Rail Line Project

In order to illustrate the perspective differences that different project stakeholders might have on the
interface health and wo cokrediansl two hypothétitdaliversioss ofdlfe st a k
stakeholder interface network of the Rail Line project are created and presented in EiJure &m
of creating these hypothetical networks is showing that it is possible that Contractor (a) or Owner (b)
might have different opinions on the condition of the stakeholder connections in Rail Line project. By
collecting data from different project stakeholders, such differences can be detected, analyzed, and

reported.
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Stakeholders

Owner

Contractor

Consultant

Regulatory Offices

‘Workload

—— ] ighter

Degree Centrality

‘ Higher
' Lower

Figure 21 Two hypothetical examples (a, bj different perspectives on Evaluation of Stakeholders'

connections

5.2.1.5Interpretation and Corrective Action

According to theanalysisresults presented ifiable 23 and Figure20, the workload value between
stakeholder CC and KK wésundthe highest in this project. Moreover, it is found tiheistakehdder
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connection between AZC hadthe poorest health condition. On the other hand, the coonscti

between JI and JIGG hadthe lowest workload and the healthiest relationship in this project.

After analyzing workload and health data and establishisigkeholder interface network ftre
Rail Line project, review meetings with PM of the project were conducted. Althougtveshmited
for the Rail Line projegtsince it only had two project phases and was in the first phase during the data
collection, results werdeemedaccurate byhe PM of the projectThe pesentedexampleproject had
been facing problems relateéd budget, land acquisition, and limited interactions between project
owner and contractor. In the results presentdeignre 20, connections between Owner, Contractor,
and Regulatory Agencies shows low workload and poor health condition, which aligns with the
problemsthe project had encounteredOn the other hand, results for the connections between
Consultant (JJ) and Regulatory agencies (GG, HH, 1) showed low workload and good health condition
for those connections. These results were also found acamctealistic byhe PM since Consultant
(JJ) has been working on submissions to those agencies and meetings between these stakeholders
always hada friendly envirommment so far. Also, since JJ hadt submitted the documents ytte
workload between thosgtakeholders was not high. Howevtre PM stated that these connections
should be evaluated once more when JJ submits the documentlgetiierkload and health condition
of these connections might change. Oveth#yesults presented Figure20were found valid for the

design phase of the project.

5.2.1.6Re-evaluation

It is important tore-evaluate stakeholder connections regularly to detect any health problems or
overloaded connections before those affect overall project health. Therefigre,canduting
interpretation and corrective action on thatfiresults, reevaluation data wearequestedrom the PM
teamafter 1.5 monthsTypically, the same stakeholder list and stakeholder connection list would be
used for this step in theethodology. But an exception ssmadefor this case project to gather more

detailed data.

For this round,after having meetings with PM and Rail Sector Lead of the comparty,
stakehol der s of werdako acddeate workload arid headtvetiuatiamanc more
detail ed st akehol coenectidn lisswrecraatedThe stakekofdér bst ccbated $00

re-evaluation is presented in Tal#é below.
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Table 24 Stakeholder list including sedtakeholders ofonsultant's team

Id Label Name Group Interactions

1 AA Owneri Project Manager 1 2,3,10,5,4,6

2 BB Owners Engineer 1 1,3,10,5,4,6

3 CC Contractor- Project Manager 2 11,10,12,3,1,17,18,13,14
4 DD Regulatory Office 1 4 2,1

5 EE Regulatory Office 2 4 1,2

6 FF Regulatory Office 3 4 21

7 GG Regulatory Office 4 4 18,10,17

8 HH Regulatory Office 5 4 2,1

9 Regulatory Office 6 4 18,10,17

10 JJ Consultant PM Team 3 16,17,18,15,3,2,19,1

11 KK Contractor- Surveyors 2 3,10,16,

12 LL Contractor- Geotechnical/Pavemer 2 3,10,15,19

13 MM  Contractor- Bridge 2 3,15,10

14 NN Contractor- Rail 2 3,10

15 OO Consultant Bridge Design 3 10,12,13,16,18,19,3,2,1

16 PP Consultant Track Design 3 17,10,19,18,15,3,2,1

17 RR Consultant Drainage Design 3 16,10,18,15,19,3,2,1

18 SS Consultani Environmental 3 10,3,16,15,17,19,7,9,2,1
19 TT Consultant Roadway Design 3 16,17,10,18,15,3,2,8,7,9,

By the end of this step, it was found that interfaces between defined stakeholders created a total of

64 undirected connection¥he PM of the Rail Line project provided a new set of stakehslder

connectios evaluation data for this projett5 months aér than initial evaluatiorData collected in

this step is attached isppendix B, andthe workload (W) and health (H) evaluation result of each

stakeholder connection is Table25.

Table 25Workload and Health evaluatisasultof each stakeholder connection in Rail Line Project

Source Target W H | Source Target W H | Source Target W H
AA BB 10 7 | BB TT 6 6 |JJ MM 8 6
AA CcC 6 9 |CC JJ 6 5|JJ NN 7 6
AA DD 7 8 |CC KK 12 7 |3 0]0) 11 6
AA EE 7 8 |CC LL 11 6 |JJ PP 11 6
AA FF 7 8 |CC MM 11 6 |JJ RR 11 6
AA HH 7 8 |CC NN 11 6 |JJ SS 11 6
AA JJ 6 7 |CC 0]0) 9 613 TT 11 6
AA 0]0) 6 7 |CC PP 8 6 |KK PP 10 6
AA PP 6 6 |CC RR 9 6 |LL 0]0) 9 6
AA RR 6 11|CC SS 9 6 |LL TT 6 6
AA SS 6 6 |CC TT 8 6 |MM 0]0) 9 8
AA TT 6 5 |GG JJ 6 4|00 PP 9 5
BB CcC 10 7 | GG RR 6 6|00 RR 11 5
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Source Target W H | Source Target W H | Source Target W H
BB DD 7 8 |GG SS 6 6 |00 SS 9 5
BB EE 7 8 |GG TT 6 6 |00 TT 8 7
BB FF 7 8 |HH JJ 6 6 |PP RR 12 6
BB HH 7 8 |HH TT 6 6 |PP SS 8 6
BB JJ 11 7 |1 JJ 6 4 |PP TT 9 7
BB 00 6 7 |l SS 6 6 |RR SS 9 6
BB PP 6 7 |l RR 6 6 |RR TT 9 6
BB RR 6 6 [JJ KK 9 6 |[SS TT 8 5
BB SS 6 11]JJ LL 8 6 1]10 MM 8 6

By using the new data set obtained, Degree Centf®iB) of the nodesvasrecalculatecandthe
stakeholder interface network svaecreatedThe newDC value of each stakeholder psesented in
Table26, andthe new stakeholder interface network is illustratedrigure22.

Table 26 Re-evaluated Degree Centrality values for Rail Line Project

ID Label DC | ID Label DC
1 AA 30.98| 11 KK 9.64
2 BB 32.68| 12 LL 11.66
3 CC 36.33] 13 MM 9.17
4 DD 5.29| 14 NN 6.00
5 EE 5.29| 15 OO0 29.50
6 FF 5.29| 16 PP 26.66
7 GG 9.80| 17 RR 29.15
8 HH 10.20| 18 SS 27.93
9 7.35| 19 TT 30.22
10 JJ 43.82
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Regulatory Offices
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Figure 22 Stakeholder Interface network of the Rail Line Project

According to the new data sebtained, it wa found that connections betwe@@6-KK andPRRR
have the highest workload, followed B-JJ CC-LL, CC-MM, CC-NN, J3}OO0, J}PP, JJRR, JJSS
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JJ TT, andOO-RR. Also, acording to the new data set, it svfound that connections betwedaA -
RR andBB-SShad the poorest health condition followed by {RM.

As the last step, initial results andeealuation results were compared gmdsented irFigure 23
and Figure 2 below. It wasfound that workload and health value of most of the stakeholder
connectiongemained the same except-Q€(310). It was found thatheworkload between these two
stakeholders dropped drastically ahdhealth of the connectiamproved

After obtaining new results and establishing the second stakeholder interface network for the Rail
line Project, a facéo-face review meeting with the Rail Lead of the company was conducted. In this
meeting newesultswere discussed with the Rail Lead. As presented in Figdjrin@ interface health
condition between ARR and BBSS was very poor. During the review meeting, it was learned that,
there was a river on the route of the Rail Line Project analyzeudlefne the consultant of the project
had been designing a bridge for the Rail Line. However, there were problems with the Drainage design
and the Environmental permits for the bridge. By the tiheenew set of datavas collected, the
collaboration between ARR and BBSS was in a poor state. According to the Rail Lead of the
company, that was also the reason why worklealde between C€&JJ (3-10) dropped drastically

(Figure B). Therefore, these resultgere found accurate BRail Lead of the company.
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Figure 23 Workload value comparison of the initial andenealuation results
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Figure 24 Health value comparison of the initial andenealuation results

5.2.2Project 27 Chemical Equipment Replacement Project

Integrated Project Monitoring Method using FramewBrkvas also applied to five ongoing
replacemenprojecsin a Nuclear power plant locatedNtorth AmericaAs part of thenitial meetings

with the Projecs Control team organizational guidelines and procedures of nuclear projects were
reviewed. According to the organizational guidelirtgpjcal projectlifecycle in this Nuclear Power
plantconsisted oeven project phases, whislere Identification (81), Initiation (:2), Development
(2-3), Definition (34), Execution (46), Closeout (%), and PIR (67). In Figure25, thetypical project
timeline is illustratedin order to generalize the lifecycle, numbers are givethastartend date for
each phasas it is preseed in Figure 3.

0 1 2 3 4 5 6 7
| \ \ | | | | |

! ! Definition ! Execution ! Closeout ! PIR

Identification | Initiation ! Development

Figure 25 Typical Project Lifecycle of the Projects in the Nuclear Power Plant
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Among fiveprojectsthefirst one was a replacement project named Chemical Equipment Replacement

(CER) Project. Briefly,the projectscope washe procurement of a particulate filtration skid and the

installation of interfacing piping on each unit in the plant, tootge a portion of the condensate

recirculation system flow through the filtration skid to remove corrosimuyct. CER was also

following the sameproject lifecycle,and the anticipated project duration was 101 months including

application in all reactors in the power plant.

During the project selection and identification st@ER project was inthe Executiln phase.

However, itwaslearned thathe same project was applied to another reacttteisame nuclear power

plant before. Thughe Project Manager had knelow from the previous application and was able to

fill the workload and health tool fahewhoale project lifecycle.Pr oj e ct

Manager of

involved aglecisionmaker in this case study. Therefdrethis example, interface health and workload

bet ween stakehol

5.2.2.1Stakeholder Identificatn and Stakeholder Connections ldentification

One face to face and tweleconference meetings were held to identify project stakeholders and

der s

were analyzed

form

t he

t he

O Wn e

interfaces between those stakeholders with the PM of the CER project. During these meetings, first,

background information about the CER project was collected, andhbdéiM providedthe list of

stakeholders for each project phase and explained stakeholdectoomsn& each phase. In Tablé 2

the list of stakeholders, their groups (internal, external, regulatory offices) and phases when these

stakeholders were active (Time set), presented.

Table 27 Stakeholder List o€hemical Equipment Replacement Project

ID Name Group* Time set
A Project Sponsor 1 [0,7]
B Project and Modifications 1 [0,6]
C Finance 1 [1,6]
D Supply Chain 1 [2,6]
E Operations 1 [2,6]
F  Maintenance 1 [2,6]
G Performance Engineering 1 [2,6]
H Projects Design Engineerin 1 [2,6]
I Procurement Engineering 1 [2,5]
N  Contractor 2 [2,6]
O Subcontractor Design 2 [2,6]
P Sub vendor 2 [2,5]
M  TSSAPressure Boundary 3 [3,5]
J Field Engineering 1 [3,5]
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ID Name Group* Time set

K  Contract Management Offic 1 [3,5]
L  Drawing Office 1 [5,6]
Subcontractor 2 [4,5]

* 1: Internal Stakeholder, 2: External Stakeholder, and 3: Regulatory Offices

The ime set value oéach stakeholder in Table 288ows when each stakeholder was active in this
project. For exampleéheTime set value of stakeholder E is [2,6], which means that Stakeholder E was
active betweerhe beginning ofthe Development phasertil the end ofthe Closeout phase of this
project Due to having a dynamic stakeholder list, stakeholder connections were also dynamic and
changing throughouhe project lifecycle in this case study.

5.2.2.2Evaluating Stakeholder Connections

I n order to eval uat thePojea Manage(PM) eas asked todilthepeimtt i on s ,
system tool explained i@hapter3, for all stakeholder connections in each project phase. CER project
was applied in the same nuclear power plant with the same stakeholders recently. Therefore, even
thoughthe current CER project was ihe Execution phaséhe PM of the project was able to filhe
point system tool for Closeout and PIR phases based on the first applicatielC&R project in the
other reactor. In othevords, the PM filled point system todior the first 5 phases based on the current
project, and responses for the Closeout and PIR phases were expected results based on the first
application of the same project on the previous reatitgkppendixC, data collecteih thestakeholder
connectbn evaluation step of Chemical Equipment Replacement project is provided.
Project stakeholders and stakeholder connections existed in mydtigkct phases othe CER
project. Therefore, dynamic value sets were used for representing and evaluating point system tool
results. First, Workload and Health value of each stakeholder connearercalculated for all the
phases thah connection existed using Equatidrand Equatior5. Then, dynamic value sets were
created for each stakeholder connectidnsTable 28, dynamic workload and health vahkief the
stakeholder connections are presented. For example, stakeholder connection between stakeholder ID 1
and 2 has dynamc wor kl oad val ue of Afo, 1,6];[1,2,7];]
representatigrthefirst two numbers inside each bracket indicate the project phase, and the third value
is the workload value for this stakehol der connec

workload value for this connection the Identification phase (0,3as 6
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Table 28 Dynamic Workload and Health values in CER project

Source Target Workload- Dynamic

Health - Dynamic

>

1;[5,6,7]
[1,2,7.0];[2,3,8];[3,4.,8];[4,5,8];[5.,6,8]
[2,3,6];[3,4,6]:[4,5,6]:[5,6,6]
[2,3,6];[3,4,6]:[4,5,6]:[5,6,6]
[2,3,8]:[3,4,8]:[4,5,9]:[5,6,8]
[2,3,5];[3,4,6]:[4,5,7]:[5,6,7]
[2,3,5];13,4,6]:[4,5,7]:[5,6,7]
[2,3,5]:[3,4,71;[4,5,7]:[5,6,7]
[2,3,10]:[3,4,11]:[4,5,8];[5,6,9]
[2,3,5]:3,4,7];[4,5,6]
[2,3,11];[3,4,11];[4,5,11];[5,6,9]
[2,3,10];[3,4,10]:[4,5,8];[5,6,9]
[2,3,7]:13,4,8];[4,5,6]
[2,3,6]:[3,4,6];[4,5,6]
[2,3,6];[3,4,5]:[4,5,6]:[5,6,7]
[2,3,6]:[3,4,7]:[4,5,10];[5,6,6]
[2,3,6]:[3,4,7]:[4,5,7]:[5,6,6]
[2,3,6]:[3,4,7]:[4,5,7]:[5,6,6]
[2,3,71:[3,4,71;[4,5,7]:[5,6,7]
[2,3,7]:[3,4,9];[4,5,6]
[2,3,11][3,4,11]:[4,5,8]:[5,6,9]
[2,3,10]:[3,4,10]:[4,5,11];[5,6,10]
[2,3,7]:13,4,7];[4,5,8]
[2,3,7]:13,4,9];[4,5,8]
[3,4,7]:[4,5,7]

[3,4,6];[4,5,10]

[3,4,6]:[4,5,10]

[3,4,8];[4,5,9]

[3,4,6];[4,5,10]

[3,4,6]:[4,5,10]

[4,5,12]

[5,6,8]

5,6,9]

IWZZZZOUODWOZZIIOTMMUOUOWE®®®EE®EE©®E>>H
FrrFOAXACZI ATV TOO0OTIOOTMZTTVOZ"IOMMOUMO®O

B [0,1,6.0];[1,2,7.0];[2,3,5];[3.4,5];[4,5,7 [0,1,7.0];[1,2,4.0];[2,3,5];[3,4,5];[4,5,7

1:[5.6,4]

[1,2,8.0];[2,3,5];[3.,4,5];[4,5,4];[5,6,4]

[2,3,4];[3,4,4];[4,5,4]:[5,6,4]
[2,3,4]:3,4,4];[4,5,4]:[5,6,4]
[2,3,6]:[3,4,6];[4,5,5]:[5,6,5]
[2,3,5]:3,4,5];[4,5,8]:[5,6,4]
[2,3,5]:[3,4,5];[4,5,8]:[5,6,4]
[2,3,5]:3,4,7];[4,5,8]:[5.,6,5]
[2,3,8]:3,4,9];[4,5,6]:[5,6,4]
[2,3,5]:[3,4,6]:[4,5,5]
[2,3,8]:3,4,9];[4,5,7]:[5.,6,5]
[2,3,8]:3,4,9];[4,5,7]:[5,6,5]
[2,3,8]:[3,4,9]:[4,5,4]
[2,3,4];[3,4,6]:[4,5,6]
[2,3,71:[3,4,7];[4,5,7]:[5,6,4]
[2,3,4]:[3,4,4];[4,5,6]:[5,6,4]
[2,3,4]:[3,4,4];[4,5,5]:[5,6,4]
[2,3,4]:[3,4,4];[4,5,5]:[5,6,4]
[2,3,8]:3,4,8];[4,5,5]:[5,6,5]
[2,3,7]:[3,4,7]:[4,5,4]
[2,3,8]:3,4,9];[4,5,5]:[5,6,6]
[2,3,6]:[3,4,6];[4,5,7]:[5.,6,6]
[2,3,6]:[3,4,6]:[4,5,5]
[2,3,6]:[3,4,7]:[4,5,4]
[3,4,7]:[4,5,7]

[3,4,4];[4,5,6]

[3,4,4];[4,5,4]

[3,4,6];[4,5,6]

[3,4,6];[4,5,7]

[3,4,6];[4,5,7]

[4,5,4]

[5,6,5]

[5,6,6]

5.2.2.3Network Analysis

In order to determine the stakeholder that has the highest worklod @hemical Equipment
Replacemenproject,the Degree Centrality (DC) value of each stakeholder was calculated for each
project phaselin Table B, DC values of project stakeholders for each project phase when they were

active inthe Chemical Equipment Replamentproject are presented.
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Table 29 DC values of project stakeholders in CER project

DC values
[0,1,2.45];[1,2,2.65];[2,3,7.14];[3,4,7.14];[4,5,7.55];[5,6,7.55]
[0,1,2.45];[1,2,5.29];[2,3,29.48];[3,4,38.52];[4,5,39.42];[5,6,28..
[1,2,2.65];[2,3,2.83];[3,4,2.83];[4,5,2.83];[5,6,2.83]
[
[

[2,3,7.75]:[3,4,7.55];[4,5,7.94]:[5,6,5.48]
[2,3,9.59]:[3,4,10.2];[4,5,10.95];[5,6,10.0]
[2,3,7.14]:[3,4,7.75];[4,.49];[5,6,7.55]
[2,3,12.25];[3,4,13.04];[4,5,13.04];[5,6,12.65]
[2,3,11.83];[3,4,12.33];[4,5,10.77];[5,6,11.66]
[2,3,7.35]:[3,4,8.12];[4,5,7.35]
[2,3,11.66];[3,4,19.26];[4,5,24.82];[5,6,8.83]
[2,3,12.33];[3,4,12.65];[4,5,11.83];[5,6,9.17]
[2,3,7.94]:[3,4,8.49];[4,5,8.12]
[3,4,5.48];[4,5,5.66]

[3,4,4.9];[4,5,6.32]

[3,4,4.9];[4,5,6.32]

[4,5,3.46]

5,6,5.83]

TOX“CZITOZTIOTMMODO®>» G

5.2.2.4Visualization

Snapshots from stakeholder interface network established for Chemical Equipment Replacement
project for each project phaséere workload and health analysis res(iltable B) and DC values
(Table D) wereusedarepresentedn Figure 2.

As the CER project hada dynamic network and each stakeholder has different DC values in each
project phase, the stakeholder whd tiee highest workload changes phase to phaseder to specify
stakeholder groups, color codes are given to stafetwlin the netorks belowgreencolored nodes
represent internal stakeholdepénk-colored nodes represemtternal stakeholders, and purpldored
node represents regulatory offic&milar to the stakeholder interface network created for Rail Line
Project, worklod values between project stakeholders are presentedhigkinessand health values
are presented with color codes on the edigesther words, the stakeholder connections with higher
workload value is represented with a thicker edge, and higher hahlthis represented with a darker
color on the edge®\lso, thedegree centrality of each stakeholdepresented with node size in the

networks belowLegends are included in Figuré fr these representations.
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Figure 26 Stakeholder interface networks of Chemical Equipment Replacement project

5.2.2.5Interpretation and Corrective Action
According to the results presentedTiable 28, the highest workload value waalculated between

stakeholdeN and Q inthe Execution phase [3,4Besides having the highest workload, the health
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value of the connection shows that it was one of the healthiest consésto®n the other hanthe
poorest health condlitn throughthe project lifecycle wagalculated between-H, B-O, B-N, and B-P
at the definition phase. It waalso seen that these connections had poor health coaditiong the
development phase too.

After analyzing collected data and establishing stakeholder interface networks for Chemical
Equipment Replacement Projec¢sultswere shared with PM of the project. Analysis resuléese
foundto correspond with thactual project conditionsndwerevalidated by PM of the project during

review meetings.

5.2.3Project 31 Detector Assemblies Replacemeriroject

The second project selected in the Nuclear Power Plant to BpotyeworkB was another ongoing
replacement project namddetector Assemblies Replacemenbjpct These detectors were the
secondary safety Shut Down System (SDS2) for the reactor unitsduthear Power Plaaind were
responsible for providing the main control room wathindication of the state of SDS2, specifically
whether the tanks are full or not. This information is essential for operators to nreaittime and
guarantee controlver the reactor units. There weeght detector assemblies and sixteen power
supplies in each of the four reactor units. However, these detector components and power aupplies h
reachedhe end of life and were obsolete. Thereswan increasing burdem @perators due to false
alarms, and an increasing burden on maintenance due to lack of spare parts.

Briefly, the project scopewvas replacing the detector assemblies and power supplies with new
equipment in all four units that target the same functionalfythe existing system and procure
sufficient sparesDetector Assemblies Replacemgirbject was also followingthe same project
lifecycle presented in Figures2 andthe antcipated project duration wagproximatelyl18 months
including application inlareactors in the power plarR.r oj ect Manager of the owne
as decisionmakerand provided data for this projethus, interface health and workload between

stakehol ders were anmdfyiewed form the owner b6s poi

5.2.3.1Stakeholder Identification and Stakeholder Connections ldentification

Multiple meetings were held to identify project stakeholders and interfaces between those stakeholders
with the PM ofDetector Assemblies Replacemgmbject. During these e®tings, first, background
information about théDetector Assemblies Replacemenbject was collected, and théhe PM

providedthelist of stakeholédrs for each project phaaadidentified interfacing stakeholdeits each
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phaseby following the format pesentedn Table 1 In Table30, thelist of stakeholders, their groups
(internal, external, regulatory offices) and phases wheset stakeholders wesetive (Time set), are
presentedT h e st a kcermectiodl kst ferthe Detector Assemblies Replacemanbject is
attached to Appendi®.

Table 30 Stakeholder List oDetector Assemblies Replacemémbject

ID Label Name Group* Time-set
1 SRE System Responsible Engineer 1 [1,7]
2 PRO Projects 1 [1,7]
3 DGG Design 1 [1,6]
4 MNT Control Maintenance 1 [2,6]
5 OPS Operations 1 [2,6]
6 VEN Equipment Vendor 2 [3,5]
7 SC Supply Chain 1 [2,5]
8 HF Human Factors 1 [2,4]
9 RS Reactor Safety 1 [2,4]
10 SSC Seismic 1 [2,4]
11 Cs Conventional Safety 1 [3,5]
12 RP Radiation Protection 1 [3,5]
13 wC Work Control 1 [3,5]
14 WA Work Assessing 1 [3,5]
15 ouT Outage 1 [3,5]

*1=internal Stakeholder, 2= External Stakeholder

5.2.3.2Evaluating Stakeholder Connections

After obtainingthe Stakeholder List and Stakeholders connection tis,stakeholde connection
evaluation tool wa prepared fothe Detector Assemblies Replacemambject. During the review
meetings, how to fill the tool by using the point system presenfédble 3 and able 4wasexplained

to PMof the projectDuring the review meetingtheDetector Assemblies Replacemenbject wasat
the beginning of the Execution phase. TherefttrePM of the project provided workload and health
dataonly for Initiation, Develoment, Definition, and Execution phased. the end of thisstep,
dynamic weight and dynamic health value of each stakehaddeection when thewere active in the
projectwerecollected. In Tabl&1, stakeholder connections and their dynamic health aighiwalues

are presented.

Table 31 Dynamic Workload and Health valuesDetector Assemblies Replacemenbject

Source Target Weight Dynamic Health Dynamic
1 2 [1,2,5];[2,3,6]:[3,4,7];[4,5,8] [1,2,5];[2,3,7];[3,4,4];[4,5,4]
1 3 [1,2,4];[2,3,9];[3,4,7] [1,2,5];[2,3,7];[3,4,6]
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Source Target Weight Dynamic Health Dynamic

2 3 [1,2,6];[2,3,10];[3,4,10];[4,5,9] [1,2,6]:[2,3,7];[3,4,7])[4,5,4]
2 4 [2,3,6]:[3,4,6];[4,5,10] [2,3,5]:[3,4,4];[4,5,6]
2 5 [2,3,6]:[3,4,6]:[4,5,8] [2,3,5]:[3,4,4];[4,5,6]
2 7 [2,3,8]:[3,4,6]:[4,5,6] [2,3,8]:[3,4,6];[4,5,6]
3 4 [2,3,5];[3,4,5] [2,3,5];[3,4,6]

3 5 [2,3,5];[3,4,5] [2,3,5];[3,4,4]

3 7 [2,3,5]:[3,4,7] [2,3,5];[3,4,5]

3 8 [2,3,5];[3,4,5] [2,3,7];[3,4,6]

3 9 [2,3,5];[3,4,5] [2,3,6]:[3,4,4]

3 10 [2,3,5];[3,4,5] [2,3,6];[3,4,5]

2 6 [3,4,9]:[4,5,9] [3,4,8];[4,5,4]

2 8 [3,4,6] [3,4,5]

2 11 [3,4,6];[4,5,6] [3,4,4];[4,5.4]

2 12 [3,4,6]:[4,5,6] [3,4,4];[4,5,4]

2 13 [3,4,7][4,5,8] [3,4,4][4,5,4]

2 14 [3,4,6];[4,5,6] [3,4,6];[4,5,4]

2 15 [3,4,8]:[4,5,9] [3,4,9];[4,5,7]

3 6 [3,4,11];[4,5,10] [3,4,8];[4,5,4]

6 7 [3,4,5];[4,5,6] [3,4,6];[4,5,5]

13 15 [3,4,7]:[4,5,9] [3,4,5];[4,5,4]

4 5 [4,5,9] [4,5,4]

4 13 [4,5,9] [4,5,4]

4 15 [4,5,9] [4,5,4]

5 13 [4,5,9] [4,5,4]

5 15 [4,5,9] [4,5,4]

12 13 [4,5,9] [4,5,4]

12 15 [4,5,9] [4,5,4]

5.2.3.3Network Analysis

After collecting dynamic health and workload values of each stakehmdeection, network analysis
wasconducted fothe Detector Assemblies Replacem@nbject. The details of the network analysis
conducted is given iBection3.2.4earlier. At the end of this analysis, dynamic Degree Centrality (DC)
values of each stakeholder for all the phasey thiere active in the projeetere calculated.Since
workload and health data for the last two phases were not avaldbliealues of the stakeholders in

Closeout and PIR phasegre 0.Calculated DC values apresentedn Table32 below

Table 32 DC values of project stakeholdershetector Assemblies Replacemétrbject

ID DC values

SRE [1,2,4.24];[2,3,5.48];[3,4,5.29];[4,5,2.83];[5,6,0.0];[6,7,0.0]
PRO [1,2,4.69];[2,3,13.42];[3,4,31.56];[4,5,30.58];[5,6,0.0];[6,7,0
DGG [1,2,4.47];[2,3,19.8];[3,4,23.24];[4,5,6.16];[5,6,0.0]

MNT [2,3,4.69];[3,4,4.69];[4,5,12.17];[5,6,0.0]
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ID DC values
OPS [2,3,4.69];[3,4,4.69];[4,5,11.83];[5,6,0.0]
SC [2,3,5.1];[3,4,7.35];[4,5,4.9]

HF [2,3,2.24];[3,4,4.69]

RS [2,3,2.24];[3,4,2.24]

SSC [2,3,2.24];[3,4,2.24]

VEN [3,4,8.66];[4,5,8.66]

CS [3,4,2.45];[4,5,2.45]

RP [3,4,2.45];[4,5,8.49]

WC [3,4,5.29];[4,5,14.83]

WA  [3,4,2.45];[4,5,2.45]

OUT [3,4,5.48];[4,5,15.0]

As it is explained in Section34, DC values are showirtheimportance of each stakeholder. Since
workload values arased as the weight values of each edge in this analysis, DC value indicates the

workload of each stakeholder in this research.

5.2.3.4Visualization

A dynamicStakeholder Interface Network wastablished fothe Detector Assemblies Replacement
project by using te nodes and edges data preseimelbable 30, Table31, and Table32. Snapshots

from the dynamic network for each project phastheDetector Assemblies Replacemegmbject is
presented in Figur27. Similarto the Rail Lineproject and Chemicdtquipment Replacementqject,

workload value of each stakeholder connection is represented with line thickness on the edges, health
values are represented with color codes on the edgesthardC value of each stakeholder is
represented with the node iz Detailed legend is alswludedin Figure27 for these representatians

In order to specify stakeholder groups, color codes are given to stakeholders. In the networks presented
in Figure27, greencolored nodes represent internal stakeholgém&;colored nodes represent external
stakeholdersAlthough workload and health data of the stakeholder connections in Closeout and PIR
phases were not available, stakeholder connections were known. Thus, networks in those phases are
also created and presentadFigure27, to show the evaluation of tretakeholder interfaceetwork

over time.

91



Health

Z)

0

€

Initiation

© ®
@ Stakeholders
Internal
T -
@ External
Definition Execution Workload
_ Heavier
o~y

—— ] jchter

@ Degree Centrality

. Higher

Closeout PIR .

Lower

Figure 27 Stakeholder Interface Networks D&tector Assemblies Replacem@&mbject

5.2.3.5Interpretation an&orrective Action

According to the results presented in TaBle the highest workload value was calated between
stakeholdeDesign (DGG)andVendor (VEN) inDefinition phase 3,4], and poorest healttondition
throughproject lifecyclewascalculated betweeRrojects (PRO) and Outage (OUdyring Definition
phase [#].

After analyzing collected data and establishing stakeholder interface netwdbetdotor Assemblies

Replacementpject, results were sharead reviewed witlthe PM of the projectDuring these last
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reviewing meetingsppenended questions were askids PM to reveal theroot causes of the high
workload and poor health condit®metween project stakeholders, and it cenw light thatthe
Detector Assemblies Replacemenoject started latat the beginning arall milestones were missed
along the way. Besides, internal stakeholders were undertaking various othes prajdwd their own
internal milestones thagve aigher priorityfor the nuclear power planthis was also the mainagson
why PRO and OUT had the poorest health condition dutiregDefinition phase.Since all the
milestones missed during the project before OMAS active, the project was late, and wherthe
Definition phase starte@UT alreadyhadinternalmilestones thishada higher priority that affectthe
overall plant That crated poor health condit®between PRO and OUT. At the end of these review
meetings analysis resultsvere found to correspond with thectual project conditions andgere
validated bythe PM of the project.

5.2.4Project 41 Control Positioners Replacement Project

The third project selected in the Nuclear Power Plant to dppdgrated Project Monitoring Method

using FrameworB was another ongoing replacement project na@wmutrol Positioners Replacement
project.The existing analog positioneirsthis nuclear power plantere degraded and it was a heavy
burden on maintenance crews to get these calibrated and operating within performance tolerance. Each
of the units in the Nuclearo®er Plant had 14 valves and associated positioners, which control the flow

of water through the reactor. Brieflihe project scope was replacing these analog positioners with
digital smart positioners.

Theanticipated project duration éfieControl Posioners Replacement projegas approximately 142

months including application inlaeactors in the power plant. Thigoject was also following the

same project lifecyclgresented in Figure52as other ongoing projects in the same Nuclear Power
Plantand had seven project phas€be Project Manage(PM)of t he owner 6 ghet eam i
decisionmaker and provided data for this project, thus, interface health and workload between

stakehol ders were analyzed form the ownerb6s poir

5.2.4.1Stakeholder Identification and Stakeholder Connections ldentification

After projectselectionthePM of the project waasked to providthes t akeh ol der | i st anoc
connections list for all project phaskdlowing the data collection format ented inTable 1 The
master stakeholder list ftle ControlPositioners Replacement project is presentd@dbie33 andthe

stakeholder connection list for each project phase is attached in Apgerftixhe end of this step,
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stakeholders and staketlet connections for each project phasieControl Positioners Replacement

projectwerecollected.

Table 33 Stakeholder List o€ontrol Positioners Replacemeptoject

Id Label Name Group Time-set
1 ENG Engineering 1 [0,7]
2 PM Project Manager 1 [1,7]
3 CM Control Maintenance 1 [0,1];[2,5]
4 OPS  Operations (Project SPOC) 1 [0,1];[2,5];[6,7]
5 OPSO Operations (Authorized Operato 1 [4,5]
6 DES Design 1 [2,7]
7 CG Computers Group 1 [3/4]
8 CS Conventional Safety 1 [2,4]
9 RP Radiation Protection 1 [3,5]

10 WC Work Control 1 [4,5]

11 EPM EPCPM 2 [3,6]

12 ECPM EPC Construction PM 2 [3,6]

13 EC EPC Coordinator 2 [3,6]

14 EDDL EPC Design Discipline Lead 2 [3,4]

15 EDE EPC Design Engineering 2 [3,4]

16 ES EPC Software 2 [3,4]

17 EDTL EPC Design Team Lead 2 [3,6]

18 SC Supply Chain 1 [3,5]

*1=internal Stakeholder, 2= External Stakeholder

5.2.4.2Evaluating Stakeholder Connections

Based on the stakeholdersé connecti ons healihst
evaluation tool for the Control PositionersgReemenproject wa created and shared with PM during
the review meetings. After explaining the tool and point system for workload and health evaluation of

stakeholder connectionBM provided data foeach connectiobetween stakeholdeis the project.

Data collected for tisistep is attached to Appendix E

During the data collection for stakeholder connections evaluaiomol Positioners Replacement

project was at the beginning of théexecution jhase. Thereforehe PM of the project provided

provi

workload and health data for the first 4 phases. For the last three phases (Execution, Closeout, and PIR),

the PM only providedstakeholdes @onnectios list andexpected workload values between project

staleholdes. Dynamic workload and health values of stakeholder connectionshénControl

Positioners Replacement projeceattached ilAppendixE.
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5.2.4.3Network Analysis

After collecting dynamic health and workload values of each staketmidaection, network analysis
was conducted forControl Positioners Replacement Projethe details of the network analysis
conducted is given i€hapter3 earlier. At the end of this analysis, dynamic Degree Centrality (DC)
values of each stakeholder fl the phases they were active in the projestecalculated. Calculated

DC values ar@resented in Tablg4 below.

Table 34 DC values of project stakeholdersGontrol Positioners Replacemd®roject

ID DC values

ENG [0,1,4.0];[1,2,2.0];[2,3,4.24];[3,4,4.9];[4,5,4.9];[5,6,8.66];[6,7,6.7
CM [0,1,2.0];[2,3,2.0];[3,4,11.62];[4,5,16.94];[6,7,2.24]

OPS [0,1,2.0];[2,3,2.0];[3,4,12.04];[4,5,16.61];[6,7,2.24]

PM [1,2,2.0];[2,3,4.24];[3,4,36.28];[4,5,32.83];[5,6,16.79];[6,7,4.47]
DES [2,3,10.49];[3,4,35.33];[4,5,18.14];[5,6,11.66];[6,7,2.24]

CSs [2,3,2.0];[3,4,10.0]

CG [3,4,4.47]

RP [3,4,10.0];[4,5,7.14]

EPM [3,4,23.43];[4,5,22.27];[5,6,12.0]

ECPM [3,4,23.81];[4,5,30.0];[5,6,17.32]

EC [3,4,23.81];[4,5,30.0];[5,6,11.66]

EDDL [3,4,12.65]

EDE [3,4,16.61]

ES [3,4,4.24]

EDTL [3,4,19.8];[4,5,14.32];[5,6,14.14]

sC [3,4,4.47]:[4,5,4.0]

OPSO [4,5,13.96]

WC [4,5,12.81]

5.2.4.4Visualization

A dynamicStakeholder Interface Network wastablished fothe Control Positioners Replacement
project by using the nodes and edges data presieniedle33, Table 34and AppendiE. Srapshots
from the dynamic network for each project phaséhmControl Positioners Replacementgject is
presented in Figur@8. Similar to the previous projects presentethe workload valueof each
stakeholder connection waepresented with line thicknemsthe edges, health values wexpresented
with color codes onhie edges, anthe workload of each stakeholders represented with the node
sizes.Detailed legensl are also provided orFigure 28. Although health data of the stakeholder
connections in Execution, Closeout and PIR phases were not available, staketrubdetionsand

expected workload values of those connectiwase known. Thus, networks in those phases are also
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created and presented ilglre B, to show the evaluation of the stakeholder interface network over

time.
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Figure 28 Stakeholder Interface Networks @bntrol Positioners Replacemembject

5.2.4.5Interpretation and Corrective Action

In the Control Positioners Replacement projebg highest workload valseverecalcuated between
stakeholdes PMandDesignin the Definition phase [3,4], antletween stakeholders ECPM and EC in
Definition [3,4] and Execution [4,5] phases. On the other hdreoorest health conditiothrough
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the project lifecyclewas calculated betweeBesign (DES) and Computers group (Cdiiring the
Definition phase [2,3]

After analyzing collected data and establishing stakeholder interface networitse fGontrol
Positioners Replacement projeotsults were shareathd reviewed witithe PM of the projectPM
explained that rework betwedime Design and Computers growashigh during the Definition phase
because there were inconsistengreshe reports. That created poor health conditiamong these
project stakeholders. By tlend of these review meetingsiadysis resultsverefoundto corespond
with theactual project conditions amgerevalidated bythe PM of the project.

5.2.5Project 51 Air Conditioning Unit Replacement Project1 (ACU-1)

The fourth project selected in the Nuclear Power Plant to apelyproposedintegrated Project
Monitoring Method using Framewoi® was another aing replacement project namedr
Conditioning UnitReplacementACU-1) project Briefly, the project scope was taking on essentially
a like-for-like replacement of 98ir CoolingUnits (ACUs)across thetation.These were simple water
cooled ACUs that provide cooling and steam protectimnearby critical equipment, and thegre
degraded with either leaking coils or spraying waléus a replacement project was initiated.
ACU-1 project was also folloimg the same project lifecyclbustrated in Figure 2, as other ongoing
projects in the same Nuclear Power Plant and had seven project gieefesject Manage(PM) of
t he owner 6s teeisiommakenand proviéed dat $or this project,ghimterface health

and workload between stakehol ders were analyzed

5.2.5.1Stakeholder Identification and Stakeholder Connections ldentification

After projectselectionthe PM of the project waasked to providéhestakeholderil st and st akehc
connections list for all project phaskg filling the data collection table presentedTiable 1 The
obtainedmaster stakeholder list fthe ACU -1 project is presented in Tabl&.3At the end of this step,
thestakeholder lisand stakeholdsr éonnectiondist for eachproject phase ahe ACU-1 project were

collectedACU-1pr oj ect 6 stakehol dersd comnection | ist i

Table 35 Stakeholder List oACU-1 Project

Id Label Name Group Time-set
1 ENG Engineering 1 [0,7]
2 PM Project Manager 1 [1,7]
3 CM Control Maintenance 1 [0,1];[2,5]
4 OPS Operations (Project SPOC) 1 [0,1];[2,5];[6,7]
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Id Label Name Group Time-set

5 OPSO Operations (Authorized Operato 1 [4,5]
6 DES Design 1 [2,7]
8 CS Conventional Safety 1 [2,4]
9 RP Radiation Protection 1 [3,5]
10 wWC Work Control 1 [4,5]
12 ECPM EPC Construction PM 2 [3,6]
13 ECC EPC Construction Coordinator 2 [3,6]
17 EDTL EPC Design Team Lead 2 [3,6]
18 SC Supply Chain 1 [3,4]

*1=internal Stakeholder, 2= Externatakeholder

5.2.5.2Evaluating Stakeholder Connections

Based on the stakehol de thaRM ottlernpmject the worklsad hnd s t pr ov
health evaluationool for the ACU1 project wa created and shared witle PM during the review
meetings. After explaining the tool and point system for workload and health evaluation of stakeholder

connectionsthe PM provided data for each stakeholder connection in the project.

During the data collection for stakeholder conites evaluation, ACHL projectwas inthe
Execution phase. Therefotbg PM of the project provided workload and health evaluation for the first
5 phases. For the last two phases (Closeout, andtR&®M only provided expected workload values

betweerproject stakeholder Collected data ipresented ii\ppendixF.

5.2.5.3Network Analysis

After collecting dynamic health and workload values of each stakehmdaection, network analysis
wasconducted for ACLIL project. The details of the network analysis adwcted is given ilChapter3
earlier. At the end of this analysis, dynamic Degree Centrality (DC) values ofta&eimolder for all
the phases #y were active in the projesterecalculated. Calculated DC values are preseintd@able
36 below.

Table 36 DC values of project stakeholdersAGU-1 project

ID DC values

ENG [0,1,4.0];[1,2,2.0];[2,3,4.24];[3,4,6.0];[4,5,4.9];[5,6,8.66];[6,7,6.7
CM [0,1,2.0];[2,3,2.0];[3,4,10.49];[4,5,15.3];[6,7,2.24]

OPS [0,1,2.0];[2,3,2.0];[3,4,13.04];[4,5,14.49];[6,7,2.24]

PM [1,2,2.0];[2,3,4.24];[3,4,24.7];[4,5,27.33];[5,6,14.32];[6,7,4.47]
DES [2,3,10.49];[3,4,25.28];[4,5,18.52];[5,6,11.66];[6,7,2.24]

CS [2,3,2.0];[3,4,8.0]

RP [3,4,8.0];[4,5,7.14]
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ID DC values

ECPM [3,4,20.59];[4,5,26.66];[5,6,14.14]
ECC [3,4,20.4];[4,5,26.66];[5,6,8.49]
EDTL [3,4,15.1];[4,5,11.66];[5,6,10.95]
SC [3,4,2.24]

OPSO [4,5,13.96]

WC [4,5,9.64]

5.2.5.4Visualization

A dynamic Stakeholder Interface Network wastablished foACU-1 project Snapshots from the
dynamic network for each project phase in is present&igimre 2D with detailed legend Although

health data of the stakeholder connections in Closeout and PIR phases were not available, stakeholder
connections and expectaarkload values of those connections were known. Thus, networks in those
phases are alsoaated and presented in Figu& t show the evaluation of the stakeholder interface

network over time.
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5.2.5.5Interpretation and Corrective Action

According to the results presented in Apperfeliand on Figure9, the highest workload values were
calculated betweemrxternal stakeholdersEPC Construction PMECPM) and EPC Construction
Coordinator(ECQ) in Executionphase 4,5], followed by connections betwedine Project Manager
(PM) and those external stakeholders in the same project @aske other handhe poorest health
condition throughthe project lifecycle was calculated betwe@perations(OPSQ and Control
MaintenancgCM) duringthe Executionphase 4,5]. After analyzing collected data and establishing
stakeholder interface networks fine ACU-1 project results were shared and revieweith the PM

of the project.The PM explained thainternal priorities were affecting health conditsobetween
project stakeholders. For example, the reason behind the relatively poor health condition between CM
and OPSQwvas the misalignment of the stakddher priorities. These stakeholders had other ongoing
projects that had higher priorities that affected the health of the conn&yithre end of these review
meetings, analysis results fouttdcorrespond with thactual project conditions anderevalidated by

the PM of the project.

5.2.6Project 61 Air Conditioning Unit Replacement Project 2 (ACU-2)

The fifth project selected in the Nuclear Power Plant to apbéyproposedintegrated Project
Monitoring Method using Framewoi8 was another ongoingAir Conditioning Unit (ACU)
replacement project.he Sope of Work for this project wase replae the two ACUs whicheached
theend of life andverein a state of disrepair.
ACU-2 project was also following the same project lifecysligich is presented iniure 5, as
other ongoing projects in the same Nuclear Power Plant, and had seven projectTteRegect
Managet(PM)of t he o wn er 6 decidioansaker andpvovided datd forahsés project, thus,
interface health and workload betweenstekel der s wer e analyzed form the

5.2.6.1Stakeholder Identification and Stakeholder Connections ldentification

After projectselection,thePM of the project waasked to providéhes t akeh ol der | i st anc
connections list for all project phases. The master stakeholder lisiefAICU-2 project is presented
in Table J. At the end of this step, stakeholders and stakeholder connections for each project phase of

the ACU-2 prgectwerecollected.The data collected for AGUQ project ispresented iAppendixG.
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Table 37 Stakeholder List of ACL2 project

d Label Name Group Time-set
1 SRE SRE [0,6]

3 DRE Director Engineering [0,3]
5
7
8

HFE HumanFactors Engineering [3,5]
[0,1];[2,6]
[0,1];[2,6]
[2,4]
[2,4]
[2,4]
[2,5]

1

1

1
OPS Operations 1
MTN  Maintenance 1

11 RE Radiation Protection 1

12 CS Conventional Safety 1

13 CE Chemistry and Environment 1

14 FE Field Engineering 1

15 ERO EmergencyResponse Organizatio 1 [3,5]

17 TRN Training 1 [5,6]

18 PSC Plant Status Control 1 [4,6]

19 PRC Procedures 1 [5,6]

23 PRO Projects 1 [1,6]

24 DSG Design 1 [2,6]

28 CMO Contract Management Office 1 [2,5]

30 WC  Work Control 1 [3,5]

31 WA Work Assessing 1 [3,5]

32 FNC Finance 1 [1,6]

33 SC Supply Chain 1 [2,6]

35 QLT Quality 1 [3/4]

36 BM Contractor 2 [2,6]

46 RCPL Subcontractor 3 [2,6]

*1=internal Stakeholder, 2= External Stakeho)d@rSubcontractor

5.2.6.2Evaluating Stakeholder Connections

Based on the stakehol deheBMoftheproject the workload ant hiealth pr ov i
evaluation tool for the ACK2 projectwascreated and shared withe PM during the review meetings.
After explaining the tool and point system for warkti and health evaluation of stakeholder

connectionsthe PM provided data for each stakeholder connections in the project.

During the data collection for stakeholder connections evaluation,-2@bject wasat the
beginning of thdexecution phaséilthough ACU-2 projecth a s stafiethe Execution phasehe PM
of the project provided both health and workload data for Execution and Closeout phases too based on
experience. Thus, data for the first 4 phases are real project déte A&LU-2 project and data for

thelast 2 phases are based on thesPMpectations based on the experience.

As it is presented in Tablg7, a total of 23 stakeholders were involvedtlie ACU-2 project
t hroughout its project | i f e cajuatibnestep, iDwas foimg thas t a k e h o |
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ACU-2 project was a weltonnected project which had in total of 113 stakehold®mection
throughoutits project lifecycle.The workloadand health data of these connections are attached to

AppendixG.

5.2.6.3Network Analysis

After collecting dynamic health and workload values of each stakeholder connection, network analysis
wasconducted fothe ACU-2 Project.By the end of this analysis, dynamic Degree Centrality (DC)
values of each stakeholder for all the phakey tvere actie in the projectverecalculated. Calculated

DC values ar@resentedn Table 3 below.

Table 38 DC values in ACU2 project

Label DC

SRE [0,1,8.66];[1,2,5.1];[2,3,23.66];[3,4,23.62];[4,5,20.78];[5,6,9.
DRE [0,1,7.55];[1,2,6.0];[2,3,28.0]

HFE [3,4,6.0];[4,5,14.0]

OPS [0,1,7.35];[2,3,15.43];[3,4,18.52];[4,5,31.11];[5,6,14.73]
MTN [0,1,6.93];[2,3,11.83];[3,4,20.59];[4,5,30.98];[5,6,16.25]

RE [2,3,10.0];[3,4,10.0]

cS [2,3,10.0];[3,4,12.0];[5,6,4.0]
CE [2,3,10.0];[3,4,8.0]

FE [2,3,6.0:[3,4,4.0];[4,5,22.63]

ERO  [3,4,2.0]:[4,5,15.49]

TRN  [5,6,10.0]

PSC  [4,5,5.66];[5,6,6.0]

PRC  [5,6,8.0]

PRO  [1,2,8.66]:[2,3,30.4];[3,4,40.6][4,5,42.43]:[5,6,25.88]
DSG  [2,3,17.35];[3,4,19.08];[4,5,21.91];[5,6,7.55]

CMO  [2,3,5.48]:[3,4,5.66];[4,5,18.33]

wWC [3,4,6.0]:[4,5,16.25]

WA [3,4,6.0]:[4,5,14.7]

FNC  [1,2,5.66];[2,3,6.71];[3,4,5.29]:[4,5,14.14]:[5,6,2.0]

sc [2,3,7.55]:[3,4,6.63];[4,5,12.65];[5,6,3.46]
QLT  [3,4,6.0]
BM [2,3,2.0]:[3,4,25.04];[4,5,46.96]:[5,6,11.31]

RCPL  [2,3,2.0]}[3,4,8.0];[4,5,41.27];[5,6,5.66]

5.2.6.4Visualization

A dynamicStakeholder Interface Network wastablished fahe ACU-2 project Snapshots from the
dynamic network for each prajephase irthe ACU-2 projectarepresented ifrigure30 with detailed
legend.
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5.2.6.5Interpretation and Corrective Action

According to thevorkload and interface health analysasults preseet in AppendixG and on Figure

30, the highest workload valués the first four phases of AGQ projectwere calculated between
stakeholder®perations (OPSand Maintenance (MTN), Projects (PRO) angs&ms Responsible
Engineer (SRE), PRO and Design (DSG), SRE and DSG, and PRO and Contract Management Office
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(CMO) in Definition phase [3,4]Meanwhile the poorest health conditiotine first four phases ahe
ACU-2 project was calculated between stakdeod PRO and Supply Chain (SC), PRO and Work
Assessment (WA), and PRO and Work ContWilQ) at theDefinition phase 3,4].

After analyzing collected data and establishing stakeholder interface netwdheX@U-2 project
results were sharedth PM ofthe projectt the review meeting®uringthesemeeting, PMexplained
thattheturnover rate was high in the internal and external stakeholders. Bgetimenew employees
requiredfor training and learninghigh workload and poor health conditionweg&n project stakeholder
occurred. For example, the main reasonthe poor health condition between Projects (PRO) and
Supply Chain (SC) groups was relatetdoth high turnover rate in Supply Chain and outdated software
usage Over time, procedures follved inthe ACU-2 project changed, thus the software usedome
outdated. That also created extra work between project stakeholders.

Internal stakeholders in the project were also responsible for many other ongoing projects in the same
nuclear power plan For example, Operations (OPS) and Maintenance (MNT) were responsible for
other projects primarilyhich createdhigh workload for stakeholders that needed to collaborate with
them.Moreover, it is learned that documentation of initial ACU project anpnted irthe 1970s were
printed on paper, and external stakeholders were havingihsetb reach those documentations. That
was also another reastor the high workload between internal and external stakehol@&grshe end
of these review meetingsnalysis resultsverefoundto correspond with thactual project conditions

andwerevalidated bythe PM of the project.

5.3 Partial Functional Validation of the BIM and IMS Integration

The poposedmethodologyfor Building Information Modeling and Interfaddanagement System
(IMS) can befurther explainedand partially validated throughn exampleLight Rail Transit(LRT)

project LRT projects ara subdivision oMass Rapid TransgystemsToday, many LRT projects all
around the world face problems that ¢tensolved by establishing proper IM and BIM systems. Some

of the common problemisRT projects faceare designing the platform lower than it should be, or
designing train door heights that are different than the platform design, or building platforms shorter
than the train length, or constructing stations narrower than trains c&olfring these types of
problemsat thelate phases of the project result in substantial extra costs and schedule p{Bbkmahs

1995; Flanagan, 2016)

Generally,BIM or equivalent 3D tools are used loRT design to maageprojectcomplexity and
perhaps more importantly to communicate design details and intetfaaddition to BIM, IMS should
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also be used in LRT projects to manage communications and deliverables between project stakeholders
in design and constructigrhasesin order to demonstratifie functionality and efficacy of the |9

and BIM integrationa modelLRT systemwas developedor thisthesis A good model would abstract

key network morphology and elements of actLRT projects allow for scenario arsgnsitivity tests,

would be useful for illustrating concepts being studied and developaald be realistic enough to
convince practitioners of its representativeness, and be simple enough that it can be managed and
manipulated by a single researchBne developmenf such a model is described in the following

sections.

5.3.1A Model Interface ManagementSystem of a Light Rail Transit (LRT) Project at its Early
Phases

Generally, Light Rail Transit (LRTprojects are built by consortiumehich containseveral project
stakeholders who have different specializations. In such organizations, many interface points between
project stakeholders would be created. For instasiation platformswould be subject to many
interface points in an LRT projecDimensons of the platforms are important for designing other
systems in the project, therefore project participants need to agree on the dimensions of station
platforms, and these agreements should be controlled properly. For exhmipéght of the platform

would be an interface point between project stakeholders who undertake Rolling Stock and Civil Works
since it would affecthe design of the train and door locations and vice versa. Simitadyyideness

of the stations would be another interface pbattveen project stakeholders who undertakelesign

of Civil Works, Rolling Stock, and Track Works.

Yeh et al. (2017) defined a breakdown structure of a typical Mass Rapid Transit (MRT) project to
manage interfaces in urban MRT projects. In thésis the breakdown structure that is defined by Yeh
et al.(2017)wastaken into consideration while creating the 3D modeltaadM system of a model

project. The main branches of the aforementioned breakdown structuye saan ifrigure31.
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Figure 31 Breakdown structure of a typical MRT line projesturce (Yeh et al. 2017)

In the 3D modeland IMSdeveloped after reviewing many existibBT projects, an LRTproject

built by a consortium wahypothesized. To sap itsIMS, a fundamentatlatabasetructure which is

explainedin Section 4.1 wafollowed. The first step of setting up an Bfor a project is defining its

scope packages, scope IDs, contracafrghese packages, and contractor IDs. Therefore, five

engineering work packages including Civil Works, Rolling Stock, Track Works, Signaling, and

Infrastructuraveredefined for thid. RT modelwith the assumption that each projsietkeholdewould

be responsible for only one work package. The project setup table with randomly created contractor

names and related database codes is summamidedble39.

Table 39IM System Project Setup Table

Scope Package Nam: Scope Package Codi Contractor Name Contractor Code

Owner
Rolling Stock
Signaling
Infrastructure
Civil Works
Track Works

OWN
RLS
SGN
INF
Ccvw
TRW

ICA ICA
Alton ALT
MTN Rail Works MTN
Soselnfrastructure SOS
Enk ENK
YRRail YRR
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The second stegf setting up an INgfor a projecis defining the Project Manager of the project, and
Interface Managers and Technical Contacts of contractors. F&RHfisnode| aninterface manager
and two technicalantacts for each contract@takeholdenveredefined with randomly createthmes.

In Table40, the maincontact points of each stakeholder can be seen.

Table 40 Contact points of each staketet in model IM system

Contracting Party  Package Name Role

ICA Owner Ekin Eray Project Manager
ICA Owner Ekin Eray Interface Manager
ALT Rolling Stock Jacob Brown Interface Manager
ALT Rolling Stock Harry Taylor Technical Contact
MTN Signaling ThomasLewis Interface Manager
MTN Signaling Daniel Morgan Technical Contact
MTN Signaling Erin Richards Technical Contact
SOS Infrastructure Grace Foster Interface Manager
SOS Infrastructure Jack Mason Technical Contact
SOS Infrastructure Adam West Technical Contact
ENK Civil Work David Murray Interface Manager
ENK Civil Work Luke Palmer Technical Contact
ENK Civil Work Mark Lucas Technical Contact
YRR Track Works Amy Moore Interface Manager
YRR Track Works Lisa Lloyd Technical Contact
YRR Track Works Paul Lavender Technical Contact

The third stepf setting up an INsfor a projetis dividing the model project into Phases, Disciplines,
and Areas. Since LRT projects are linear projects, each statirsections between stationere
accepted aan area for this project. Also, the phasesassumed athedesign phase for each interface
point and agreement. Discipline and Area data optbgct can be seen in Takl

Table 41 Discipline and Areas of thlodel

Discipline Code Area Code
Administration ADM Conestoga CNS
Procurement PRO Northfield NRF
Earthwork ERW R&T Park RTP

Track line TRC uw UWS
Structural STR Seagram SGR
Operations/ Maintenance OPR Central Control Center CCC
Mechanical MEC BetweenCNSUWS Btw CNSUWS
Signaling SIG Between CNNRF Btw CNSNRF
Civil CVL Between NRFRTP Btw NRFRTP
Electrical ELE Between RTFSGR Btw RTR-SGR
Telecommunication TEL

Multidiscipline MLT
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After defining all the mandatory tablgwesented in Figure 13 earlieiPs and IAs between

contractors can be created. Some IP examples between defined work packsigesmia Tablel2.

Table 42 Examples for Interface points on LRT projects

Leader Partner Title of | nterface Interface Description

RLS Ccvw Platform Level Details of cant and platform levels

RLS TRW Vehicle Data Vehicle data for dimensioning other system
SGN Cvw Signals Requirements for implementation

RLS TRW Insulated Rail Joints Location andQuantity of Insulated Rail Joint
OWN RLS Design restrictions Height restrictions for dimensioning vehicle

5.3.2Conceptual 3D Design

In order to create eaonceptual 3D design for the model LRT projgmbject agreements, route and
station designs odeveral projestsuch as Waterloo LRTEglington Crosstown LRT, Valley metro
werestudied After reviewingproject documents from different LR3rojects a conceptual 3D degn

for the model LRT project wacreated by using Autodesk Revit 2017. The families and objects
available on Autodesk Revit 2017, and objects freely available on the intemmrgetsed while creating

the LRT project model. As explained in the previous sections, in complex construatjentg
generally a project team starts creating a 3D model of the project before establishing its IM system.
According to the assumptions that have been made for this research, there would be a conceptual 3D
BIM model of the LRT project in the early seggof the design phase, and each element on the model
could be defined by IFC format. Thus, the model LRT project represents the early phases of the design
stage of such a project. A partial route of the modeled bRjJect is presenteth Figure 32 and

example sttions are presented in Figl8&

7,/

—— Track Line
== Streets

Figure 32 Partial Route of the LRT model
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Figure 33 Example stations on the model

Three diferent typesof LRT stations werenodeled: (1) island type, (2) osée type, and (3) double
side type. A total of 14tations weradded to the 2Rm long hypothetical LRT line. A typical number
of design objects for an LRT platforwould be over 1000 in real projects. In this reseaedimited
number of design objects which would be subject to interface points and interface agréetaeren
project participants weradded to the model. Objects thae glaced in the station models were
concrete platform, concrete base, steel platfcolumnsbeams, glass platform roof, concrete platform
wall, electric poles, technical room, connection ramp between platform and road, stoppers, fences,
traffic lights, signals for the train, platform lights, electrical boxes, and pipe lines. Ohjetits island

type platform can be seen on Figug¢

Figure 34 Island type LRT station (paftl and part2)
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Each object in this model containéd own properties such as material type, dimensions, constraints,
identity dataLOD, etc. Properties of the elements can be accessed with the database of the software.

Forexample properties screen of a Platform object on an islanddfgeation is showin Figure 3.

Modify | Structural Foundations

Properties x

] Foundation Slab i
6" Foundation Slab

Structural Foundations (1) « | BE Edit Type

Height Offset Fram Level: 0.3000 ia

Related to Mass

Structural

Structural

Enable Analytical Model

Rebar Cover - Top Face :Rebar Cover 1 <25 mm=»

Rebar Cover - Bottom ... {Rebar Cover 1 <25 mm>»
ver - Other Fa... Rebar Cover 1<25 mm3>

([ )

Volume
Elevation at Top
Elevation at Bottom
Width
Length
Thickness
Identity Data
Image
Comments

| hiark—0
Current LO/D) 100

Phasing

Figure 35 Properties of Platform object

5.3.3ProposedDatabase Level Integration of BIM andIMS (BIM+IMS Connector)

In Chapter 4, a framework falatabaséevel integration ofnterface Management SysteliviS) and
BIM is proposedAs it is explained in Chapter, ftegration betweethese two systems can be done
by connecting Interface Points to related olgext the BIMmode| andthe IP forns in the IMS can

be used for setting this integratidtor example,ri order to create the first interface point for the model
project shownn Table42, the IM manager of the Rolling Stock would follow the framework shown
in Figurel4. Asa first stepthe IM manager wouldefine the IP title, which would e Rtform leveb

in this example, then chooeephase, discipline, and area of thierface poinfrom dropdown menus
which shows the informatiopresented in Tabld1l. Depending on the complexity of the project,
discipline data can be divided into Systems too.

When the Areaption is selected from the dropdown meBUM elements in that specific area on
the model would be listedh this example, the user needs to select the platform element which has the
uni gue | D as 26047850 AftereetactinghetatedBBIMElemdriterngent s e cC |

would requireto define work packages relatéalthis IP. In this example, the leading work package
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would be Rolling Stock, while the interfacing wopackage isCivil Works. When thelP form is
submittedj t woul d get a -CNSCYWEO0 Odbd ak parehinvavedin this PP

would be notified When Rolling Stock and Civil Works create Interface Agreements (IAs) for this
specificlP, it would be automatically connected to IP and BIM elerntmmtin Table43, Interface Point

(IP), Interface Agreement IAp nd BI M el ement <connec sunmarizeanf t he
Table42is shown

Table 43 Example IP- IA - BIM Element relationship table

Leader Partner Title of IP IP-ID IA-ID BIM -element ID
RLS CVW  Platform Level IP-CNS-CVL-0001 IA-ALT-ENK-CVL-00001 2604785
TRW CVW  Platform Level IP-CNS-CVL-0002 IA-YRR-ENK-CVL-00002 2604785

SeveralMS software available on the market todaythisresearch, Coreworx IMS Software sva
used for creating the IM System for the catedy. Coreworx is a project management information
software that is used for engineering and construction projeaiffers several webased software
products that create solutions for different management problems, such as; project informatign contro
interface management, change management, contract management, deliverables management, and
requests for information. All of these mentioned products are sharing the same database in the main
system. Therefore, thepeoductsare connected via a shareatabase and queries for different products

can be done.

In Figure 3, the filled IP form on the Corewoi¥S for the case study can be seen. Grey rows on
IP forms onFigure 3 would be automatically filled bthe system when the form is saved. Details of
the BIM element selectioran be seeim Figure ¥. The part showin Figure & would be addedn
the current IP form prior to selecting leading and interfacing work packages, when BIM and IM systems

are fully integrated over the database.

112



Interface Point

INTERFACE MANAGEMENT
Interface Point ID: FWEHOI'I: ) _RGTE[GI'ICG 10 ) ml Revision: ] Proiact:
_ ] |
Tithe: Status: )
Platform |
Phase: Discipline: e
Design ~| | L - Civil | Tasus Dote:
Area: ~ System: ] |
|CNS bl “|  Finalize Date:
Lead System Contracting Party: [ |
Close Date:
I_nterlar.e Type: ) | |
COther e
Lead

Package:

| RLS - Relling Stock W

(Contracting Party: Interface Manager:

] |
Scope:
Interface

Package:

CVW - Chvil Works w

(Contracting Party: Interface Manager:

Scope:

Figure 36 CreatinglP formon Coreworx IMS
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Figure 37 BIM element selection on IP form
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5.4 Validation of Engineering ProgressAssessmeniools (MRT -MMI -AT)

In Chapter4, new model maturity index definition€MRT-MMI) and corresponding assessmexntd
visualizationtools(MRT-MMI -AT) for Track Line, Overhead Contact System, and Station disegpl
are presentedn order to validate proposed MRWIMI definitions and MRFMMI -ATs, Microsoft
Excetbased semautomated tool$or Track Line, Overhead ContaBystem, and Station discipline

were created.

The functionalityof the proposedengineemg progess tracking framewaorik demonstratethrough
the LRT model created and presented in Secti@R5As it is introduced, &2-km long hypothetical
LRT line which includes 14 stations svmodeled in Autodesk Revit 2017 as part of ttiésis In order
to use the engineering progress tracking tools credttdils of the LRT projeatereintroduced tdhe
tool by addindocation names andsualsof these locationfom the latest 3D model created. Among
these locations, three of them wersed for demonsition.

5.4.1Measuring engineering progresof Track Line discipline between two stations

A screenshot frortheengineering progresssessmetbol (MRT-MMI -AT) for Track Line discipline

is presented in Figur@ below. The structure of the tool is sametfurOverhead Contact system and
Station disciplines. In order to use thicrosoft Excel basetbol created, first, the project location
should be selected from the dropdown menu highlighted as Number 1 in BgyuBased on the
selected location, pictusdrom the model W appear in the boxes highlighted as Numbar Bigure

38. Then applicability of eactriterionshould be answered by selecting the answer fhemdropdown
menu highlighted as Number 3. By the end of this $t#pT-MMI level of the Tick Line discipline

in the selected locatiomill calculated anavill appeared in the box highlighted as Number 4. In section

4, minimum required answers for eddRT-MMI level for each discipline arprovided.
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1 Location

(ategories Code [Criteria Applicability
Preliminary Work [C1 The geotechnical investigation has the status 3
C2 The Hydrotechnical investigation has the status
€3 The site plan, topographic maps, and surveys have the status
Cc4 Existing conditions have been quantified and graphically represented.
Design €5 The Track alignment (horizontal and vertical layout design) has the status

Component |C6 The Track ballast/bed design has the status

Cc7 The At-Grade crossings have the status

C8 The Grade separations have the status

Cc9 The Roadways have the status

C10 The Track line components are created with approximate size, material, and

location, and have the status

C14: Design performance parameters have the status
Interdisciplinary |{C12 The Overhead Contact System design has the status
Work C13 The Signal design has the status
C14 The Grading and drainage/stormwater sewer design has the status

Specifications |C15 Project-specific layout specifications have the status

C16 Project-specific track line specifications have the status
Permits C17 Regulator permits have the status

C18 Permits from Municipalities/Highways have the status

C19 Permits from Utilities have the status

C20 Environmental and remediation requirements have the status

Submittals c21 The Issue for Construction (IFC) drawing package and specifications have been
submitted.

MRT-MMI Result 0 4

Figure 38 Engineeing Progresg\ssessmenbol for Track Line Discipline

In order to demonstrate the functionality of the tool creategisection between CNS and UWS
stationsin the 3D model created vgaused First, thelocation wa selectean the too] and pictures of

the selectetbcation fromthe 3D model appeareds it is presented in FiguBgs.

Then, the applicability of each criterion on the table was answered for the selected location
accordingly. The latest version of the 3D model created i®réisearch included the generic site plan
and maps of the area where existing conditions were graphically represented. Also as can be seen in
Figure 3, track alignment, at grade crossings, roadways, and OCS were modeled preliminary in the
selected locatin. A screenshot from the model while answering the applicability of each criterion for

the selected location is presented in Figltoe
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Location

Btw CNS-UWS

Categories Code [Criteria Applicability

Preliminary Work|C1 The geotechnical investigation has the status
C2 The Hydrotechnical investigation has the status
C3 The site plan, topographic maps, and surveys have the status
Cc4 Existing conditions have been quantified and graphically represented.

Design C5 The Track alignment (horizontal and vertical layout design) has the status
Component |C6 The Track ballast/bed design has the status
Cc7 The At-Grade crossings have the status
Cc8 The Grade separations have the status
Cc9 The Roadways have the status
c10 The Track line components are created with approximate size, material, and
location, and have the status

C11 Design performance parameters have the status

Interdisciplinary |C12 The Overhead Contact System design has the status

Work C13  |The Signal design has the status
C14 The Grading and drainage/stormwater sewer design has the status
Specifications |C15 Project-specific layout specifications have the status
C16 Project-specific track line specifications have the status
Permits C17 Regulator permits have the status
C18 Permits from Municipalities/Highways have the status
C19 Permits from Utilities have the status
C20 Environmental and remediation requirements have the status
Submittals c21 The Issue for Construction (IFC) drawing package and specifications have been

submitted.

MRT-MMI Result

Figure 39 Selection of location on the engineering progress tracking tool
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Location

Btw CNS-UWS  |Categories Code |[Criteria Applicability
Preliminary Work |C1 The geotechnical investigation has the status Not modeled
C2 The Hydrotechnical investigation has the status Not modeled
3 The site plan, topographic maps, and surveys have the status Generic
Cc4 Existing conditions have been quantified and graphically represented. Yes
Design CS The Track alignment (horizontal and vertical layout design) has the status Preliminary
Component  |C6 The Track ballast/bed design has the status Not modeled
Cc7 The At-Grade crossings have the status Preliminary
C8 The Grade separations have the status Not modeled
Cc9 The Roadways have the status Preliminary
C10 The Track line components are created with approximate size, material, and Not modeled
location, and have the status
C11 Design performance parameters have the status Not modeled
Interdisciplinary [C12 The Overhead Contact System design has the status Preliminary v
Work C13 The Signal design has the status ot modeled
C14  [The Grading and drainage/stormwater sewer design has the status Destin Spaciied
Specifications [C15 Project-specific layout specifications have the status AN&"'WE’“NQ
C16 Project-specific track line specifications have the status Not modeled
Permits €17 Regulator permits have the status Not modeled
C18 Permits from Municipalities/Highways have the status Not modeled
C19 Permits from Utilities have the status Not modeled
C20 Environmental and remediation requirements have the status Not modeled
Submittals  [C21 The Issue for Construction (IFC) drawing package and specifications have been |Not modeled
submitted.
MRT-MMI Result 100

Figure 40 Selecting applicability of each criterion

Based on the answers enteiethe modeltheengineering progress of Track Line discipline for the
sekcted location on the 3D model svibund asMRT-MMI 100. In order to compare results with
minimum required responses fRT-MMI 100 andMRT-MMI 200, a spider welshartwas created
As presented in Bure4l, progress on C7, C9, and C12 waheeady in MMI 200 leel and C4 was
already in MMI 400 levebut therest of the criteria werstill in the MRT-MMI 100 level. By having
such graphs, it is expected that designers can detect the missing elements on the model and focus on

those to achieve more mature models.
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Figure 41 Engineering Prgress Assessment result for the example project

5.4.2Measuring engineering progressf the Station discipline of an LRT station

In Section 4.2.3 and 4.3r3%ew model maturity indexdefinitions andcorrespondingassessmerdand
visualizationtool areproposedor theStation disciplineBased on the proposed definition®jiarosoft
Excel basedool wascreated The structure of the tool wéhesame as the tool presentedttoe Track
Line disciplinein Section 5.4.1The functionality of the tools demonstratedhroughthe 3D LRT
model created for thishesis Among X4 statios modeled, CNS station waselected forthe

demonstration

First, CNS Stationwas selected frordrop-down menwcreated and pictures of tRINS Statiorfrom
the 3D modelwereappeagedon thetool as presented iRigure 42
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Location

CN Station ~ tegories Code |Criteria Applicability
U Station " teliminary Work [C1 The geotechnical investigation has the status
Eg:::tgi::g: C2 The site plan, topographic maps, and surveys have the status
Esryad Cc3 Existing conditions of the track route have been quantified and graphically
BtwRD-ATat v represented

c4 Civil plan of the station area and profile have been quantified and graphically

represented
Design C5 Utility Conflict plans are prepared.
Component  |C6 Public Infrastructure works are planned.

Cc7 The locations of major equipment and structures have the status

Cc8 The engineering team has determined the types of foundations to be utilized

c9 Subsurface foundation elements are graphically modeled with size, material,

location, and elevation, and have the status
C10 Station platform has the status

C11 Station fixed objects (furniture, signage, shelters) have the status
Interdisciplinary |C12 Station access routes and emergency exit routes have the status
Work C13 Station equipment (ticket vending machines, communication equipment) have
the status
Analysis C14 The equipment data have the status
C15 Clash detection is conducted.
Specifications Cl6 The Issue for Construction (IFC) drawing package and specifications has been
submitted
MRT-MMI Result 0

Figure 42 Location selection on the tool

Second, applicability of each criterion on the table was answered for the selected location
accordingly.The latest version of thENS station on the 3Ihodelcreated for thighesisincluded
generic site plan, track route, plan of the station area, foundation elements, platform, station equipment,
entrance and exit routelectric poles, technical room, fences, traffic lights, signals for the train,
platform lights, electrical boxes, and pipelindsscreenshot from the tool showing the applicability of
each criterion for CNS t&tion is presented in Figure 43According to the suggested minimum
applicability of each criterion for Station discipline preseinin Table 14 the MRT-MMI level of the
CNSstatonwa f ound as fA1000.
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Location

CN Station Categories Code |Criteria Applicability
Preliminary Work |C1 The geotechnical investigation has the status Not modeled
C2 The site plan, topographic maps, and surveys have the status Generic
Cc3 Existing conditions of the track route have been quantified and graphically Yes
represented
Civil plan of the station area and profile have been quantified and graphically |Yes
represented
Design C5 Utility Conflict plans are prepared. Not modeled
Component C6 Public Infrastructure works are planned. Not modeled
Cc7 The locations of major equipment and structures have the status Not modeled
Cc8 The engineering team has determined the types of foundations to be utilized |Not modeled
c9 Subsurface foundation elements are graphically modeled with size, material, |Preliminary
location, and elevation, and have the status
C10 Station platform has the status Preliminary
Ci11 Station fixed objects (furniture, signage, shelters) have the status Preliminary
Interdisciplinary [C12 Station access routes and emergency exit routes have the status Preliminary
Work C13 Station equipment (ticket vending machines, communication equipment) have |Preliminary
the status
Analysis C14 The equipment data have the status Not modeled
C15 Clash detection is conducted. No
Specifications C16 The Issue for Construction (IFC) drawing package and specifications has been |Not modeled

submitted

MRT-MMI Result

Figure 43 MMI Result screen for Station discipline
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Chapter 6

ConclsasnidonFut ure Wor k

This thesis presentemiethods andrameworksto measure and visualizetegratedinterface status
between project stakeholders in terms of health, workload, and engineering prégfessve
communication and alignment on the project goals amongst all of the project stakeholders is critical for
construction projects. Any misalignment or miscommunication between project stakeholders can lead
to inefficient processes and project deldiisese are signs of interface health problems between project
stakeholders. Although traditional project management methods often provide solutions to #stimate
resource profiles of the project stakeholders, they do not provide insight into the Wakib&ealth

of the interfaces between project stakeholders which beh affect overall project outcomes.
Integrated Project Monitoring Methodhefirst methodologicatontributionpresented in this thesis
provides solutions to detect unhealthy andrimasled interfacedetween project stakeholders.
Detection of such interfaces providearly indications toupperlevel managemenvhereadditional

efforts might be best applied ¢werall project health and performance.

IntegratedProjectMonitoring Method contains two Frameworksvhich are the second and third
methodological contributions of thisthedispr eval uating health of the s
first framework, Framewor4, is based on the actual project data and promises an objatavdriven
health measurement. However, due to the complexity of the data acquisition from project information
management systems, Framewarks only ideal for construction organizations whéne required
data is available electronically. The secormfework, FrameworB, is based on a novel point system
developedas part of this thesisThis allows FrameworkB to be adopted in any construction
organization without any complicated data acquisition presegsdditionally, the concept of
stakeholder irdrface networkis developed as part of tHategratedProject Monitoring Method
Stakeholder interface networks dyased on graph theory and social network analgsid they are
used for mapping complex and dynamic project environments by illustrating project stakeholders as
nodes, and stakehol der s6 ¢ o intertacet heattm and Woirkloade r f a ¢
evaluatiorresultsobtained from Framework and FrameworB are presentedn these networksia
thickness and colors on the edges and size on the.iodesple stakeholder interface networks$haf
Detector Assemblies Replaceménbject studied in Chapter 5 are presented in Figdrbefow. In

this thesis, partiabalidation of the FrameworR is presentedwhile FrameworkB is applied to 6
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complex construction projects from railway and

judgements in these case studies.
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Figure 44 Stakehatler Interface Networks dbetector Assemblies Replacementject

Engineering progresmeasuremenduring the early phases of construction projects is an essential
management taskVhile most of the engineering progress in the early phases of complex capital
projects is not graphicalesign relatedhis progress must be captured in order to have a ceimepsive
understandingbout thep r o j pragressespite its importangehere is dack of detailed studies in
this areaAlthough engineering progresgeasuremernethods exist, they are either specific for a class
of projects or poorly developed for current design practices. This thesis propus#ubdto integrate
Building Informaton Moddling and Interface Management Systgi@dV+IM S Connector)o obtain
accurate project data to have better control during the early phases of complex construction projects.
BIM+IM S Connector is the fourth methodological contribution of this thesdit®nally, new model
maturity index definition§MRT-MMI) and engineering progresssessmerand visualizatiortools
(MRT-MMI-AT) are created for Mass Rapid Tran®tRT) projects.Dashboards containing Spider
web graphs are used for visualizing engiimegeprogress of Track Line, Overhead Contact System, and
Station disciplines in MRT project™RT-MMI definitions and their corresponding assessment tools
(MRT-MMI -AT) are the domain contributions of this thesis.

In order to validate thmethodology propsed for integrating BIM and IMS (BIM+14 Connector,)
engineeringprogressmeasurementlefinitions (MRTMMI), and assessment tools (MRIMI -AT)
for Mass Rapid Transit projects, a 3D model and interface management system environment are created
for a Light Rail Transit (LRT) project. The functionality of the propostddiesare demonstrated by

using the LRT model created.

6.1 Conclusions

The studies presented in thisesishave demonstrated that the four methodological contributions

arefeasibleandinsightful,and that the two MRT domain contributions asable.Feasibilityof the
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methodological contributions is demonstrated both intellectually and empirically. Intellectually, these
contributions represent novel combinations of existing ideas, aacthe applications of Graph
Visualization and Social Network Analysis to construction projéletegratedProject Monitoring
Method, and the novel way of connecting Building Information Management (BIM) to Interface
Management Systems (IM8@IM+IM S Comector) Empirically, these new methods were applied on

both real and simulated data from a variety of construction projects across two major industry segments:
Mass Rapid Transit (MRT) and Nuclear Power Generation (NPG).

The empirical studies with indugtpartners demonstrated that these methodological contributions
areinsightful. The industry experts affirmed that the outputs of the methods corresponded to their
expert judgment about the projects, and that the novel visual method of combining antingré&sen
information gave them new insights about the projects.

It is expected thduture work will demonstrate thétteseinsightsareeffectivein improvingproject
outcomesThis will require the application dhese methods to a projemter its durdbn as allof the
studies here were based on data from completed projects, an important first validation step before

attempting to apply these methddsactiveprojects.

The quantitative approach to measuring project health (Frame¥adquires a high elgree of IT
systems integration, whighaynot be available on all projects. The qualitative approach (Framework
B), by contrast, involves a simple questionnaire that can be completed by people working on the project,

allowing it to bedeployed on any preft.

Usability of the two MRT domain contributions is, again, demonstrated both intellectually and
empirically. Intellectually, the structure andntent of the contributions acempared to existing Cll
materials for other domains, and is also justifigdiast the MRT literature. Empirically, the validation
studiesshow how these definitions (MRWIMI) and the correspnding assessment tool (MRMMI -

AT) would be applied using simulated data.

Finally, it is concluded that thstudies presented in thihesis have demonstrated that the
measurement and visualization of integrated interface status in terms of health, workload and

engineering progresare feasibldy the methods and models propased
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6.2 Contributions

In this thesisa new set of tools and methofdls measuring health and workload between project
stakeholders and measuring engineering progress in the early phases of complex construction projects

are developed. The main cdhutions can be summarized im&jor areas:
1. Integrated Project Monitoring Method:

First, ddinitions of Project healttandInterface healtfior complex construction project environments

are createdThen, nethods to measure interface health between project stakeholders are investigated
and anew methodis developed The IntegratedProject Monitoring Method contains wo new
frameworkghatare developd to measure interface health. Those frameworks are the second and third
contribution of thighesisand are discussed in the following sectidn®rder to visualize thimterface

health and workload status between project stakeholtiersidkeholder interfe network concept is
developed as part of thetegratedProjectMonitoring Method In these networks, project stakeholders

are illustrated as nodes and connectibesveen project stakeholders are illustrated as edges. The
results obtained from Framewel are presented by color codes on the edges, while the results
obtained from FrameworB are presented by thickness (workload) and color codes (health) on the
edgesand size of the nodes (Degree Centralijhimately, these networks can be used for reviewing
project health conditions throughout the project lifecycle

2. Framework-A:

FrameworkA is the first method developed as part of thiegratedProjectMonitoring Method It is
based on actual project data from various project information management sgstezngly being
usedin the industry. Since interface healibtween project stakeholders can be measured by using

actual project datwith this framework, ijppromises objective results.
3. Framework-B:

FrameworkB is the second method developed as part ofrttagratedProjectMonitoring Method It
is based on a novel simplified qualitative point system developed as part of thislthaddition to
interface health measrement, workload measurement on #takeholder connectiorend Social

Network Analysisarealso part of FrameworB.
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4. BIM+IM SConnector.

In order to obtain accurate project data, to have better control over the design progreséaaad to
better communication aboimterface related problems in the early phases of the complex construction
projects, a framework to integrate BIM and Interface Management data is developed as part of this
thesis BIM+IM S Connector is based on connecting Integf&oints between project stakeholders to
corresponding BIM element in the 3D model via Industry Foundation Classes (IFCs).

5. New Model Maturity Index Definitions for Mass Rapid Transit Projects (MRT-MMI) :

In order to measure engineering progress in thg gardses of Mass Rapid Transit (MRT) projects,
newModel Maturity Indexdefinitionsfor disciplines specific in MRT domain are created (MRMI).
The selected disciplines in MRT projects to define MMI definitionsTaaek Line, Overhead Contact
Systems, ad Statios.

6. Engineering progress assessmeand visualizationtools for Mass Rapid Transit Projects:

Based onlte MRT-MMI definitions, conceptual serautomate@ngineering progresssessment taol
(MRT-MMI-AT) are created. By using these tools, oneassesand visualizeahe MRT-MMI level

of the Track Line, Overhead Contact System, or Stations per location in a 30D model

6.3 Limitations

Despite the benefisf these worksthis study has limitations which can be categorized in three groups:
1) Limitations of the proposed ideas that are inherent in their nature:

- FrameworkA, is based on the availability of various project information management systems
such as Interface Management, Request for Information, Change Management system, etc.
Throwgh a series of discussions with multiple industry partners, it was found that either these
organizations were not using all the systems listed above in their projects, or they were not
storing required data in a reachable database. Therafoile, Framewak-A can provide an
objective, quantitative dafaased interface health value for each stakeholder connection in a

complex project, data acquisitioniis the main limitation.

- While the aforementioned health measurement and visualization contributigmemising,
their effectiveness in practice has yet to be established empiriChlgwill take many years

of implementation and dozens of documented capital projects as input for subsequent statistical
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analysis. This limitation is common to most managehpractice innovations, yet continuous

innovation is necessary for capital project performance improvements to be made possible.
2) Threats to internal validity:

- FrameworkB, is based on filling a novel qualitative point system tool. Ideally, health and
workload evaluations should be done by multiple stakeholders or even multiple people from
the same group to eliminatedividual biases. In this thesis, Framewdskis validated by
applying it to six projects from two different industries. Thaminitation of the validation
in each example projecis thatworkload and health evaluatiomere conducted from one
party's point of view. In order to have different perspectives on the project, these evaluations
should include mul tongdkeholderintejfages.t parti esd vi ews

- The proposedRT-MMI definitions and assessment tools Toack Line, Overhead Contact
System, and Station disciplines in Mass Rapid Transit projests/erified on a representative
model LRT project. Validation and implemeritatt of this model were not performed on a-{ull
scale projectgiven alack of project examples due tproprietary and confidentiality
considerations. However, it is anticipated that elements of the model will be implemented in

practice by the industry pagninvolved in its development.
3) Threats to external validity:

- The gualitative point system used in FramewBris developed or t he research p:
relatively broad joint portfolio of project typetherefore, a recalibration of the values may be
neededfor different industry sectors or other categories of projects, such as mega oil and gas

projects.

6.4 Recommendations for Future Research

Measurement of interface health and workload between project stakeholders is a new topic in the
constructionindustry. The following recommendations for future research are proposed based on this

thesis:

- In this thesis, all interface health and workload criteria are accepted as having equal weights
(importance). Future research can investigate the actual imper&each criterion over these

calculationsand can investigate the sensitivity of the model to criteria weights.
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- As explained in the limitations section, the interface health and workload evaluations of the
stakeholder connections in the case projeeiewonducted from one party's point of view. It

is recommended to conduct the same anal ysis

- Expanding théntegratedProjectMonitoring Methodto portfolio-level research is a promising
research area. It is remmended to explore the applicability of the model in multiple project
environments with shared project stakeholders.

- In this thesis, interface health and workload data is collected from six different projects from
two different industries. Future researcaén investigate the potential connections between
project types and network topologies by conducting data mining techniques.

- It is recommended to verify the functionality of the engineering progress measurement model
on one or more fulscale Mass Rapidra@nsit Projects, if the projects may provide adequate
data.

6.5 Publications

The peetrefereed publications, directly related to the scope of this thesis, and authored by the candidate
are listed below:

6.5.1Peerrefereed journal articles

1. Eray, E., Sanchez, B., Haa C. (2019) Usage of Interface Management System in Adaptive
Reuse of BuildingsBuildings,9(5), 105, DOI10.3390/buildings9050105

6.5.2Journal Articles in Progress

1. Eray, E., Haas, C., Rayside, D., Antegrated Approach for Analyzing Interface Workload
and Interface Health Between Stakeholders Involved in Complex Construction Projects, to be
submitted to Journal of Construction Engineering and Management

2. FEray, E., Haas, C., Rayside, D., Analyzing sthklder interfaces in a portfolio of engineering
projects, to be submitted by Summer 2020

3. FEray, E., Haas, C., Rayside D., Evaluation of interfaces between project stakeholders in a
group decision environment, to be submitted by Summer 2020

6.5.3Peerrefereed canference articles

1. Eray, E., Haas C., Rayside, D. (2019) A Model for Measuring Interface Health between
Project Stakeholders in Complex Construction Projects, 7th CSCE/CRC International
Construction Specialty Conference, in Laval, QC, Canada, from Jum¢olBine 15th, 2019
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2. FEray, E. Sanchez, B., Kang, S., Haas, C. (2019) Usage of Interface Management in Adaptive
Reuse of Buildings, in Advances in Informatics and Computing in Civil and Construction
Engineering, Cham: Springer International Publishing, 48& 731. DOI: 10.1007/9783-
030-002206_87

3. Eray, E., Haas C., Rayside, D., Golparvafard, M. (2018) A conceptual framework for
tracking design completeness of the Track Line discipline in Mass Rapid Transit projects, 35th
International Symposium on Automation and Robotics in Construction (ISARC 2018), in
Berlin, Germany, from July 20to July 2%', 2018

4. Eray, E., GolzarpoorB., RaysideD., HaasC. (2017) An Overview on Integrating Interface
Management and Building Information Management Systems, 6th CSCE/CRC International
Construction Specialty Conference Mancouver, BC, Canada, from May*3t June 3, 2017
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Interface Point

Sample | P

Appendi x A

Interface Point ID: IP-CNS-CVL-00001

Reference ID:

Revision: 1
Ref Revision:

Project: University of Waterloo

Title: Platform Status: Finalized
Phase: Design Create Date: 10/17/2016
Area: CNS - Conestoga Issue Date: 10/17/2016
System: PLT - Platfiorm Finalize Date: 10/17/2016
Discipline: CVL - Civil Close Date:
Interface Template: Other
Lead System Contracting Party:

Schedule Activities
Contracting Party Schedule Name Activity Id

Lead

Package: RLS - Rolling Stock

Contracting Party: Alton

Scope:

Interface Manager: Brown, Jacob (jacob)

Interface

Package: CVW - Civil Works
Contracting Party: Enka

Scope:

Interface Manager: Murray, David (david)

Support

Package:
Contracting Party:

Interface Manager:

Scope:
Description
[Pratiorm
Key References
Interface Agreements
|Agreement ID Phase Title Need Date  Status
IA-ALT-ENK-CVL-00001 Design Platiorm Height 122822016  Closed and Agreed
Attachments
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DMS Document Links

Document Number Title Revision Added By

Comments to Date

History

Activity Name Assigned To Status Assigned Completed
Initiate Request Jacob Brown Submined 10/17/2016 ©:53:1@  10/17/2018 9:53:19
Review New Request David Murray Accept 10/17/2016 ©:54:00 101172018 0:56:08
Accepted and Finalized Notific... Jacob Brown Notified 10¢17/2016 9:56:14
Finalize Notification David Murray Notified 10/17/2016 9:56:33
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Interface Agreement

Agreement ID:
Reference ID:

Revision:
Ref Revision:

Project: University of Waterloo

Title: Status:Pending
Priority: Low Create Date: 11/5/2017
Interface Point ID: Need Date:
Package: Issue Date:
Phase: Accepted for Execution Date:
Discipline: Response Date:
5ystem: Close Date:
Area:

Schedule Activities
Contracting Party Schedule Name Activity Id
Requestor Responder

Contracting Party: Site Owner
Interface Manager: Ekin Eray

Technical Contact:

Contracting Party:

Interface Manager:

Technical Contact:

Short Description

Detailed Description

Response

Documents and References
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Requestor: Responder:
Action Items
Action ID Title Need Date Status
Attachments
DMS Document Links
Document Number Title Revision Added By




Comments to Date

History

Activity Name Assigned To Status
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Project

Appendiax IB LI ne

Workload and Health evaluation of each stakeholder connection in Ralline Project

(re-evaluation)

H4

H3

H2

Hl

w4

W3

W2

wi

Target

10
15
16
17
18
19

10
15
16
17
18
19
10
11
12
13
14
15
16
17
18
19
10
17
18
19
10

Source
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H4

H3

H2

Hl

w4

W3

W2

W1

Target
19
10
18
17
11
12
13
14
15
16
17
18
19
16
15
19
15
16
17
18
19
17
18
19
18
19
19

Source

10
10
10
10
10
10
10
10
10
11
12
12
13
15
15
15
15
16
16
16
17
17
18
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Che miEgaili p ment

Appendi x C

Project Stakeholdersat the Identification Phase

Nodes
Node ID | Label | Name Group
1 A Project Sponsor 1
2 B Project and Modificationg 1

Repl acement

Evaluation of Stakeholder Connectionst the Identification Phase

Links

Workload Health
Source| Target | LinkID | W1 | W2 | W3 | W4 | H1 | H2 | H3 | H4
1 2 1-2 1 1 2 2 2 2 2 1

Evaluation of Stakeholder Connectionst the Initiation Phase

Project Stakeholdersat the Initiation Phase

Nodes
Node ID | Label | Name Group
1 A Project Sponsor 1
2 B Project and Modificationg 1
3 C Finance 1

Links
Workload Health
Source| Target | LinkID | W1 | W2 | W3 | W4 | H1 | H2|H3|H4
1 2 1-2 2 1 3 1 1 |1 |1 |1
2 3 2-3 2 1 2 2 2 |12 |2 |2
Project Stakeholdersat the Development Phase
Nodes
Node ID | Label | Name Group
1 A Project Sponsor 1
2 B Project and Modifications | 1
3 C Finance 1
4 D Supply Chain 1
5 E Operations 1
6 F maintenance 1
7 G Performance Engineering | 1
8 H Projects Design Engineerin 1
9 I Procurement Engineering | 1
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10 N Contractor 2
11 O Subcontractor Design 2
12 P Subvendor 2

Evaluation of Stakeholder Connectionsat the DevelopmentPhase

Links
Workload Health
Source| Target | Link ID | W1 | W2 | W3 | W4 | H1 | H2 | H3 | H4
1 2 1-2 1 1 2 1121 ]1]1
1 7 1-7 1 1 3 1 ]1]1]1]1
1 5 1-5 1 1 3 1 ]1]1]1]1
2 3 2-3 2 1 3 2 |1 2]1]|1
2 4 2-4 2 2 2 2 |2 2]1]|1
2 5 2-5 1 1 2 1 ]2 1]1]1
2 6 2-6 1 1 2 1 ]2]1]1]1
2 7 2-7 1 1 2 1 ]2]1]1]1
2 8 2-8 3 2 2 3|22 |22
2 9 2-9 1 1 2 1 ]2 1]1]1
2 10 2-10 3 3 2 3|2 |2 |2]|2
2 11 2-11 3 2 2 3|2 |2 |2]|2
2 12 2-12 1 1 2 3 |22 |22
4 9 4-9 1 1 3 1 ]1]1]1]1
4 10 4-10 2 1 2 11 2|2]2]|1
5 6 5-6 1 1 3 1 ]1]1]1]1
5 7 5-7 1 1 3 1 ]1]1]1]1
6 7 6-7 1 1 3 1 ]1]1]1]1
7 8 7-8 2 1 2 2 | 2| 2] 2|2
8 9 8-9 2 1 2 2 | 2| 2]1|2
8 11 8-11 3 3 2 3|2 |2 |2]|2
10 11 1011 3 3 2 2 |2 | 1]1]|2
10 12 10-12 2 1 3 1 ]2]1]1]2
11 12 11-12 2 1 3 1 ]2]1]1]2

Project Stakeholdersat the Definition Phase

Nodes

Node ID

Label

Name

®
o
o
c
o

Project Sponsor

Project and Modifications

Finance

Supply Chain

Operations

maintenance

Performancéngineering

Projects Design Engineerin

OO N[OOI WIN|F-

—II|OmMmgooO|w >

Procurement Engineering

RRrR R R PR R~
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10 N Contractor 2
11 @) Subcontractor Design 2
12 P Subvendor 2
13 M TSSAPressure Boundary | 3
14 J Field Engineering 1
15 K Contract Management Offig 1

Evaluation of Stakeholder Connectionst the Definition Phase

Links
Workload Health
Source| Target | LinkID | W1 | W2 | W3 | W4 | H1 | H2 | H3 | H4
1 2 1-2 1 1 2 1 ]2]1]1]1
1 7 1-7 1 1 3 1 ]1]1]1]1
1 5 1-5 1 1 3 1 ]1]1]1]1
2 3 2-3 2 1 3 2 |1 | 2]1]|1
2 4 2-4 2 2 2 2 |2 2|11
2 5 2-5 2 1 2 1 ]2]1]1]1
2 6 2-6 2 1 2 1 ]2]1]1]1
2 7 2-7 2 1 2 2 | 2|12 |2
2 8 2-8 3 3 2 312|322
2 9 2-9 2 1 2 2 |2 1]2]1
2 10 2-10 3 3 2 312 ]3| 2] 2
2 11 2-11 3 2 2 312 ]3| 2]2
2 12 2-12 2 1 2 312 ]3| 2]2
2 13 2-13 1 1 3 2 | 2|2 ]1]|2
2 14 2-14 1 1 3 1 ]1]1]1]1
2 15 2-15 1 1 3 1 ]1]1]1]1
4 9 4-9 1 1 2 2 |1 |21 2
4 10 4-10 1 1 2 112|221
5 6 5-6 2 1 3 1 ]1]1]1]1
5 7 5-7 2 1 3 1 ]1]1]1]1
6 7 6-7 2 1 3 1 ]1]1]1]1
7 8 7-8 2 1 2 2 | 2|22 |2
8 9 8-9 2 2 2 3|1 2] 2|12
8 11 8-11 3 3 2 3121322
10 11 1011 3 3 2 2 |2 1]1]|2
10 12 1012 2 1 3 1 ] 2]1]1]2
10 13 1013 2 1 3 2 |1 |21 2
10 14 10-14 2 1 2 112|121
10 15 10-15 2 1 2 1121121
11 12 11-12 3 2 2 2 | 2|21 2
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Project Stakeholdersat the Execution Phase

Node ID | Label | Name Group
1 A Project Sponsor 1
2 B Project and Modifications 1
3 C Finance 1
4 D Supply Chain 1
5 E Operations 1
6 F maintenance 1
7 G Performance Engineering 1
8 H Projects Design Engineering 1
9 I Procurement Engineering 1
10 N Contractor 2
11 O Subcontractor Design 2
12 P Subvendor 2
13 M TSSAPressure Boundary 3
14 J Field Engineering 1
15 K Contract Management Office 1
17 Q Subcontractor Scaffolding Suppor| 2

Evaluation of Stakeholder Connectionst the Execution Phase

Links
Workload Health
Source| Target | LinkID | W1 | W2 | W3 | W4 | H1 | H2 | H3 | H4
1 2 1-2 2 1 2 2 2 2 2 1
1 7 1-7 1 1 3 1 1 1 1 1
1 5 1-5 1 1 3 1 1 1 1 1
2 3 2-3 2 1 3 2 1 1 1 1
2 4 2-4 2 2 3 2 1 2 1 1
2 5 2-5 2 1 2 2 2 2 2 2
2 6 2-6 2 1 2 2 2 2 2 2
2 7 2-7 2 1 2 2 2 2 2 2
2 8 2-8 3 2 2 1 2 2 1 1
2 9 2-9 1 1 3 1 2 1 1 1
2 10 2-10 3 3 2 3 2 2 1 2
2 11 2-11 2 2 2 2 2 2 1 2
2 12 2-12 1 1 3 1 1 1 1 1
2 13 2-13 2 1 2 2 2 2 1 2
2 14 2-14 3 2 3 2 1 1 2 2
2 15 2-15 3 2 3 2 1 1 1 1
4 9 4-9 1 1 2 2 1 2 1 2
4 10 4-10 2 1 2 1 2 2 2 1
5 6 56 3 2 3 2 1 2 1 2
5 7 57 2 1 3 1 1 2 1 1
6 7 6-7 2 1 3 1 1 2 1 1
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7 8 7-8 2 1 3 1112 ]1]1
8 9 8-9 1 1 3 1 ]1[(1]1]1
8 11 8-11 2 1 3 2 | 1| 1| 1] 2
10 11 1011 3 3 3 2 | 2|2 1] 2
10 12 10-12 2 1 3 2 |12 1]1
10 13 10-13 2 2 3 2 | 1|2 |12
10 14 10-14 3 3 2 2 | 22| 1] 2
10 15 10-15 3 3 2 2 | 2|22 |1
10 17 1017 3 3 3 3 /11|11
11 12 11-12 2 1 3 2 |1 ] 1]1]1

Project Stakeholdersat the Closeout Phase

Node ID | Label | Name Group

1 A Project Sponsor 1

2 B Project and Modifications 1

3 C Finance 1

4 D Supply Chain 1

5 E Operations 1

6 F Maintenance 1

7 G Performance Engineering 1

8 H Projects Design Engineering 1

10 N Contractor 2

11 O Subcontractor Design 2

16 L Drawing Office 1

Evaluation of Stakeholder Connectionst the Closeout Phase

Links

Workload Health

=

W2 H2

=
SN
T
'—\

Source| Target | Link ID

1-2

1-7

1-5
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2-4

2-5
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2-7

2-8

BloNjo|a|s|wla|~N|N
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16 2-16
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2

6-7

7-8
8-16
8-11

1011

16
11
11

10

152



Appendi x D

Detector AssembRriejse Rte pDaatcae me nt

Stakeholders €onnection List

Stakeholders Interactions with other Stakeholders
ID Label [0-1] [1-2] [2-3] [3-4] [4-5] [5-6] [6-7]
1 SRE 2,3 2,3 2,3 2 2 2
2 PRO 1,3 1,3,4,5,7 1,3,45,6,7| 1,3,4,5,6,7| 1,3,4,5 1
,8,11,12,1 | ,11,12,13,
3,14,15 14,15
3 DGG 1,2 1,2,45,7,8| 1,2,45,6,8| 2,6 2
,9,10 ,9,10,

4 MNT 2,3 2,3 2,5,13,15 | 2
5 OPS 2,3 2,3 2,4,13,15 | 2
6 VEN 2,3,7 2,3,7
7 SC 2,3 2,6 2,6
8 HF 3 2,3
9 RS 3 3
10 SSC 3 3
11 CS 2 2
12 RP 2 2,13,15
13 WwC 2 2,45,12,1

5
14 WA 2 2
15 ouT 2 2,45,12,1

3

Project Stakeholders at thenitiation Phase [1-2]

Nodes
Node ID | Label | Name | Group
1 SRE | SRE 1
2 PRO | Projects| 1
3 DGG | Design | 1

Evaluation of Stakeholder Connections at the Development Phase

Workload Health
Source| Target | LinkID | W1 | W2 | W3 | W4 | H1 | H2 | H3 | H4
1 2 1-2 1 1 2 1 1 2 1 1
1 3 1-3 1 1 1 1 1] 2 1 1
2 3 2-3 1 2 2 1 2| 2 1 1

Project Stakeholders at theDevelopment Phas¢2-3]

Node ID | Label | Name Group
1 SRE | SRE 1
2 PRO | Projects 1
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Node ID | Label | Name Group
3 DGG | Design 1
4 MNT | Maintenance |1
5 OPS | Operations 1
7 SC Supply Chain | 1
8 HF Human Factorg 1
9 RS Reactor Safety| 1
10 SSC | Seismis 1

Evaluation of Stakeholder Connections at th®evelopmentPhase

Links

Workload

Health

Source| Target

Link ID

=

W2 | W3

<
N
T
H

H2 | H3

I
N

1

1-2

1-3
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Project Stakeholders at theDefinition Phase[3-4]

Nodes
Node ID | Label | Name Group
1 SRE | SRE 1
2 PRO | Projects 1
3 DGG | Design 1
4 MNT | Maintenance 1
5 OPS | Operations 1
6 VEN | Equipment Cendor (Kinectricg 2
7 SC Supply Chain 1
8 HF Human Factors 1
9 RS Reactor Safety 1
10 SSC | Seismis 1
11 CS Conventional Safety 1
12 RP Radiation Protection 1
13 WC | Work Control 1
14 WA | Work Assessing 1
15 OUT | Outage 1
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Evaluation of Stakeholder Connections at thdefinition Phase

Source| Target

Link ID
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Project Stakeholders at theExecution Phasg4-5]

Nodes
Node ID | Label Name Group
1 SRE SRE 1
2 PRO Projects 1
3 DGG Design 1
4 MNT Maintenance 1
5 OPS Operations 1
6 VEN | Equipment Cendor (Kinectricy 2
7 SC Supply Chain 1
11 CS Conventional Safety 1
12 RP Radiation Protection 1
13 wWC Work Control 1
14 WA Work Assessing 1
15 ouT Outage 1
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Evaluation of Stakeholder Connectionst the Execution Phase

Links
Workload Health
Source| Target | Link ID | W1 | W2 | W3 | W4 | H1 | H2 | H3 | H4
1 2 1-2 2 2 3 111111
2 3 2-3 3 3 2 1 ]1]1]1]1
2 4 2-4 3 3 3 1122 ]1]1
2 5 2-5 2 2 3 1122 ]1]1
2 6 2-6 2 3 3 111111
2 7 2-7 1 2 2 1122 ]1]1
2 11 2-11 1 1 3 1 ]1]1]1]1
2 12 2-12 1 1 3 1 ]1]1]1]1
2 13 2-13 2 3 2 1 ]1]1]1]1
2 14 2-14 1 1 3 1 ]1(1]1]1
2 15 2-15 3 3 2 112|221
3 6 3-6 3 3 3 1 ]1]1]1]1
4 5 4-5 2 3 3 1 ]1]1]1]1
4 13 4-13 3 3 2 1 ]1]1]1]1
4 15 4-15 3 3 2 1 ]1(1]1]1
5 13 5-13 3 3 2 1 ]1]1]1]1
5 15 5-15 3 3 2 1 ]1]1]1]1
6 7 6-7 1 1 3 1 ]2]1]1]1
12 13 12-13 3 3 2 1 ]1(1]1]1
12 15 12-15 3 3 2 1 ]1]1]1]1
13 15 1315 3 3 2 1 1 1 1 1

Project Stakeholders at theCloseout Phas¢5-6]

Nodes
Node ID | Label Name Group
SRE SRE 1

PRO Projects 1
DGG Design 1
MNT | Maintenancg 1
OPS | Operations 1

G IWIN|F

Evaluation of Stakeholder Connectionst the CloseoutPhase

Links
Workload Health
Source| Target | Link ID | W1 | W2 | W3 | W4 | H1 | H2 | H3 4
1 2 1-2 0 0 0 0 0 0| O 0
2 3 2-3 0 0 0 0 0 0| O 0
2 4 2-4 0 0 0 0 0 0| O 0
2 5 2-5 0 0 0 0 0 0| O 0
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Project Stakeholders at thePIR Phase[6-7]

Nodes
Node ID Label Name Group
1 SRE SRE 1
2 PRO Projects 1

Evaluation of Stakeholder Connectionst the PIR Phase

Links
Workload Health
Source| Target | Link ID | W1 | W2 | W3 | W4 | H1 | H2 | H3
1 2 1-2 0 0 0 0 O (0 |O
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Appendi x E

Control Positi d®Prerj®cRe Dlagd ae men't

Stakeholders €onnection List

Stakeholders Interactions with other Stakeholders
ID | Label [0-1] | [1-2] [2-3] [3-4] [4-5] [5-6] [6-7]
1 ENG 3,4 2,3,4 2,6 2,6 2,6 2,6 2,3,4
2 PM 1 1,6, 18 1,3,4,6,8,9, 1,3,4,5,6,9, 1,6,11, | 1,6
11, 13, 15, 17, 10, 11, 13, 17, 13, 17,
18 18 18
3 CM 1 1 2,6 2,6,11,15,17 | 2,5,6,9, 11, 13
4 OPS 1 1 2,6 2,6,11,15,17 | 2,5,6,9, 11, 13
5 | OPSO 2,3,4,13
6 DES 2,3,4,6,| 2,3,4,6,7,8,9] 2,17 1, 2,17
8,9 15, 17
7 | CG 2,6,17
8 | CS 2,11,13
9 RP 2,11,13 2,11,13
10 | WC 2,11,13
11 | EPM 18 2,12,15, 17 2,13,17 2,12, 13,
17
12 | ECPM 2,3,4,6,8,9, |2,3,45,6,9, |1,2,6,
11, 13, 17 10, 11, 13, 17 11,13,
17
13 | EC 2,3,4,6,8,9, |2,3,4,5,6,9,
11, 17 10, 11, 17
14 | EDDL 2,6,11, 15,17
15 | EDE
16 | ES 2,6
17 | EDTL 2,6,11,13,15 | 2,6, 11, 13 2,6,11,
13
18 | SC 2,11 2,11 2,11

Stakeholder List at theldentification Phase[0-1]

Nodes
Node ID | Label Name Group
1 ENG Engineering 1
3 CM Control Maintenance 1
4 OPS | Operations (Project SPO( 1

Evaluation of Stakeholder Connections at thédentification Phase

Workload Health
Source| Target | Link ID | W1 | W2 | W3 | W4 | H1 | H2 | H3 | H4
1 3 1-3 1 1 1 1 1 1 1 1
1 4 1-4 1 1 1 1 1 1 1 1

158



Evaluation of Stakeholder Connections at thénitiation Phase

Stakeholder List at thelnitiation Phase [1-2]

Nodes
Node ID Name Group
1 Engineering 1
2 Project Manager 1

Links
Workload Health
Source| Target | Link ID | W1 | W2 | W3 | W4 | H1 | H2 | H3 | H4
1 2 1-2 1 1 1 111111
Stakeholder List at theDevelopment Phasé2-3]
Nodes
Node ID | Label Name Group
1 ENG Engineering 1
2 PM Project Manager 1
3 CM Control Maintenance 1
4 OPS | Operations (Project SPO( 1
6 DES Design 1
8 CS Conventional Safety 1

Evaluation of Stakeholder Connections at the Development Phase

Links
Workload Health
Source| Target | LinkID | W1 | W2 | W3 | W4 | H1|H2|H3|H4
1 2 1-2 1 1 1 1 1 1 1 1
1 6 1-6 1 1 1 2 1 1 1 1
2 6 2-6 1 1 1 2 |1 1]1]1
3 6 3-6 1 1 1 1 ]1]1]1]1
4 6 4-6 1 1 1 1 ]1]1]1]1
6 8 6-8 1 1 1 1 1 1 1 1

Stakeholder List at the Definition Phase[3-4]

Node ID

Name Group

Engineering

1

Project Manager

Control Maintenance

Operations (Project SPOC

Design

Computers Group

XN | WIN|F

Conventional Safety

RlRR|R|R|k

159




Node ID Name Group
9 Radiation Protection 1
11 EPC PM 2
12 EPC Construction PM 2
13 EPC Coordinator 2
14 EPC Design Discipline Lea] 2
15 EPC Design Eng 2
16 EPC Software 2
17 EPCDesign Team Lead 2
18 Supply Chain 1

Evaluation of Stakeholder Connections at théefinition Phase

Source| Target | Link ID | W1 | W2 | W3 | W4 | H1 | H2 | H3 | H4
1 2 1-2 2 2 1 1 ]1]1]2]1
1 6 1-6 2 2 1 1 ]1]1]1]1
2 3 2-3 1 1 2 1 ]2]1]1]1
2 4 2-4 1 1 2 112|221
2 6 2-6 3 3 3 311111
2 7 2-7 1 1 2 1 ]2 1]1]2
2 8 2-8 1 1 1 1 ]1]1]1]1
2 9 2-9 1 1 1 1 ]1]1]1]1
2 11 2-11 3 3 3 2 |1 | 2] 2|2
2 12 2-12 2 3 3 2 |1 | 2] 2|2
2 13 2-13 2 3 3 2 |1 | 2] 2|2
2 14 2-14 1 1 1 1 1 1 1 1
2 16 2-16 1 1 1 1 1 1 1 1
2 17 2-17 2 2 2 3|12 2|1
2 18 2-18 1 1 2 1122 ]1]1
3 6 3-6 2 1 2 2 1 1 1 1
3 12 3-12 1 1 2 112|121
3 13 3-13 1 1 2 112|121
3 15 3-15 1 1 2 112|121
4 6 4-6 2 1 2 3|22 |21
4 12 4-12 1 1 2 2 2 1 1 1
4 13 4-13 1 1 2 2 2 1 1 1
4 15 4-15 1 1 1 1 1 1 2 1
6 7 6-7 1 1 2 112|222
6 8 6-8 1 1 1 1 ]1]1]1]1
6 9 6-9 1 1 1 1 1 1 1 1
6 12 6-12 2 2 2 3 /1|2 |11
6 13 6-13 2 2 2 3|12 |11
6 14 6-14 1 1 1 2 |1 | 1]1]|1
6 15 6-15 3 3 2 3|12 |21
6 16 6-16 1 1 2 1 1 1 1 2
6 17 6-17 3 3 2 3 /12|21
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Source| Target | Link ID | W1 | W2 | W3 | W4 | H1 | H2 | H3 | H4
8 11 8-11 1 1 1 1 ]1[(1]1]1
8 12 8-12 1 1 1 111111
8 13 8-13 1 1 1 111111
9 11 9-11 1 1 1 111111
9 12 9-12 1 1 1 1 ]1]1]1]1
9 13 9-13 1 1 1 1 ]1[(1]1]1
11 12 11-12 2 2 2 2 |12 1]1
11 13 11-13 2 2 2 2 |12 1]1
11 14 11-14 1 1 1 2 |1 ] 1]1]1
11 15 11-15 2 2 2 2 |1 ] 1]1]1
11 17 11-17 2 2 2 2 |1 ] 1]1]1
11 18 11-18 1 1 2 1122|222
12 13 12-13 3 3 3 3 /11|11
12 17 12-17 2 1 1 1 ]1]1]1]1
13 17 1317 1 1 1 2 |1 ] 1]1]1
14 15 14-15 2 3 3 1 ]1]1]1]1
14 17 14-17 2 3 3 1 ]1]1]1]1
15 17 1517 2 3 3 1 ]1]1]1]1

Stakeholder List at theExecution Phase[4-5]
Nodes
Node ID | Label Name Group
1 ENG Engineering 1
2 PM Project Manager 1
3 CM Control Maintenance 1
4 OPS Operations (Project SPOC) 1
5 OPSO| Operations (Authorized Operatq 1
6 DES Design 1
9 RP Radiation Protection 1
10 WC Work Control 1
11 EPM EPC PM 2
12 ECPM EPC Construction PM 2
13 EC EPC Coordinator 2
17 EDTL EPC Design Team Lead 2
18 SC Supply Chain 1

Evaluation of Stakeholder Connections at th&xecution Phase

Source| Target | LinkID | W1 | W2 | W3 | W4 | H1 | H2 | H3 | H4
1 2 1-2 2 1 2 1 0] 0]0]|O0
1 6 1-6 1 2 2 1 0] 0]0]O0
2 3 2-3 2 3 3 2 0, 0] 0]0
2 4 2-4 2 3 3 2 0, 0]0]0
2 5 2-5 2 3 3 2 0] 0] 0]0

161




Source| Target | Link ID | W1 | W2 | W3 | W4 | H1 | H2 | H3 | H4
2 6 2-6 2 2 2 21 0/ 0]0]|O0
2 10 2-10 3 3 3 2 | 0/ 0]O0]|O0
2 11 2-11 3 3 3 2 | 0] 0]O0]O
2 12 2-12 3 3 3 2 | 0] 0]O0]O
2 13 2-13 3 3 3 2 100|000
2 17 2-17 2 1 2 1]0]0]0]O0
2 18 2-18 1 1 1 1]0]|]0]0]O0
3 5 35 1 1 1 1]0]0]0]O
3 6 3-6 1 1 1 1]1]0]0]0]O0
3 9 3-9 2 3 1 1]0]0]0]O0
3 11 3-11 1 1 1 1]0]0]0]O0
3 12 3-12 2 2 1 1]1]0]0]0]O0
3 13 3-13 2 2 1 1]0]0]0]O0
4 5 4-5 2 3 1 1]1]0]0]0]O0
4 6 4-6 2 2 2 1]0]0]0]O0
4 11 4-11 1 1 1 1]1]0]0]0]O0
4 12 4-12 2 3 2 2| 0] 0]0]O0
4 13 4-13 2 3 2 2| 0] 0]0]O
5 12 5-12 2 3 2 210000
5 13 5-13 2 3 2 21 0/ 0|00
6 12 6-12 2 2 2 1]1]0]0]0]O0
6 13 6-13 2 2 2 1]0]0]0]O0
6 17 6-17 2 2 2 210000
9 12 9-12 1 2 1 1]0]|]0]0]O0
9 13 9-13 1 2 1 1]0]0]0]O0
10 11 1011 3 3 2 2 1 0/ 0]0]|O0
10 12 10-12 3 3 2 2| 0] 0]O0]O
10 13 10-13 3 3 2 2 10/ 0|00
11 12 11-12 3 3 3 21 0/ 0|00
11 13 11-13 3 3 3 21 0/ 0|00
11 17 11-17 2 3 1 1 0 0 0 0
11 18 11-18 1 1 1 1 0 0 0 0
12 13 12-13 3 3 3 3/0]0|0]0
12 17 12-17 2 3 3 21 0/ 0|00
13 17 1317 2 3 3 2 1 0/ 0]0]|O0

Stakeholder List at theCloseout Phasg¢5-6]

Nodes
Node ID | Label Name Group
1 ENG Engineering 1
2 PM Project Manager 1
6 DES Design 1
11 EPM EPC PM 2
12 ECPM| EPC Construction PM 2
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13 EC EPC Coordinatior
17 EDTL | EPC Designh Team Led

N

N

Evaluation of Stakeholder Connections at the CloseolRhase

Source| Target | Link ID [ W1 | W2 | W3 | W4 |H1 | H2 | H3 | H4
1 2 1-2 2 2 2 210,000
1 6 1-6 2 2 2 3]1]0]0]0]O0
1 12 1-12 2 2 2 210,000
2 6 2-6 2 2 2 3]1]0]0]0]O0
2 11 2-11 1 2 2 1 [0]0]0]O
2 12 2-12 2 2 2 2|1 0] 0]0]O0
2 13 2-13 2 2 2 2|10/, 0]0]O0
2 17 2-17 2 2 2 210,000
6 12 6-12 2 2 2 210,000
6 17 6-17 2 2 2 210,000
11 12 11-12 3 3 3 1 [{0]0]0]O
11 13 11-13 3 3 3 1 [0]0]0]O0
11 17 11-17 3 3 3 1 [0]0] 0] O
12 13 12-13 3 3 2 1 [0]0]0]O0
12 17 12-17 2 2 1 210,000
13 17 1317 2 2 1 2|1 0] 0]0]O0

Stakeholder List at thePIR Phase[6-7]
Nodes
Node ID | Label Name Group
1 ENG Engineering 1
2 PM Project Manager 1
3 CM Control Maintenance 1
4 OPS | Operations (Project SPO( 1
6 DES Design 1

Evaluation of Stakeholder Connections at th&IR Phase

Links
Workload Health
Source| Target | Link ID | W1 | W2 | W3 | W4 | H1 | H2 | H3 | H4
1 2 1-2 1 1 2 1 ]/]0[0]0] O
1 3 1-3 1 1 2 1 ]1]0[0]0]O0
1 4 1-4 1 1 2 1 ]1]0]|]0]0]|O0
2 6 2-6 1 1 2 1 ]0]|]0]0]O0
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Dynamic Workload and Health values of Stakeholder connections in Control Positioners

Replacement Project

Source Target Weight Dynamic Health Dynamic

1 3 [0,1,4.0];[6,7,5.0] [0,1,4.0];[6,7,0.0]

1 4 [0,1,4.0];[6,7,5.0] [0,1,4.0];[6,7,0.0]

1 2 [1,2,4.0];[2,3,4];[3,4,6];[4,5,6];[5,6,8 [1,2,4.0];[2,3,4];[3,4,5];[4,5,0];[5,6,
1;6,7,5.0] 0];[6,7,0.0]

1 6 [2,3,5];[3,4,6];[4,5,6];[5,6,9] [2,3,4];[3,4,4];[4,5,0];[5,6,0]

2 6 [2,3,5];[3,4,12];[4,5,8];[5,6,9];[6,7,5. [2,3,4];[3,4,4];[4,5,0];[5,6,0]:6,7,0.
0] 0]

3 6 [2,3,4];[3,4,7];[4,5,4] [2,3,4];[3,4,4];[4,5,0]

4 6 [2,3,4];[3,4,8];[4,5,7] [2,3,4];[3,4,7];[4,5,0]

6 8 [2,3,4];[3,4,4] [2,3,4];[3,4,4]

2 3 [3,4,5];[4,5,10] [3,4,5];[4,5,0]

2 4 [3,4,5];[4,5,10] [3,4,7];[4,5,0]

2 7 [3.,4,5] [3,4,6]

2 8 [3,4,4] [3,4,4]

2 9 [3,4,4] [3,4,4]

2 11 [3,4,11];[4,5,11];[5,6,6] [3,4,7];[4,5,0];[5,6,0]

2 12 [3,4,10];[4,5,11];[5,6,8] [3,4,7];[4,5,0];[5,6,0]

2 13 [3,4,10];[4,5,11];[5,6,8] [3,4,7];[4,5,0];[5,6,0]

2 14 [3,4,4] [3.4,4]

2 16 [3,4,4] [3.4,4]

2 17 [3,4,9];[4,5,6];[5,6,8] [3,4,6];[4,5,0];[5,6,0]

2 18 [3,4,5];[4,5,4] [3,4,6];[4,5,0]

3 12 [3,4,5];[4,5,6] [3,4,6];[4,5,0]

3 13 [3,4,5];[4,5,6] [3,4,6];[4,5,0]

3 15 [3,4,5] [3,4,6]

4 12 [3,4,6];[4,5,9] [3,4,5];[4,5,0]

4 13 [3,4,6];[4,5,9] [3,4,5];[4,5,0]

4 15 [3,4,4] [3,4,5]

6 7 [3,4,5] [3,4,8]

6 9 [3,4,4] [3,4,4]

6 12 [3,4,9];[4,5,7];[5,6,8] [3,4,5];[4,5,0];[5,6,0]

6 13 [3,4,9];[4,5,7] [3,4,5];[4,5,0]

6 14 [3.,4,5] [3,4,4]

6 15 [3,4,11] [3,4,6]

6 16 [3,4,5] [3,4,5]

6 17 [3,4,11];[4,5,8];[5,6,8] [3,4,6];[4,5,0];[5,6,0]

8 11 [3,4,4] [3,4,4]

8 12 [3,4,4] [3,4,4]

8 13 [3,4,4] [3,4,4]

9 11 [3,4,4] [3,4,4]

9 12 [3,4,4];[4,5,5] [3,4,4];[4,5,0]

9 13 [3,4,4];[4,5,5] [3,4,4];[4,5,0]

11 12 [3,4,8];[4,5,11];[5,6,10] [3,4,5];[4,5,0];[5,6,0]

11 13 [3,4,8];[4,5,11];[5,6,10] [3,4,5];[4,5,0];[5,6,0]
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Source Target Weight Dynamic Health Dynamic

11 14 [3,4,5] [3,4,4]

11 15 [3,4,8] [3,4,4]

11 17 [3,4,8];[4,5,7];[5,6,10] [3,4,4];[4,5,0];[5,6,0]
11 18 [3,4,5];[4,5,4] [3,4,8];[4,5,0]

12 13 [3,4,12];[4,5,12];[5,6,9] [3,4,4];[4,5,0];[5,6,0]
12 17 [3,4,5];[4,5,10];[5,6,7] [3,4,4];[4,5,0];[5,6,0]
13 17 [3,4,5];[4,5,10];[5,6,7] [3,4,4];[4,5,0];[5,6,0]
14 15 [3,4,9] [3,4,4]

14 17 [3,4,9] [3,4,4]

15 17 [3,4,9] [3,4,4]

2 5 [4,5,10] [4,5,0]

2 10 [4,5,11] [4,5,0]

3 5 [4,5,4] [4,5,0]

3 9 [4,5,7] [4,5,0]

3 11 [4,5,4] [4,5,0]

4 5 [4,5,7] [4,5,0]

4 11 [4,5,4] [4,5,0]

5 12 [4,5,9] [4,5,0]

5 13 [4,5,9] [4,5,0]

10 11 [4,5,10] [4,5,0]

10 12 [4,5,10] [4,5,0]

10 13 [4,5,10] [4,5,0]

1 12 [5,6,8] [5,6,0]
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Appendi x F

Stakeholders €onnection List

Dat a

Stakeholders Interactions with other Stakeholders
ID Label [0-1] [1-2] [2-3] [3-4] [4-5] [5-6] [6-7]
1 ENG 3,4 | 2,34] 2,6 2,6 2,6 2,6 2,34
2 PM 1 1,6,18| 1,3,4,6,7,8,9,/ 1,3,4,5,6,9,10[ 1,6, 11,12, 1,6
11,12, 13, 14, 15| 11,12, 13,17, 18 17,18
16,17, 18
3 CM 1 2,6 |26,11,12,13,14| 2,5,6,9, 11, 12,
15, 16, 17 13
4 OPS 1 2,6 2,6,11,12,13, | 2,5,6,9, 11, 12,
14, 15, 16, 17 13
5 OPSO 2,3,4,12,13
6 DES 2,3,4,| 12,3,4,6,7,8,| 12,3,412,13,17| 1,2,17
6,8,9 | 9,11,12,13 14, 15
16, 17
7 Cs 2,6,16,17
8 RP 2,611,12,13
9 wcC 2,6,11,12,13 | 2,34,11,12,13
10 | ECPM 2,11,12,13
11 ECC 18 2,3,46,89,12,| 2,3,4910,612,| 2,12, 13,17
13, 14, 15, 16, 13,17,18
17,18
12 | EDTL 2,3,4,6,8,9,11| 2,3,4,5,6,9,10| 1,2,6,11, 13,
13,17 11,13, 17 17
13 sc 2,3,4,6,8,9,11 2,3,4,5,6,9, 10
12,17 11,12, 17
14 ENG 2,3,4,6,11, 15,
16, 17
15 PM 3,4,11,17
16 CM 2,3,4,6,7,11,
14,17
17 OoPS 2,3,4,6,7,11,12| 2,6,11,12,13 | 2,6, 11, 12,
13, 14, 15, 16 13
18 | OPSO 2,11 2,11 2,11
Stakeholder List at theldentification Phase[0-1]
Node ID | Label Name Group
1| ENG Engineering 1
3| CM Control Maintenance 1
4| OPS Operations (Project SPO( 1
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Evaluation of Stakeholder Connections at thédentification Phase

Workload Health
Source| Target | Link ID | W1 | W2 | W3 | W4 | H1 | H2 | H3 | H4
1 3 1-3 1 1 1 1 11111
1 4 1-4 1 1 1 1 11111

Stakeholder List at thelnitiation Phase [1-2]

Nodes
Node ID | Label Name Group
1| ENG | Engineering 1
2| PM Project Manager 1

Evaluation of Stakeholder Connections at thénitiation Phase

Links
Workload Health
Source| Target | LinkID | W1 | W2 | W3 | W4 | H1 | H2 | H3 | H4
1 2 1-2 1 1 1 1 1 1 1 1

Stakeholder List at the Development Phas¢2-3]

Nodes
Node ID | Label Name Group
ENG | Engineering
PM Project Manager
CM Control Maintenance
OPS | Operations (Project SPOC)
DES | Design
CS Conventional Safety

o oA~ |w|N|-
RR|kr|R|R|R

Evaluation of Stakeholder Connections at the Development Phase

Links
Workload Health
Source| Target | LinkID | W1 | W2 | W3 | W4 | H1 | H2 | H3 | H4
1 2 1-2 1 1 1 1 ]1]1]1]1
1 6 1-6 1 1 1 2 |1 1]1]1
2 6 2-6 1 1 1 2 |1 1]1]1
3 6 3-6 1 1 1 1 ]1]1]1]1
4 6 4-6 1 1 1 1 ]1]1]1]1
6 8 6-8 1 1 1 1 ]1]1]1]1
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Stakeholder List at the Definition Phase[3-4]

Nodes

Node ID | Label Name Group
1| ENG | Engineering 1
2| PM Project Manager 1
3| CM Control Maintenance 1
4 | OPS | Operations (Project SPOC) 1
6 | DES | Design 1
8| CS Conventional Safety 1
9| RP Radiation Protection 1
12 | ECPM | EPC Construction PM 2
13 ECC EPC Construction Coordinator 2
17 | EDTL | EPC Design Team Lead 2
18| SC Supply Chain 1

Evaluation of Stakeholder Connections at th®efinition Phase

Source| Target | Link ID | W1 | W2 | W3 | W4 | H1 | H2 | H3 | H4
1 2 1-2 1 2 2 1 ]1]1]1]1
1 6 1-6 3 3 3 3|12 |1]|1
2 3 2-3 1 1 2 11221
2 4 2-4 1 1 2 111|221
2 6 2-6 2 3 2 311111
2 8 2-8 1 1 1 1 ]1]1]1]1
2 9 2-9 1 1 1 1 1 1 1 1
2 12 2-12 2 2 2 2 |1 |22 |1
2 13 2-13 2 2 2 2 |1 |22 |1
2 17 2-17 1 1 2 2 |1 1]1]|1
2 18 2-18 1 1 2 1 1 2 1 1
3 6 3-6 1 1 2 1 1 2 2 1
3 12 312 1 1 1 1 1 2 2 1
3 13 3-13 1 1 1 111|221
3 17 3-17 1 1 1 1 ]1]2]2]1
4 6 4-6 1 2 2 2 |1 | 2|2 |1
4 12 4-12 1 2 2 2 | 2|22 |1
4 13 4-13 1 2 2 2 |21 2|21
4 17 4-17 1 2 2 3|12 |22
6 8 6-8 1 1 1 1 ]1]1]1]1
6 9 6-9 1 1 1 1 1 1 1 1
6 12 6-12 2 2 2 3 /1|2 |11
6 13 6-13 2 2 2 311211
6 17 6-17 3 3 2 3|12 |21
8 12 8-12 1 1 1 1 ]1]1]1]1
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Source| Target | Link ID | W1 | W2 | W3 | W4 | H1 | H2 | H3 | H4
8 13 8-13 1 1 1 1 ]1]1]1]1
9 12 9-12 1 1 1 1 ]1]1]1]1
9 13 9-13 1 1 1 1 ]1]1]1]1
12 13 12-13 3 3 3 3 /11|11
12 17 12-17 2 1 1 1 ]1]1]1]1
13 17 1317 1 1 1 1 ]1]1]1]1

Stakeholder List at the ExecutionPhase[4-5]
Nodes

Node ID | Label Name Group
1| ENG | Engineering 1
2| PM Project Manager 1
3| CM Control Maintenance 1
4 | OPS | Operations (Project SPOC) 1
5| OPSO | Operations (Authorized Operator) 1
6 | DES | Design 1
9| RP Radiation Protection 1
10| WC Work Control 1
12 | ECPM | EPC Construction PM 2
13| ECC | EPC Construction Coordinator 2
17 | EDTL | EPC Design Team Lead 2
18| SC Supply Chain 1

Evaluation of Stakeholder Connections at th&xecution Phase

Source| Target | Link ID | W1 | W2 | W3 | W4 | H1 | H2 | H3 | H4
1 2 1-2 2 1 2 1 ]1]1]1]1
1 6 1-6 1 2 2 1 ]1]1]1]1
2 3 2-3 2 3 3 2 |21 2|1
2 4 2-4 2 3 3 2 |21 2|21
2 5 2-5 2 3 3 2 |2 2]2|1
2 6 2-6 2 2 2 2 |2 1]1]|1
2 10 2-10 3 3 3 2 | 1| 1] 2|1
2 12 2-12 3 3 3 2 |1 1]1]1
2 13 2-13 3 3 3 2 |1 1]1]1
2 17 2-17 2 1 2 1 ]1]1]1]1
3 5 3-5 1 1 1 112|322
3 6 3-6 1 2 1 2 |1 2|2 |1
3 9 3-9 2 3 1 111211
3 12 3-12 2 2 1 112|221
3 13 3-13 2 2 1 112|221
4 5 4-5 2 3 1 1 ]1]|2]2]2
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Source| Target | Link ID | W1 | W2 | W3 | W4 | H1 | H2 | H3 | H4
4 6 4-6 2 2 2 112|221
4 12 4-12 2 3 2 2 | 2| 2| 2] 2
4 13 4-13 2 3 2 2 | 2| 2| 2] 2
5 12 5-12 2 3 2 2 | 2| 2| 2] 2
5 13 5-13 2 3 2 2 | 2| 2| 2] 2
6 12 6-12 2 2 2 1 ]1]1]1]1
6 13 6-13 2 2 2 1 ]1]1]1]1
6 17 6-17 2 2 2 2 |1 1]1]1
9 12 9-12 1 2 1 1 ]1]2]1]1
9 13 9-13 1 2 1 1 ]1]2]1]1
10 12 10-12 3 3 2 2 |1 ] 1]1]1
10 13 10-13 3 3 2 2 |1 1]1]1
12 13 12-13 3 3 3 3 /11|11
12 17 12-17 2 3 3 2 |1 1]1]1
13 17 1317 2 3 3 2 |1 ] 1]1]1

Stakeholder List at theCloseout Phasg¢b-6]

Nodes

Node ID | Label Name Group
1| ENG | Engineering 1
2| PM Project Manager 1
6 | DES | Design 1
12 | ECPM | EPC Construction PM 2
13| ECC | EPC Construction Coordinator 2
17 | EDTL | EPCDesign Team Lead 2

Evaluation of Stakeholder Connections at the CloseolRhase

Source| Target | LinkID | W1 | W2 | W3 | W4 |[H1|H2|H3 | H4
1 2 1-2 2 2 2 2 (0] 0]0]O
1 6 1-6 2 2 2 3|]0]0O0]O0O]O
1 12 1-12 2 2 2 2 0] 0]0]0O
2 6 2-6 2 2 2 3|]0]0O0]O0O0]O
2 12 2-12 2 2 2 2 (0] 0]0]0O
2 13 2-13 2 2 2 2 (0] 0]0]O
2 17 2-17 2 2 2 2 0] 0]0]0O
6 12 6-12 2 2 2 2 (0] 0]0]0O
6 17 6-17 2 2 2 2 0] 0] 0O

12 13 12-13 3 3 2 1]1]0]0]0]0O
12 17 12-17 2 2 1 2 0 0 0 0
13 17 1317 2 2 1 2 0 0 0 0
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Stakeholder List at the PIRPhase[6-7]

Nodes
Node ID | Label Name Group
1| ENG | Engineering 1
2| PM Project Manager 1
3 | DES | Control Maintenance 1
4 | OPS | Operations (Project SPOC) 1
6 | DES | Design 1

Evaluation of Stakeholder Connections at thé’IR Phase

Links
Workload Health
Source| Target | Link ID | W1 | W2 | W3 | W4 | H1 | H2 | H3 | H4
1 2 1-2 1 1 2 1 O| 0| 0] O
1 3 1-3 1 1 2 1 O| 0| 0] O
1 4 1-4 1 1 2 1 O]l 0| 0] O
2 6 2-6 1 1 2 1 O| 0| 0] O

Dynamic Workload and Health values of Power ACU Project

Source Target Weight Dynamic Health Dynamic

1 3 [0,1,4.0];[6,7,5.0] [0,1,4.0];[6,7,0.0]

1 4 [0,1,4.0];[6,7,5.0] [0,1,4.0];[6,7,0.0]

1 2 [1,2,4.0];[2,3,4];[3,4,6.0];[4,5,6];[5, [1,2,4.0];[2,3,4];[3,4,4.0];[4,5,4];[5,6,0
6,8];[6,7,5.0] ;[6,7,0.0]

1 6 [2,3,5];[3,4,12.0];[4,5,6];[5,6,9] [2,3,4];[3,4,4.0];[4,5,4];[5,6,0]

2 6 [2,3,5];[3,4,10.0];[4,5,8];[5,6,9];[6,7 [2,3,4];[3,4,4.0];[4,5,5];[5,6,0];[6,7,0.0
,5.0]

3 6 [2,3,4];[3,4,5.0];[4,5,6] [2,3,4];[3,4,6.0];[4,5,6]

4 6 [2,3,4];[3,4,7.0];[4,5,7] [2,3,4];[3,4,6.0];[4,5,7]

6 8 [2,3,4];[3,4,4.0] [2,3,4];[3,4,4.0]

2 3 [3,4,5.0];[4,5,10] [3,4,6.0];[4,5,6]

2 4 [3,4,5.0];[4,5,10] [3,4,6.0];[4,5,7]

2 8 [3,4,4.0] [3,4,4.0]

2 9 [3,4,4.0] [3,4,4.0]

2 12 [3,4,8.0];[4,5,11];[5,6,8] [3,4,6.0];[4,5,4];[5,6,0]

2 13 [3,4,8.0];[4,5,11];[5,6,8] [3,4,6.0];[4,5,4];[5,6,0]

2 17 [3,4,6.0];[4,5,6];[5,6,8] [3,4,4.0];[4,5,4];[5,6,0]

2 18 [3,4,5.0] [3,4,5.0]

3 12 [3,4,4.0];[4,5,6] [3,4,6.0];[4,5,7]

3 13 [3,4,4.0];[4,5,6] [3,4,6.0];[4,5,7]

3 17 [3,4,4.0] [3,4,6.0]

4 12 [3,4,7.0];[4,5,9] [3,4,7.0];[4,5,8]

4 13 [3,4,7.0];[4,5,9] [3,4,7.0];[4,5,8]

171



Source Target Weight Dynamic Health Dynamic

4 17 [3,4,8.0] [3,4,7.0]

6 9 [3,4,4.0] [3,4,4.0]

6 12 [3,4,9.0];[4,5,7];[5,6,8] [3,4,5.0];[4,5,4];[5,6,0]
6 13 [3,4,9.0];[4,5,7] [3,4,5.0];[4,5,4]

6 17 [3,4,11.0];[4,5,8];[5,6,8] [3,4,6.0];[4,5,4];[5,6,0]
8 12 [3,4,4.0] [3,4,4.0]

8 13 [3,4,4.0] [3,4,4.0]

9 12 [3,4,4.0];[4,5,5] [3,4,4.0];[4,5,5]

9 13 [3,4,4.0];[4,5,5] [3,4,4.0];[4,5,5]

12 13 [3,4,12.0];[4,5,12];[5,6,9] [3,4,4.0];[4,5,4];[5,6,0]
12 17 [3,4,5.0];[4,5,10];[5,6,7] [3,4,4.0];[4,5,4];[5,6,0]
13 17 [3,4,4.0];[4,5,10];[5,6,7] [3,4,4.0];[4,5,4];[5,6,0]
2 5 [4,5,10] [4,5,7]

2 10 [4,5,11] [4,5,5]

3 5 [4,5,4] [4,5,9]

3 9 [4,5,7] [4,5,5]

4 5 [4,5,7] [4,5,7]

5 12 [4,5,9] [4,5,8]

5 13 [4,5,9] [4,5,8]

10 12 [4,5,10] [4,5,4]

10 13 [4,5,10] [4,5,4]

1 12 [5,6,8] [5,6,0]
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Appendi x G
ACWLProject Dat a

Project Stakeholders at theldentification Phase

Nodes
Node ID | Label Name Group
1 SRE SRE 1
3 DRE Director Engineering 1
7 OPS Operations 1
8 MTN Maintenance 1

Evaluation of Stakeholder Connectionst the Identification Phase

Links
Workload Health
Source | Target | LinkID | W1 | W2 | W3 | W4 | H1 | H2 | H3 | H4
1 3 1-3 3 |3 |2 1 |1 |1 |1 |1
1 7 1-7 3 |3 |1 1 |1 |1 |1 |1
1 8 1-8 3 |3 |1 1 |1 |1 |1 |1
3 7 3-7 1 |3 |1 1 |1 |1 |1 |1
3 8 3-8 1 1 |1 1 |1 |1 |1 |1
7 8 7-8 1 1 |1 1 |1 |1 |1 |1
Project Stakeholders at thelnitiation Phase
Nodes
Node ID | Label Name Group
1 SRE SRE 1
3 DRE Director Engineering 1
23 PRO Projects 1
32 FNC Finance 1

Evaluation of Stakeholder Connectionsat the Initiation Phase

Links
Workload Health
Source | Target | LinkID | W1 | W2 | W3 | W4 | H1 | H2 | H3 | H4
1 3 1-3 1 1 1 1 1 |12 |1 |1
1 23 1-23 3 3 1 2 2 |2 (1 |1
3 23 3-23 1 1 1 1 1 |1 |1 |1
3 32 3-32 1 1 1 1 1 /1 |1 |1
23 32 2332 |3 3 3 3 1 /1 |1 |1
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Project Stakeholders at theDevelopmentPhase

Nodes
Node ID Label Name Group
1 SRE SRE 1
3 DRE Director Engineering 1
7 OPS Operations 1
8 MNT Maintenance 1
11 RE Radiation Protection 1
12 CS Conventional Safety 1
13 CE Chemistry and Environment 1
14 FE Field Engineering 1
23 PRO Projects 1
24 DSG Design 1
28 CMO Contract Management Office 1
32 FNC Finance 1
33 SC Supply Chain 1
36 BM Contractor 2
46 RCPL Subcontractor 3

Evaluation of Stakeholder Connectionsat the DevelopmentPhase

Source | Target | LinkID | W1 | W2 | W3 | W4 | H1 | H2 | H3 | H4
1 3 1-3 1 1 1 1 11111
1 7 1-7 1 1 3 1 212121
1 8 1-8 1 1 1 1 212121
1 11 1-11 1 1 1 1 171111
1 12 1-12 1 1 1 1 171111
1 13 1-13 1 1 1 1 11111
1 14 1-14 1 1 1 1 11111
1 23 1-23 3 3 3 2 11211
1 24 1-24 3 3 3 2 171111
1 28 1-28 1 1 1 1 171111
3 7 3-7 1 1 1 1 11111
3 8 3-8 1 1 1 1 11111
3 11 311 1 1 1 1 17111
3 12 312 1 1 1 1 171111
3 13 3-13 1 1 1 1 11111
3 14 3-14 1 1 1 1 11111
3 23 3-23 1 1 1 1 11111
3 24 3-24 1 1 1 1 17111
3 28 3-28 1 1 1 1 17111
3 32 3-32 1 1 1 1 11111
3 33 3-33 1 1 1 1 11111
3 36 3-36 1 1 1 1 17111
3 46 3-46 1 1 1 1 17111
7 8 7-8 2 2 1 1 11211
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Source | Target | LinkID | W1 | W2 | W3 | W4 | H1 | H2 | H3 | H4
7 11 7-11 1 /1 ]1]1]1]1|1]1
7 13 7-13 1 /1 ]1]1]1]1|1]1
7 23 7-23 1 /2111|111
7 24 7-24 1 /2] 1]1]1]1|1]1
8 23 8-23 3|/ 3|2 |2 |1]1]1)|1
8 24 8-24 1 /1 ]1]1]1]1|1]1
11 12 11-122 | 1 |1 |1 |1 |1 |1]1]1
11 23 1223 | 1 |1 | 1|1 |1 |1|1]1
12 23 1223 | 1| 1| 1|1 |1|1]1]1
12 24 1224 | 1 |1 | 1|1 |1|1]1]1
13 23 1323 |1 1|11 11|11
13 24 1324 | 1 |1 |1 |1 |1|1]1]1
14 23 1423 | 1| 1| 1|1 |1 |1|1]1
23 24 2324 | 3 | 3 | 2| 3|1 ]1|1]1
23 28 2328 1 |1 1|1 |1]1|1]|1
23 32 2332 | 2 |1 | 2|2 |1]1|1]1
23 33 2333 | 3 | 3 | 3|2 |3|2|1]|1
32 33 3233 | 1 |1 | 1|1 |1]1|1]|1
Project Stakeholders at theDefinition Phase
Nodes

Node ID | Label Name Group

1 SRE SRE 1

5 HFE Human Factor&ngineering 1

7 OPS Operations 1

8 MNT Maintenance 1

11 RE Radiation Protection 1

12 CS Conventional Safety 1

13 CE Chemistry and Environment 1

14 FE Field Engineering 1

15 ERO | Emergency Response Organizatj 1

23 PRO Projects 1

24 DSG Design 1

28 CMO Contract Management Office 1

30 WC Work Control 1

31 WA Work Assessing 1

32 FNC Finance 1

33 SC Supply Chain 1

35 QLT Quality 1

36 BM Contractor 2

46 RCPL Subcontractor 3
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Evaluation of Stakeholder Connectionst the Definition Phase

M1121111331111111111111111111111113133131111
m1121111211131122111221111111111113133131111
m1221111321131122111221111111111113133131111
m1221111211131122111221111111111113133131111
AW..1111111331131122111221111111111113311121111
m1221111331131122111221111111111113311131111
M1331111331131122111221111111111113311131111
M1331111331131122111221111111111113311131111
[a)] NOM IO (OMMNIMITIOOIHN MO ||
o A S R N R N R R N Nl e NN i N e N e i 5
ST | A [ A D[ [ NN s b b v ao o oo | TS S TS SS SIS ERQIRIRQ N KRS8
-

o
g5_/ool2343446ool33461_3346636348663334801235651
w Al ||| N[N N|M AAHANNNAA N NN T NNDANNNNTIN|NNNNNOOMONOHOOOMO MM
T

8

= —TA|A N NN NNM IO N NMOMO MM T O
S| ||| ||| ||| O |P~|P~[P~[P~|P~|P~|00|00|00|00|C0 |00

QOU A ||| A | A ||| A [ AN N[N/ N/ NN/ NN NN M

176



Source | Target | LinkID | W1 | W2 | W3 | W4 | H1 | H2 | H3 | H4
30 36 3036 | 1 |1 1|1 ]1]1|1]|1
31 36 3:36 | 1 |1 1|1 |11 1|1
32 36 3236 | 3 | 3 | 3| 1|2 ]|2|2]|3
33 36 3336 | 3 | 3| 3|2 |1]1]1]3
35 46 3546 | 1 | 1| 1|1 |1]1|1]|1
36 46 3646 | 1 |1 | 1|1 |1]1|1]|1
Project Stakeholders at theExecution Phase
Nodes

Node ID | Label Name Group

1 SRE SRE 1

5 HFE Human Factors Engineering 1

7 OPS Operations 1

8 MNT Maintenance 1

14 FE Field Engineering 1

15 ERO | Emergency Response Organizat] 1

18 PSC Plant Status Control 1

23 PRO Projects 1

24 DSG Design 1

28 CMO Contract Management Office 1

30 WC Work Control 1

31 WA Work Assessing 1

32 FNC Finance 1

33 SC Supply Chain 1

36 BM Contractor 2

46 RCPL Subcontractor 3

Evaluation of Stakeholder Connectionst the Execution Phase

Source | Target | LinkID | W1 | W2 | W3 | W4 | H1 | H2 | H3 | H4
1 5 1-5 1 1 1 1 ]1]1]1]1
1 I 1-7 3 3 3 3133|313
1 8 1-8 3 3 3 3133|313
1 14 1-14 1 1 1 1 ]1]1]1]1
1 23 1-23 1 1 1 1 ]1]1]1)|1
1 24 1-24 1 1 1 1 ]1]1]1]1
1 36 1-36 2 2 2 1 ]13]3]3]3
1 46 1-46 2 2 2 1 ]13]3]3]3
5 7 57 1 1 1 1 ]1]1]1]1
5 8 5-8 1 1 1 1 ]1]1]1)|1
5 23 5-23 1 1 1 1 ]1]1]1]1
5 24 5-24 1 1 1 1 ]1]1]1]1
5 36 5-36 1 1 1 1 ]1]1]1]1
5 46 5-46 1 1 1 1 ]1]1]1)|1
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Source | Target | LinkID | W1 | W2 | W3 | W4 | H1 | H2 | H3 | H4
31 46 31-46 1 1 1 1 11111
32 33 32-33 2 2 2 2 2|2 2| 2
32 36 32-36 2 2 2 2 212122
32 46 32-46 2 2 2 2 212122
33 36 33-36 3 3 3 3 313|333
33 46 3346 3 3 3 3 31 3|3|3
36 46 36-46 3 3 3 3 31 3|33

Project Stakeholders at the Closeout Phase

Nodes
Node ID | Label Name Group
1 SRE SRE 1
7 OPS Operations 1
8 MNT Maintenance 1
17 TRN Training 1
18 PSC Plant Status Control 1
19 PRC Procedures 1
23 PR Project Manager 1
24 DSG Design 1
32 FNC Finance 1
33 SC Supply Chain 1
36 BM Contractor 2
46 RCPL Subcontractor 3

Evaluation of Stakeholder Connections at the Closeout Phase

Links
Workload Health
Source | Target | LinkID | W1 | W2 | W3 | W4 | H1 | H2 | H3 | H4
1 7 1-7 1 1 1 1 1 1111
1 8 1-8 1 1 1 1 1 1111
1 23 1-23 1 1 3 3 1 1 (1] 1
1 24 1-24 1 1 1 3 1 1 (1] 1
7 8 7-8 1 1 1 2 1 1111
7 12 7-12 1 1 1 1 1 1111
7 17 7-17 1 1 1 1 1 1111
7 18 7-18 1 1 1 1 1 1 (1] 1
7 19 7-19 1 1 1 1 1 1 (1] 1
7 23 7-23 1 1 1 3 11211
8 12 8-12 1 1 1 1 1 1111
8 17 8-17 1 1 1 1 1 1111
8 18 8-18 1 1 1 1 1 11111
8 19 8-19 1 1 1 1 1 11111
8 23 8-23 1 1 1 1 1 1112
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Appendi x H

Addi ti onal Stakehol der |l nterface
EE DD
FF
GG
HH
Stakeholders
I NN —
Contractor
. MM
KK LL Regulatory Offices

Stakeholder interface netwodk Rail Line Project
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Stakeholders

Owner
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Regulatory Offices

Stakeholder interface netwook
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Rail Line Project (reevaluation)
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Stakeholder interface netwarkf Chemical Equipment Replacement project

183



Stakeholder Interface Networks D&tector AssemblieReplacemen®roject
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