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Preamble 
This thesis has been submitted to the Department of Management, the Engineering Systems Design 

group, the Technical University of Denmark (DTU) and the Department of Mechanical and Industrial 

Engineering, and at the Norwegian University of Science and Technology (NTNU) in partial fulfilment 

of the requirements for a double doctorate from both universities. 

The three-year project began September 1st, 2017 and was completed on August 31st, 2020. The 

work was supervised by Associate Professor Dr Josef Oehmen (DTU), and by Professor Dr Torgeir 

Welo (NTNU). Funding was provided by the DTU-NTNU Alliance PhD Programme on Risk 

Management, the Brightline Initiative under the Project Management Institute (PMI), and the VALUE 

programme under the Research Council of Norway. In addition, funding for two external stays was 

provided by the Otto Mønsted Foundation. 

The thesis is a paper-based thesis, meaning that the core of the thesis is a series of scientific papers 

published or submitted to peer-reviewed journals. The thesis consists of three parts. The first part 

(Chapters 1-3) introduces the thesis, its approach to the topic, and reviews current research and 

practice. The second part (Chapters 4-7) consists of four stand-alone papers, forming the main 

contribution of this thesis. The third part (Chapter 8) discusses theoretical and practical implications, 

and concludes the thesis. I introduce each chapter with a related project example. 

The main papers are reproduced either as author accepted manuscripts (AAM) under licence or in 

pre-print versions, although with section, figure, table numbering and references integrated into the 

overarching reference system at the end of the thesis. The changes between British and American 

English and first or third person writing in the papers are due to the requirements of the respective 

journals. First-person British English is used as default style throughout the thesis. 

 

Kgs. Lyngby, August 31st, 2020 

 

Morten Wied 
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Summary 
Most complex engineering projects encounter unexpected events sometime in their life cycle. 

Effective opposition, economic turbulence, technical problems, partner pull-out, legislative change, 

new requirements, and early obsolescence are typical ‘plan breakers’. Adding to these are a plethora 

of oddball happenings, freak accidents, archaeological discoveries, rare natural phenomena, and 

sometimes malicious sabotage. Such events are common causes of underperformance or failure. 

Indeed, most complex engineering projects fail to meet the expectations that motivated them. 

The traditional solution to this problem has been increasingly sophisticated up-front analysis and 

planning aimed at ‘de-risking’ projects and ‘de-biasing’ planners. There is little evidence, however, 

that these efforts have eliminated unexpected events, nor their impact on project performance. 

While individually unlikely, collectively, unexpected events occur with surprising regularity. This 

places project management at the horns of a dilemma. On the one hand, the requirement that 

planners must ‘be right’ about the future for projects succeed seems unattainable, in light of 

persistent unexpected events. On the other, relying on blind luck seems unacceptable in light of the 

high stakes involved. 

Through the lens of resilient systems theory, this thesis explores an alternative to foresight and luck. 

This thesis is about the properties allowing some complex engineering projects to resist and recover 

from unexpected events, without the need to foresee them. Thus, the subject of this thesis is 

‘successful failures’, i.e. projects that are ‘wrong, but not failed’. The aim of the thesis is to extend 

resilient systems theory to complex engineering projects, and, through this lens, explore non-

anticipatory solutions to the problem of project planning, selection, and implementation. The 

investigation is guided by three overarching research questions:  

RQ1: What distinguishes resilient from brittle systems, and what are the implications for 

complex engineering project management? 

RQ2: Why do some complex engineering projects fail, while others succeed, despite, or even 

because of, unexpected events?  

RQ3: How can complex engineering projects build resilience to unexpected events? 

The three questions are investigated through the literature, retrospective and longitudinal case 

studies of complex projects, and interviews with experienced project managers. 

In answer to the first question (RQ1), the thesis extends resilient systems theory to complex 

engineering project management. In doing so, the thesis challenges a paradigmatic assumption of 

traditional project management; that information precedes action. In most complex systems, this 

assumption does not hold. Rather, the most critical information typically surfaces through 

implementation and operation – not up-front analysis and planning. In actuality, action often 

precedes information. Indeed, action is often a prerequisite for dislodging information. This makes 

implementation and operation the primary information-producing processes. Paradoxically, the 

minimum requirement for learning the outcome of most complex engineering projects, is to 

implement them. Through the lens of resilience theory, the problem of unexpected events is thus 

reframed from one of inaccurate foresight to one of unrecognised ignorance, and the solution from 

one of improved foresight to one of general preparedness. Offering an alternative to foresight and 

luck, extended resilience theory delineates a ‘non-anticipatory’ paradigm of project management. It 

suggests that some projects have shared properties allowing them to resist and recover from 

unexpected events, without the need to foresee them. This shifts the emphasis of project 
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management research from projects that are ‘right and successful’ or ‘wrong and failed’ to project 

that are ‘wrong, but not failed’. 

In answer to the second question (RQ2), the thesis investigates the relationship between 

unexpected events and project performance in a range of real-world projects. The thesis finds that 

unexpected events cause projects to fail when projects lose superiority over competing alternatives 

foregone by their implementation, in the eyes of their stakeholders. Conversely, projects succeed 

despite or because of such events when they retain or regain such superiority. Thus, the thesis 

develops an essentially ‘opportunity cost’ view of project performance, finding formal performance 

criteria neither necessary nor sufficient for project success. On this basis, the thesis identifies a set of 

shared properties of ‘resilient projects’ able to succeed despite, or because of, unexpected events. 

Conversely, the thesis identifies properties of ‘brittle projects’, dependent on planners ‘being right’ 

about the future, or simply lucky. Departing from the traditional emphasis on the quality of plans 

and planners, these findings emphasise key characteristics of projects themselves. 

In answer to the third question (RQ3), the thesis prescribes a combination of Socratic humility about 

the future and an ethos of ‘prudent action’. Through the lens of resilience theory, the emphasis of 

project management falls on action rather than information, i.e. on what we do rather than what we 

know. In this light, the properties of brittle projects function as diagnostic markers – warning signs of 

success-dependence on foresight or luck. Conversely, the properties of resilient projects offers a 

menu of possibilities for building resilience. Based on these, the thesis sets out practical 

prescriptions for building project resilience and discusses their implications for project planning, 

selection, and implementation. 

The thesis makes six main contributes to the knowledge base on complex engineering project 

management – two corresponding to each research question: In answer to RQ1, the thesis develops 

a framework for analysing resilience and brittleness (C1), and develops a typology of resilient 

systems across disciplines and application domains (C2). In answer to RQ2, the thesis develops an 

opportunity cost view of project performance (C3), and identifies properties distinguishing projects 

able to succeed despite, or because of, unexpected events from projects which cannot (C4). In 

answer to RQ3, the thesis identifies a repertoire of approaches to managing uncertain projects 

across a range of industries and project types (C5), and outlines adaptation, acceptance and 

positioning as a principal solution space for building resilience to unexpected events (C6). 

Overall, the thesis provides an alternative perspective on both the problem and the solution 

consistently poor performance of complex engineering projects, and raises a new set of questions 

for project planning, selection, and implementation. Prescriptively, the thesis emphasises 

preparedness over prediction, and prudent action over accurate information. Fundamentally, the 

message of the thesis is that we do not need to know the future to act wisely, but pretending to 

know the future when we do not, causes us to act foolishly.  



xii 
 

Dansk resumé 
Størstedelen af komplekse ingeniørprojekter møder uventede begivenheder i løbet af deres 

livscyklus. Politisk modtand, økonomisk turbulens, tekniske problemer, partner-exit, lovændringer, 

nye krav og tidlig forældelse er typiske ’plan knusere’. Ud over disse ses en række usandsynlige 

begivenheder, uheld, arkæologiske opdagelser, sjældne naturfænomener og til tider ondsindet 

sabotage. Sådanne begivenheder er gængse årsager til, at projekter underperformer eller helt fejler. 

Reelt indfrier de fleste komplekse ingeniørprojekter ikke de forventer, der indledningsvist 

motiverede dem. 

Den traditionelle løsning på det problem er stadig mere sofistikeret forudgående analyse og 

planlægning i forsøget på at minimere projekters risiko såvel som beslutningstageres bias. Der er dog 

intet der tyder på, at disse tiltag har elimineret uventede begivenheder eller deres indflydelse på 

projekters performance. Selvom uventede begivenheder er individuelt usandsynlige, forekommer 

de, set under ét, med bemærkelsesværdig pålidelighed. Det placerer projektledelse af komplekse 

projekter i et dilemma. På den ene side er kravet om at beslutningstagere skal ’have ret i’, hvordan 

fremtiden bliver uopnåeligt i lyset af vedblivende uventede begivenheder. På den anden side er 

blind tillid til held uacceptabelt, i lyset af de ofte høje indsatser. 

Fra et resiliensperspektiv udforsker afhandlingen et alternativ til fremsyn og held. Afhandlingen 

handler om de egenskaber, der tillader komplekse ingeniørprojekter at modstå eller overkomme 

uventede begivenheder, uden nødvendigheden af at forudse dem. Emnet for afhandlingen er 

således ’succesfulde fejltagelser’, dvs. projekter der ’tager fejl, men uden at fejle’. Målet for 

afhandlingen er at udvide resiliensteori til komplekse ingeniørprojekter, og herigennem at udforske 

ikke-prædiktive løsninger på projektplanlægning, prioritering og implementering. Afhandlingen er 

fokuseret på tre gennemgående forskningsspørgsmål: 

FS1: Hvad adskiller resiliente fra skrøbelige systemer, og hvilke implikationer har det for 

ledelsen af komplekse ingeniørprojekter? 

FS2: Hvorfor fejler nogle komplekse ingeniørprojekter, mens andre lykkedes, på trods, eller 

endog på grund af, uventede begivenheder? 

FS3: Hvordan kan komplekse ingeniørprojekter opbygge resiliens overfor uventede 

begivenheder? 

De tre spørgsmål er udforsket via forskningslitteraturen, gennem historiske og løbende case studier 

af komplekse projekter samt interviews med erfarne projektledere. 

Som svar på de første forskningsspørgsmål (FS1), udvider afhandlingen resiliens-teori til 

projektledelse af komplekse ingeniørprojekter. Dermed udfordrer afhandlingen en central antagelse 

i traditionel projektledelse; at information går forud for handling. Den antagelse holder ikke I 

størstedelen af komplekse ingeniørprojekter. Modsat fremkommer de vigtigste informationer typisk 

gennem implementering og drift, snarere end gennem forudgående analyse og planlægning. I 

realiteten går handling således ofte forud for information, hvormed implementering og drift bliver 

den primære informations-producerende proces i komplekse projekter. Paradoksalt nok er 

minimumskravet for at kende udfaldet af de fleste komplekse ingeniørprojekter derfor, at de 

implementeres i praksis. Fra et resiliensperspektiv skifter problemet således karakter; fra 

utilstrækkeligt fremsyn til uerkendt uvidenhed. Også løsningen skifter karakter fra bedre fremsyn til 

generel forberedelse. Som alternativ til fremsyn og held indkredser en udvidet resiliensteori således 

et ikke-prædiktivt projektledelses-paradigme, og foreslår, at nogle projekter har egenskaber, der 
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tillader dem at modstå og overkomme uventede begivenheder, uden behov for at forudse dem. Den 

indsigt skifter vægten af projektledelsesforskningen fra projekter, der enten ’fik ret og var 

succesfulde’ og ’tog fejl og fejlede’, mod projekter der ’tog fejl, men uden at fejle’. 

Som svar på det andet forskningsspørgsmål (FS2) udforsker afhandlingen forholdet mellem uventede 

begivenheder og projekters performance gennem studier af en bred vifte af projekter. Afhandlingen 

konkluderer, at uventede begivenheder er årsag til, at projekter fejler, når interessenter ikke 

længere foretrækkes frem for fravalgte alternativer. Omvendt lykkedes projekter på trods, eller på 

grund af, uventede beginheder, når de beholder eller genvinder deres overlegenhed, over fravalgte 

alternativer, i interessenternes øjne. Derned udvikler afhandlingen et offeromkostningsperspektiv på 

projektperformance. På den baggrund identificerer afhandlingen en række egenskaber for ’resiliente 

projekter’, der er i stand til at lykkedes på trods-, eller endog på grund, af uventede begivenheder. 

Omvendt identificeres egenskaber for ’skrøbelige projekter’, der er afhængige af, at planlæggere 

’har ret i’ hvad fremtiden bringer, eller blot heldige. Ulig traditionel projektledelse, hvor vægten 

lægges på planer og planlæggere, placerer afhandlingen hovedvægten på komplekse projekters 

egenskaber. 

Som svar på det tredje forskningsspørgsmål (FS3) foreskriver afhandlingen sokratisk ydmyghed over 

for fremtiden kombineret med ’forsigtig handling’. Fra et resiliensperspektiv lægges vægten således 

på handling snarere end på information, og dermed på hvad vi gør snarere end på hvad vi ved. I det 

lys ses skrøbelige projekters egenskaber som diagnostiske markører; varselstegn på 

succesafhængighed af fremsyn og held. Omvendt udgør resiliente projekters egenskaber en menu af 

muligheder for at opbygge projektresiliens. På den baggrund udvikler afhandlingen en række 

praktiske forslag til at opbygge projektresiliens, og diskuterer konsekvenser for projektplanlægning, 

udvælgelse og implementering.  

Afhandlingen udvikler seks primære videnbidrag (B) til projektledelse af komplekse 

ingeniørprojekter; to svarende til hvert forskningsspørgsmål. Som svar på FS1 udvikler afhandlingen 

en model for at analysere resiliens og skrøbelighed (B1) samt en typologi over resiliente systemer på 

tværs af discipliner og anvendelsesområder (B2). Som svar på FS2 udvikler afhandlingen et 

offeromkostningsperspektiv på projektperformance (B3), og identificerer egenskaber for projekter, 

der kan lykkedes på trods, eller på grund af, uventede begivenheder (B4). Endelig, som svar på FS3 

identificerer afhandlingen en menu af tilgange til ledelse af komplekse projekter (B5), og foreslår 

egenskaber for mål, midler og omstændigheder som et samlende mulighedsrum for at opbygge 

projektresiliens mod uventede begivenheder (B6). 

I sin helhed bidrager afhandlingen med et alternativt perspektiv på både problemet og løsningen på 

komplekse ingeniørprojekters lave succesrate, og rejser nye spørgsmål til projektplanlægning, 

udvælgelse og implementering. Afhandlingen lægger vægt på forberedelse frem for forudsigelse og 

på handling frem for information. Det centrale budskab i afhandlingen er, at vi ikke behøver at kende 

fremtiden for at handle klogt, men at foregive at kende fremtiden uden at gøre det, får os til at 

handle uklogt. 
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1. Introduction: Big problems and big solutions 
The Leaning Tower of Pisa, a successful failure 

The ‘tilt’ of the free-standing bell tower of the Cathedral of the city of Pisa was first discovered 

well into its construction during the 12th century. Due to soft ground and inadequate foundations, 

its tilt increased in the decades leading up to its completion in the 14th century. As a 

consequence, Galileo Galilei is said to have made his falling-object experiments from the 

renowned tower. The undisputed tourist magnet made the UNESCO World Heritage Site list in 

1987. The tower was finally stabilised in 2001 and preserved for posterity (Samset, 2010, p. 11; 

Shrady, 2003). Photo credit: Colourbox.com 

Box 1: The Leaning Tower of Pisa, fulfilling unexpected ends 

By way of introduction, this first chapter sets out the background of the thesis and outlines its 

objectives, research questions and its scope. 

1.1 Background 
Complex engineering projects introduce big solutions to big problems. They include the grandest 

schemes ever imagined; vessels that ‘not even God himself could sink’ (Aldridge, 2008), weapons 

that made their creators ‘death, the destroyer of worlds’ (Rhodes, 1986) or that ‘put man on the 

moon’ (NASA, 1975). In our time, complex engineering projects wage the ‘Great War of 

Independence from Space’, they seek to realise the ‘Zero Friction Society’ (Flyvbjerg et al., 2003, pp. 

2–3), and search for the ‘The God Particle’ (Lederman and Teresi, 1993). Looking ahead, the next 

generation of projects take aim at energy systems that can power civilisation indefinitely, without 

side-effects (Devlin, 2018), the creation of ‘shadowless’ skyscrapers (Magee, 2015) and permanent 

settlements in space (Brown, 2019). Driven by both promise and by threat, these endeavours reflect 

our fundamental unwillingness to accept the human condition as is. 

Projects are both drivers of change and vehicles for coping with it (Eweje et al., 2012). They are 

societal, and increasingly global, endeavours, mobilising researchers, consultants, investors, 

contractors, suppliers, governments, and users along the developmental chain. These ‘adhocracies’ 

(Bennis, 1968) or ‘temporary organisations’ (Lundin and Söderholm, 1995) arose to prominence in 

response to the need for still larger, non-routine, and complex solutions to new problems (Morris, 

2012) – a process some have called ‘projectification’ (Jensen, et al., 2016). As reactions to and 

creators of unpredictability, complex engineering projects are both part of the solution and of the 

problem. 

Like the infrastructure of the Roman Empire and the architecture of Medieval Europe, the impact of 

today’s projects will be felt for a very long time. While the life-span of a bridge may be less than a 

century, its effects often persist long after its eventual replacement (Gusdorf et al., 2008; Bleakley 

and Lin, 2010). The Onkalo Spent Nuclear Fuel Repository, just sunk in the Finnish bedrock, is built to 

last some 100,000 years. Beyond even that, the Voyager 1 space probe could be the last surviving 

vestige of our species, potentially outliving life in the solar system itself (Ferris, 2012). Thus, the 

consequences of complex engineering projects frequently surpass both the planning horizons and 

the lifespans of their creators. 

When successful, these projects greatly improve lives, leap-frogging technological, social, and 

economic development over historically short periods of time (Miller and Lessard, 2001). Such 

projects mark the beginnings of an era, and attain the status of legends and myth. When they fail, 

they attain infamy, becoming pillars of shame; testimonies to hubris and human folly (Flyvbjerg et 

al., 2003), as amply testified by ‘empty-shell’ nuclear power plants (Kolb, 2007) underused railways 

(Carpintero and Petersen, 2014), silent motorways (Acerete et al., 2009), ‘ghost’ airports (Geraldi 

and Stingl, 2016), and ‘white elephant’ defence projects (GAO, 2010). Most projects, however, 
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occupy a grey-zone between success and failure. Some projects are hated by some and loved by 

others, raising fundamental questions about the meaning of ‘success’, ‘failure’, the ‘greater good’, 

and to whom (de Wit, 1988; Pinto and Slevin, 1988; Jugdev and Müller, 2005; Ika, 2009; Kreiner, 

2014).  

Complex engineering projects are notoriously costly, risky, and difficult (Rittel and Webber, 1973; 

Oehmen et al., 2015). Almost all complex engineering projects are blindsided by unexpected events 

sometime in their life cycle (Miller and Lessard, 2001). As a consequence, the majority of projects fail 

to meet the expectations that originally motivated them (Merrow, 2011; KPMG, 2015; Project 

Management Institute, 2017).  

The traditional solution to this problem has been increasingly sophisticated up-front planning, aimed 

at ‘de-risking’ plans and ‘de-biasing’ planners. Quantitative risk analysis (Paté-Cornell, 1996), real 

options evaluation (Black and Scholes, 1973; Wang et al., 2004), robust decision-making (Lempert et 

al., 2003), coherent upper and lower boundaries (Kozin and Petersen, 1996) and imprecise 

probabilities (Walley, 1999) are examples of the former. Among the latter are devil’s advocacy 

(Blanchard, 1990), ‘commitments to truth’ (Flyvbjerg, 2014, p. 15), independent plan reviews 

(Samset, 2010), and successive calculation (Lichtenberg, 2000), and many more. 

There is little evidence, however, that these efforts have eliminated unexpected events, nor abated 

their impact on project performance. Reviewing historical cost overruns, Flyvbjerg et al. (2003) 

found no improvement over the past century. Dvir and Lechler (2004) found the positive effects of 

high-quality up-front planning almost completely overwritten by unexpected plan changes along the 

way. Miller and Lessard (2001) counted an average of five major unexpected events during typical 

project implementation, with some project facing as many as 12. Oehmen et al. (2012) found 

unexpected events to be the primary preoccupation of engineering programme managers, spending 

much of their time ‘firefighting’. Rolstadås et al. (2011) concluded, that even projects that “positively 

reek” of best practices nonetheless often end up as ‘‘train wrecks’’.  

The problem of diminishing returns to anticipatory planning is exacerbated by still larger and more 

complex projects (Oehmen et al., 2015), increasing dependence on adjacent developments (de Weck 

et al., 2011), and by faster-evolving requirements (Oehmen et al., 2012). It seems that the 

complexity of engineering projects is outpacing managers’ ability to managing them – a problem, 

which scales with the importance of the undertaking.  

Loch et al. (2006) called such projects ‘exploratory’, i.e. their goals and the means to attain them are 

not fully known at the outset. Lempert et al. (2003, pp. 3–4) used the term ‘deep uncertainty’ to 

describe situations where neither performance variables, uncertain variables, nor the relationships 

between them are known in advance. Indeed, a ‘complex project’ is typically defined as one in which 

the behaviour of the whole is difficult to deduce from understanding its parts (Simon, 1997; 

Williams, 2004). 

This places project management at the horns of a dilemma: on the one hand, the requirement that 

planners must ‘be right’ about the future for projects to succeed seems unattainable, given the 

persistence of unexpected events. On the other hand, reliance on ‘blind luck’ seems unacceptable, 

given the high stakes involved. In response, this thesis explores a third way.  

Outlining an alternative to foresight and luck, resilience theory seeks to explain why some systems 

can rebound from unexpected events, while others cannot (Holling, 1973). It suggests that some 

projects have shared properties allowing them to resist and recover from unexpected events, 

without the need to foresee them (Wied et al., 2020). The thesis investigates these properties and 
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explores their implications for project planning, selection, and implementation. Adopting this 

perspective, the focus of the thesis is the properties of ‘successful failures’, i.e. the properties 

allowing project planners to ‘be wrong’ about the future, without the necessity of failure. 

1.2 Objectives and research questions 
Against this backdrop, the objectives of the thesis are three-fold: First, to extend core concepts of 

resilient systems theory to the context of complex engineering projects; second, to explain why 

some projects fail, while others succeed, despite, or even because of such events; and third, to 

sketch out a non-anticipatory paradigm of project management and outline its practical implications 

for planning, selection, and implementation. In this endeavour, the thesis is guided by three 

overarching research questions (RQs): 

RQ1: What distinguishes resilient from brittle systems, and what are the implications for 

complex engineering project management? 

RQ2: Why do some complex engineering projects fail, while others succeed, despite, or even 

because of, unexpected events? 

RQ3: How can complex engineering projects build resilience to unexpected events? 

Inspired by Hevner et al. (2004), in seeking answers to these questions, the thesis aims to make both 

a scientific and a practical contribution: In answering RQ1, the thesis seeks to extend resilient 

systems theory to the context of complex engineering projects. In answering RQ2, the thesis applies 

resilient systems theory to complex engineering projects, and, through this lens, explore the 

properties allowing some projects to resist and recover from unexpected events, while others 

cannot not. And finally, in answering RQ3, the thesis aims to develop prescriptions for project 

planning, selection and implementation for greater resilience to unexpected events. 

1.3 Scope and delineation 
This thesis is about complex engineering projects. Thus, the unit of analysis is 'one project', here 

defined as a temporary sequence of actions undertaken to accomplish to create a unique result, 

product or service (Loch et al., 2006). The adjective ‘complex’ is used to describe projects whose 

behaviour is difficult to deduce from knowledge of its parts or inputs (Simon, 1997). Within this 

category, the thesis focuses on ‘engineering’ projects, i.e. projects involving the creative application 

of scientific principles to design or develop structures, machines, apparatus, or manufacturing 

processes (ECPD, 1947). The thesis adopts a ‘life cycle perspective’ on these projects, seeing these as 

temporal phenomena from mental conception to decommissioning (de Weck et al., 2011, p. 186). 

The projects studied in the thesis are primarily contemporary transport and infrastructure projects in 

Denmark and Norway. In addition, the thesis draws parallels to historical projects, non-engineering 

projects, and to projects from the wider world. As shown in Fig. 1, the scope of the thesis is 

delineated by the study of three phenomena and the relationships between them. 

 
Figure 1: Analytical model of the thesis, adapted from Paper A (Wied et al., 2020). 

Unexpected events Project performance

Resilient properties
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These three phenomena are briefly defined here. Building on Simons (1998), I use the term 

‘unexpected events’ to describe unplanned events that impact the ability of project management to 

implement the intended plan or to realise its intended ends. Thus, unexpected events involve the 

unplanned arrival of new information after project launch, with potential or realised consequences 

for project performance, as discussed in Chapter 3, Section 3.1.  

Following Jugdev et al.’s (2005, p. 22), I use the term ‘project performance’ to describe the set of 

variables determining the value of a project to its stakeholders. In this respect, I adopt the 

perspective of subjective value theory (Menger, 1871), as discussed in Chapter 2, Section 2.1. 

The focus of the thesis is the ‘resilient properties’ allowing some projects to weaken, sever or 

reverse the link between unexpected events and project performance (Wied et al., 2020). I use this 

term in its systems theoretical sense (Holling, 1973) to describe the set of shared characteristics 

allowing project performance to resist and recover from an unexpected event (Henry and Ramirez-

Marquez, 2016, p. 61; Aven, 2017, p. 538). The identifying, explaining and exploiting these 

properties is the scientific and practical aim of the thesis.  

The thesis consists of three parts. This first part introduces the thesis, outlines its approach, and 

reviews the current state of practice and research (Chapters 1-3). The second part consists of four 

articles that form the main contribution of this thesis (Chapters 4-7). The third part discusses 

theoretical and practical implications, and concludes the thesis (Chapter 8). Table 1 gives an 

introductory overview of the overarching research questions of the thesis and the contributions of 

the main papers to answering them. 
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 RQ1 RQ2 RQ3 

 

 

 

 

 

 

What distinguishes resilient 

from brittle systems, and 

what are the implications 

for complex engineering 

project management? 

Why do some complex 

engineering projects fail, 

while others succeed, 

despite, or even because of, 

unexpected events? 

How can complex 

engineering projects build 

resilience to unexpected 

events? 

Paper A, Chapter 4: 

“Conceptualising resilience 

in engineering systems: An 

analysis of the literature” 

C1: Paper A develops a 

framework for analysing 

resilience and brittleness. 

C2: Paper A develops a 

typology of resilient 

systems across application 

domains. 

  

Paper B, Chapter 5:  

“Wrong, but not failed? A 

study of unexpected events 

and performance in 21 

engineering projects” 

 C3: Paper B finds that 

unexpected events impact 

project performance 

relative to competing 

alternatives foregone by 

their implementation.  

C4: Paper B identifies four 

properties distinguishing 

projects able to succeed 

despite, or because of, 

unexpected events from 

projects which cannot. 

 

Paper C, Chapter 6: 

“Managing uncertainty in 

exploratory strategic 

projects: A repertoire of 

practical approaches” 

  C5: Paper C identifies a 

repertoire of eleven 

approaches to managing 

uncertain projects across a 

range of industries and 

project types. 

Paper D, Chapter 7: 

“Project resilience: A two-

year case study of an 

autonomous transport 

project” 

  C6: Paper D proposes 

adaptation, acceptance and 

positioning as a principal 

solution space for building 

resilience to unexpected 

events. 

Table 1: The contribution of the main papers to answering the research questions 

As shown, in answering each research question, the thesis primarily draws upon the results of the 

corresponding main paper. In addition, its draws upon insights from the other main papers, as 

discussed in Chapter 8. 
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2. Groundwork: Philosophy and methodology 
Tagus River Suspension Bridge, a modifiable bridge 

In 1966, after four years of construction, the $32 million Tagus River 

Suspension Bridge was completed. The new bridge spurred unprecedented 

economic development of the previously undeveloped and relatively 

inaccessible Setubal peninsula across from Lisbon, Portugal. Traffic demand 

exceeded planners’ projections, and the bridge was plagued by congestion over 

the following decades. In 1990, an additional roadway was added to the 

original deck, but proved inadequate to meet rising demand. In 1999, 33 years 

after its completion, the roadway deck was widened to six lanes and a railroad 

deck was installed below it, without interrupting traffic flow, making it the 

largest retrofit of a suspension bridge in history (Gesner and Jardim, 1998). 

Photo credit: Colourbox.com 

Box 2: The Tagus River Suspension Bridge, a modifiable bridge 

This chapter outlines the grounding assumptions, theoretical foundations, and the methodological 

considerations overarching the main papers of the thesis. 

2.1 Grounding assumptions: Reality, value, action and knowledge 
This thesis ‘grounds out’ in a set of fundamental assumptions about reality, value, action, and 

knowledge. I argue that such ‘axiomatic assumptions’ are inevitable in any thesis, whether made 

explicit or not. Thus, the claim that “there is no such thing as an axiomatic assumption”, is itself an 

axiomatic assumption, carrying its own practical and scientific implications. I consider these 

assumptions ‘axiomatic’ only within the scope of this thesis. I recognise that they are by no means 

‘settled matters’ in philosophy, physics, or psychology. Thus, I make no attempt to ‘prove’ them 

here, but merely state them clearly, and outline their implications. 

Drawing on Miller (2007) the fundamental assumptions of the thesis can be summarised as follows: 

Ontologically, reality is real, and Truth (capital T) is universal. Axiologically, our values are subjective, 

and there is no observer-independent value scale against which two states of the world can be 

objectively ranked. Agency in the world is expressed through sequences of action whereby agents 

change one state of reality for another, motivated by judgements of value (Walton, 1990, p. 213). 

And finally, epistemologically, both facts and values are difficult to observe and to compute. Thus, 

research is an attempt to approximate truth, not a direct observation of it. Together, these 

assumptions make up the underlying research philosophy of the thesis and broadly positions it 

within postpositivist research philosophy (Miller, 2007).  

Adopting this philosophical stance is consequential; first for what it means to produce new 

knowledge (Easterby-Smith, Thorpe and Jackson, 2008), second, for the methodological choices 

made (Saunders et al., 2012), and third, for the view of project management as a field of practice 

(Williams, 2005). Further, adopting this stance implies a partial departure from two major research 

philosophies in project management research; positivism and social constructivism. Thus, the 

following contrasts the grounding assumptions of this thesis against these two major alternative 

traditions. 

Turning first to positivism, according to Williams (2005), traditional project management research 

(and practice) rests on implicitly positivist presumptions; its prescriptions are ‘self-evidently’ correct, 

independent of underlying theory. Its methods are reductionist, based on breaking projects down 

into their constituent components and studying them independently. Values are assumed to be 

universal, shared, and fixed. In this tradition, reality is ‘out there’, causal and moral facts of the 

situation can be readily observed, and the observer is objective (Johnson and Duberley, 2000). 
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Research within this tradition has undeniably been fruitful, yielding breakthroughs like critical path 

analysis, work breakdown structures, as well as Gantt and burn-down charts (Morris, 2012). 

Often positioned in opposition to positivism, social constructivism has gained ground in project 

management in recent decades (Geraldi and Söderlund, 2018), not least in light of positivist 

difficulties in explaining divergent and changing stakeholder perceptions, and its inability to define 

‘value’ and universal thresholds of ‘success’ (Ika, 2009). Research in this tradition has focused on 

stakeholder perceptions and on the social, organisational, and psychological factors that shape them 

(Morris, 2012). In the social constructivist tradition, there is no observer-independent or value free 

‘matter of fact’. Only perceptions can be studied and no underlying reality exists, independent of it 

(Saunders, Lewis and Thornhill, 2012). Project management research in this tradition has likewise 

been fruitful, yielding e.g. systematic analysis of stakeholder perceptions, bridges to the field of 

cognitive psychology (Stingl and Geraldi, 2017), and laid the groundwork of a theory of ‘temporary 

organisations’ (Lundin and Söderholm, 1995). 

2.1.1 A postpositivist ‘middle ground’ 
Against this backdrop, this thesis occupies a ‘middle-ground’ between these two opposing traditions. 

I adopt this stance in recognition that neither the assumptions of positivism or social constructivism 

seems to apply to complex engineering projects. Or conversely, some concessions must be made to 

each. Making ontological concessions to positivism, I recognise the physical, causal, consistent, 

universal, and ‘hard’ nature of engineering projects. Engineering is essentially applied physics 

(Simon, 1997). It is the art and science of adapting to and exploiting forces of nature to serve man. 

Although not fully understood, these forces are not of our making, they predate us, they are 

indifferent to us, and they apply consistently throughout the universe. Either, the suspension cables 

are strong enough to hold the bridge aloft – or they are not. In this ‘physics sense’, no stakeholder 

perception or preference will avail against gravity, or conversely, overcome cable tensile strength. 

Nor indeed will any redefinition of words like ‘bridge’, ‘aloft’ or ‘enough’ alter the underlying reality 

pointed to by these concepts. In this respect, postpositivism is not relativist; it shares its 

fundamental ontological assumption with positivism – the Real World is really there (Saunders, 

Lewis and Thornhill, 2012). 

Axiologically, I depart from the assumptions of positivism about the nature of value. I recognise the 

fluent, idiosyncratic and ‘soft’ nature of value, and the existence of multiple and moving thresholds 

of ‘success’. Here, postpositivism makes concessions to social constructivism. If engineering is 

applied physics in the service of man, then the latter is as important as the former, but seems to 

follow different rules. 

In consequence, I adopt the premises of subjective value theory (Menger, 1871, chap. 3). The 

adoption of this view is owed in no small part to the findings of Paper B, Chapter 5, discussed in 

Chapter 5. In this view, values are ordinal, not cardinal. Thus, a stakeholder may prefer one state of 

the world to another, but it is not meaningful to ask “by how much?” (Pareto, 1906; Aspers, 2001; 

Rothbard, 2004, p. 19). A stakeholder may prefer a tunnel over a bridge, but we cannot say “two and 

a half times more,” as in this case, we are immediately forced to ask “two and a half times what?” 

Thus, there is no fixed ‘ruler’ or ‘unit’ by which Neumann et al.’s (1944) ‘expected utility’ can be 

objectively measured (Rothbard, 2004, p. 19). Following Wieser (1889, pp. 173–176), we can say that 

a stakeholder is willing to pay the ‘opportunity cost’ of the tunnel, i.e. foregoing a bridge to acquire a 

tunnel.  

Importantly, this observation applies only to that point in time. Building on Shelling (1982, p. 49), 

over time, project stakeholders are a “succession of momentary selves, each with its own wants and 
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desires.” Nonetheless, at that point in time, for that stakeholder, the preference for a bridge over a 

tunnel is a ‘moral fact’. Ontologically, this preference is no less ‘real’ than the forces of nature 

discussed earlier, and in the materialistic view, they are ultimately a product of them. 

Following Arrow (1951), an important consequence of ordinal preferences is that divergent rankings 

of competing states of the world do not aggregate across stakeholders. As shown by Arrow’s 

Impossibility Theorem, three or more divergent preference rankings cannot be aggregated across 

individuals without violating foundational decision criteria (Arrow, 1951; Barr, 2012, p. 46). Thus, 

there is no observer-independent value scale against which two states of reality can be objectively 

ranked (Menger, 1871, chap. 3). There is no ‘higher’ standard of value than individual preferences – 

different for various stakeholders and for the same stakeholder over time (von Mises, 1998, p. 14; 

Rothbard, 2004, p. 17; Klakegg, 2015, p. 13).  

This axiology carries important implications for this thesis. First, no engineering project can be 

justified by appeal to any objective, shared, and constant ‘greater good’. In consequence, I pass no 

judgement upon the ends sought by any project studied herein. As one commenter of my work 

objected when, following Lenfle et al. (2010), I credited redundancy as a factor in the ‘success’ of the 

Manhattan Project; “We are talking about killing a few hundred thousand people here.” To this, the 

postpositivist reply must be “This is true, and by doing so, the project seemed to have satisfied the 

ends of some of its most influential stakeholders.” This illustrates the axiological principle I adhere to 

in this research: A project is ‘good’ or ‘bad’ only seen through the eyes of its individual stakeholders. 

For many in the U.S. Government, this project was ‘good’, i.e. preferred to competing alternatives 

foregone. For many citizens of Hiroshima, the project was ‘bad’, i.e. competing alternatives were 

preferred to the chosen project. I make no attempt to aggregate a ‘greater good’ across these 

stakeholder preferences. Thus, I pass no judgement either way. As discussed in Paper B, Chapter 5, 

this has important implications for project planning and selection. 

I turn now from assumptions about reality and value to assumptions about agency and action. 

Fundamentally, this thesis is about action, i.e. the way in which agents change reality from one state 

to another, motivated by their values. Here, these ‘agents’ are managers, owners, sponsors, etc., 

and ‘actions’ are those taken within the scope of a project. As we discuss Paper D following Walton 

(1990, p. 220), action always depends on two sources of input. First, there is the input by the agent, 

i.e. the action. Second, there are inputs by ‘nature’ and by other agents. Thus, an action is always 

one of two inputs, which together produce a new state of the world. By implication, following Von 

Wright (cited in Walton, 1990, p. 222), action involves a prior state and a posterior state (before and 

after action), and so, “states are realised from other states, pairwise, so that each posterior state can 

become a prior state of another pair. The resulting sequence marks out a world line, a path of states 

that represents a discrete set of states of the history of the situation.” This is the causal aspect of 

action, i.e. the outcome that is produced by an action in combination with forces external to the 

agent. Thus, actions and events plots out a situational ‘world line’ or ‘trajectory’ over time. Crucially, 

this aspect of action is purely a matter of causality, not value, i.e. of ‘what’ action is taken and its 

effects, independent of its intention or morality. 

This aspect of action should be clearly distinguished from the ‘teleology of action’, i.e. the value of 

an action and its outcome to the acting agent and to others, i.e. ‘why’ an action was taken. In this 

teleological sense, action is the employment of means for the attainment of ends (von Mises, 1998, 

p. 37). It is an attempt to exchange a less satisfactory state of affairs for a more satisfactory one 

(Rothbard, 2004, p. 19). In this sense, an action is a step in a teleological hierarchy of actions, which, 

along with other steps form an action on a higher level, aiming at a still more distant end (von Mises, 

1998, p. 45). This hierarchy is not one of ‘cause-and-effect’, but of ‘how-and-why’. Following Walton 
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(1990, p. 213), in this teleological sense, “action refers to an act-sequence wherein one state of 

affairs is brought about by an agent in order to bring about another state of affairs” [my underline]. 

Here, the intention or ‘reason’ for the action is independent of its eventual causal effects 

(Anscombe, 1957). Drawing on Hume (1739, p. 335), this distinguishes the ‘is’ of an action from its 

‘ought’, and these two aspects of an action can and should be considered independently. 

Adopting this stance on ontology, axiology, and action, I turn now to what can be ‘known’ about 

these three. Epistemologically, postpositivism recognises that facts about causality and values are 

difficult to obtain (Miller, 2007). The truth is ‘out there’, but veiled, both by limitations of the 

observer (Zhang et al., 2011), and by the complexity of the systems observed (Colyvan, 2008; Walker 

et al., 2013). Following Menger (1871, p. 122), it is possible to be wrong about objective factors, i.e. 

about the causal chains between actions and outcomes, and about subjective factors, i.e. about the 

value of those causal chains to acting agents and to others. In plain language, we do not have perfect 

insight into cause and effect, nor into how and why.  

Thus, unlike social constructivism, I assume that both causality and value are real, and the possibility 

of studying these as something distinguishable from myself as an observer (Saunders, Lewis and 

Thornhill, 2012; Geraldi and Söderlund, 2018). Thus, following Gioia et al. (2013, p. 10), I reject the 

view of pure interpretivists, who maintain that socially constructed structures and processes are 

necessarily idiosyncratic because they are fashioned and performed by unique individuals acting 

within unique contexts. Conversely, I argue that many such concepts and processes are similar, even 

structurally equivalent, across observed instances. Thus, research is generalizable, and not limited to 

collecting idiosyncratic instances of discourse, perception, and psychology. I concede both the 

importance of these aspects and that purely social systems can be viewed through this lens. 

However, I reject the view engineering projects as ‘idiosyncratic figments of social interaction’ both 

independent and devoid of an underlying causal reality.  

I also depart from the positivist view, that projects can best be studied through reductionist 

observations of pair-wise relationships between sets of dependent and independent variables. In 

this view, research is limited to demonstrating co-variance, temporal order, and non-spuriousness – 

and thus causality – between input and output variables (Neuman, 2000). In the field of project 

management, this view is perhaps best exemplified by research into ‘success factors’ emerging in 

the 1960s (Söderlund, 2011). This school correlated project inputs to the ultimate project output; 

project success. I depart from this view both with respect to the input and the output assumptions 

typically made in vein of research. On the input-side, this view presumes that the behaviour of 

complex systems is causally deterministic. It presumes consistent results time after time, if managers 

repeat patterns of activity that worked in the past (Weick and Sutcliffe, 2007, pp. 66–67). On the 

output-side, this view presumes a shared set of aggregable, and observer-independent values, often 

represented by the ‘iron triangle’ of cost, schedule, and requirements, measured at the time of 

project handover (de Wit, 1988). While conceding that this methodology lends itself well to research 

into simple causal systems, I diverge from the view of complex engineering projects as deterministic 

‘input-output engines of success’. 

Thus, adopting a postposivist stance, this thesis is an attempt to approximate truth, not a direct 

observation of it. Knowledge is based, not on direct observations of facts about causality and values 

by an objective observer, but rather on conjectures. These conjectures are justified by a set of 

warrants, which are subject to revision in light of further investigation (Saunders, Lewis and 

Thornhill, 2012). Thus, theory developed within this thesis is neither ‘self-evident’ nor ‘final’; it is 

tentative, and contingent upon warrants that are subject to revision. Also, it is not theory-
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independent. Rather it is grounded in the fundamental assumptions about the world discussed here, 

and it builds on existing theoretical foundations, to which I turn to next. 

2.2 Theoretical foundations: Project management and resilient systems theory 
This thesis both builds upon two theoretical traditions; project management theory and resilient 

systems theory. The aim of the thesis is to extend the theory of resilient systems to complex 

engineering projects, and, through this lens, explore non-anticipatory solutions to the problem of 

project planning, selection, and implementation. Thus, the overarching architecture of this thesis 

falls into Zahra and Newey’s (2009, p. 1067) second mode of theory building; using concepts and 

theories from one discipline (resilient systems theory) and intersecting with those of another 

(project management),  seeking to extend one or more theory. In this section, I give an overview 

these two strands of research and their implications for the thesis. 

2.2.1 Project management theory: Explaining surprise 
This thesis is concerned with projects as a species of action; that is, temporary sequences of action 

undertaken to create a unique result, product or service (Loch, DeMeyer and Pich, 2006, p. 1). As a 

field of practice, project management is arguably as old as our species (Morris, 2012). As a field of 

research, project management arose in parallel with the defence, aeronautics, and space projects of 

the 1940s and 1950s (Lenfle and Loch, 2010). These endeavours conformed poorly to the conceptual 

models of the Industrial Age, i.e. repetitive, high-volume operations producing series of standardised 

outputs at minimal unit cost (Turner, 1993; Davies, Douglas and Gann, 2009). To the contrary; 

projects were non-routine, non-repetitive, low-volume, and temporary endeavours (Miller and 

Lessard, 2001, p. 8; Davies, Douglas and Gann, 2009; Antunes and Gonzalez, 2015). They were also 

notoriously turbulent and unpredictable – a problem raised and discussed from the earliest project 

management literature and until today (Klein and Meckling, 1958; Flyvbjerg et al., 2003; Morris, 

2012). In the following, I give a brief, and necessarily incomplete, overview of various schools of 

thought within project management and their view of unexpected events in complex engineering 

projects. Table 2 offers an initial overview, which I discuss in further detail in the following. 

School  Introduced A complex project is… Unexpected events are… Field of origin 

Experimentalism 1940s-1950s An experiment Inevitable serendipities R&D projects 
Optimisation 1950s-1960s An operation Symptoms of poor planning Operations research 
Hedging 1970s-1980s A bet against the future Failures of imagination Military planning 
Learning Mid 1990s A process of learning Sources of learning Sociology/psychology 
Exploration Late 2000s A journey of discovery New information Project management 

Table 2: Schools of project management and their attitude to unexpected events 

At the dawn of project management research, complex projects were considered entrepreneurial 

experiments, and were managed in a trial-and-error style, characteristic of projects like Atlas, 

Polaris, Apollo, Manhatten, and Sidewinder (Lenfle and Loch, 2010; Lenfle, 2014). This 

‘experimentalist school’ was pioneered by RAND in the 1950s (Morris, 2012), and was developed 

further by early contributors like Alchian at al. (1954), Abernathy et al. (1968), Nelson (1959), Arrow 

(1955), and Klein et al. (1958). In this school, projects did not just involve experimentation, but were 

themselves recognised as experiments – complex projects entailed not just the possibility of success 

and failure, but surprising ‘kinds’ of successes and failures. The key questions for project 

management research was not how to make projects predictable, but which experiment to pursue, 

how to conduct them, and when to terminate or commit to their results (Nelson, 1959). Lenfle et al. 

(2010) call this the ‘lost roots’ of projects management – lost in light of the great influence of the 

school to which I turn next. 
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In the late 1950s and 1960s, the early experimentalist ethos was usurped by what Söderlund (2011) 

call the ‘optimisation school’. This development was driven by increasing professionalization of 

project administration, oversight, and review – and an unwillingness to accept (and pay for) costly 

failures (Lenfle and Loch, 2010). In this school, unexpected events are seen as symptoms of poor 

planning, inaccurate forecasts, and lack of quality control (Morra and Thumm, 1997; Samset and 

Volden, 2014). Project failure occur because of non-compliance with proper planning practices 

(Merrow and Nandurdikar, 2018). In this period, scientific management principles, statistical risk 

management, and operations research were applied to complex projects (Ackoff, 1968, 1978; Kaplan 

and Garrick, 1981; Apostolakis, 2004). Formalised and standardised project management tools were 

developed and introduced. In this vein, the Project Evaluation Review Technique (PERT), Critical Path 

Analysis, and the Project Management Institute (PMI) appeared in 1957, 1959, and 1969, 

respectively. This school has strong positivist (and probabilistic) roots, as noted by Williams (2005). 

Project management is seen as a problem of task, budget, and schedule optimisation, while the 

solution is the adoption of generic, technocratic, and rationalistic planning tools (Morris, 2012). This 

school remains the dominant school of project management today (Williams, 2005; Lenfle and Loch, 

2010), and it is this school that I refer to as ‘traditional project management’ throughout this thesis.  

The optimisation school met resistance in 1970s and 1980s when economic turbulence – initiated by 

the first oil crises – falsified planning assumptions in many project-driven industries (Wack, 1985). 

This gave rise to what I will call the ‘hedging school’ of project management. This school recognised 

the existence of more than one possible future and saw the need to ‘stress-test’ project plans 

against a wider outcome space (Kalra et al., 2014), i.e. not just probable outcomes. This school was 

inspired by early scenario planning developed by Kahn et al. (1967) and pioneered by Wack (1985). 

This school gave rise to Assumption Based Planning (Dewar et al., 1993), and Robust Decision 

Making (RDM), subsequently widely applied to complex engineering projects (Mingers and 

Rosenhead, 2001; Lempert et al., 2003; Kalra et al., 2014). In the eyes of this school, unexpected 

events represents failures of imagination, tunnel-vision, traditionalism, and inability think outside 

the box, and thus prepare properly for plausible future events. 

From the mid-1990s, sociology and cognitive psychology made inroads into project management, 

sparking interest in the sociology and psychology of learning from – and learning to manage – 

unexpected events (Lundin and Söderholm, 1995; Packendorff, 1995). Within this ‘leaning school’, 

authors like Lynn et al. (1996) and Bradly and Davis (2004) saw projects as ‘probes’ or ‘vanguards’, 

launched into the future to obtain information. This ethos of iterative learning also underpinned 

Agile Project Management, proposed in 2001 (Beedle et al., 2001). Considering learning a process of 

formulating idiosyncratic heuristics for acting in uncertain environments, Eisenhardt et al. (2001) 

introduced the idea of ‘simple rules’, subsequently applied to cognitive psychology of project 

decision-making (Stingl and Geraldi, 2017). In this view, unexpected events are inevitable, but 

minimizable, and useful as learning opportunities. When they occur, the solution is a mindset and a 

project organisation allowing adaptation to and learning from such events (Geraldi, 2010). 

The ‘exploratory school’ was introduced in the late 2000s (Loch et al., 2006) and developed though 

the 2010s. The exploratory view recognised that in many projects, both the goals and the means to 

attain them, are not known at the outset. Activities and capabilities are partially emergent, and are 

discovered only after project launch (Lenfle and Loch, 2010; Lenfle, 2014). Complex projects are seen 

as a process of exploration. Indeed, adventuring, expedition, and mountaineering metaphors 

abound in this literature (Loch, DeMeyer and Pich, 2006, p. 10). In this view, initial lists of ‘risks’ are 

unavoidably incomplete (Lenfle, 2016), and the project plan is a mere ‘hypothesis’ or ‘sketch’ for 

how success will be attained (Browning and Ramasesh, 2015, p. 60). Harkening back to the 
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experimentalist ethos of the 1940s, complex projects are seen as experiments; tests of critical 

planning assumptions, and a basis for formulating new ones (Lenfle and Loch, 2010). Thus, 

unexpected events are inevitable and sometimes positive. The prescribed solution is to adopt 

strategies of action allowing for the such events to occur (Sommer and Loch, 2004). 

In this thesis, I adopt the view of the exploratory school of project management of the 2010s, and its 

roots, the experimentalist school of the 1940s. Adopting this view, I recognise that complex 

engineering projects not only involve experimentation, but that they are experiments in themselves. 

Unexpected events are not inherently a bad thing, nor necessarily a sign of poor planning, but may 

indeed be eucatastrophic (Tolkien, 1984, pp. 153–155), i.e. a necessary for success. Therefore, the 

solution is to adopt strategies of prudent action, allowing action to precede information. 

Adopting this view of project management emphasises the distinction between projects that can 

succeed despite or even because of, unexpected events, and projects that must necessarily be right, 

or lucky, about the future to succeed.  

2.2.2 Resilient systems theory: Resistance and recovery 
This thesis is about the properties of projects that are able to resist and recover from unexpected 

events, without the requirement of foresight. It is to this purpose that I turn the second strand of 

theory underpinning the thesis; resilient systems theory (Holling, 1973). The aim of resilience 

research is a general theory of why some systems can resist and recover from unexpected events, 

while others cannot (Wied et al., 2020). In this sense, resilience thinking is grounded in General 

Systems Theory (Bogdanov, 1917; Bertalanffy, 1969). 

From its Latin root 'resilio’ or ‘resiliere’, the etymological root of resilience is to ‘rebound’ or ‘bounce 

back’ (Henry and Ramirez-Marquez, 2016; Rose, 2017). The concept has been in use for at least two 

millennia in law, mechanics, social science, business, and the natural sciences (Alexander, 2013). No 

single definition of resilience is universally accepted across these domains (Wied et al., 2020).  

The modern concept of resilience – as used in this thesis – was proposed by Holling (1973), making a 

fundamental distinction between systems designed (or evolved) for resilience and systems designed 

for stability. As the counterpart to resilience, I borrow the adjective brittle (Kalra et al., 2014, p. 4) to 

denote this latter type of systems. Thus, resilience can be distinguished from a number of related 

system properties, by considering the performance characteristics of a system over time, as shown 

in Fig. 2. 

 

Figure 2: Resilience and related properties 
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As shown, brittle systems require stability; their performance conditioned by the absence of 

unexpected events. Robust systems are insensitive; satisfying a fixed set of requirements regardless 

of unexpected events (de Weck et al., 2011, p. 186; Uday and Maralis, 2015, p. 497). Resilient 

systems can resist and recover from unexpected events; either retaining or regaining an acceptable 

level of performance. Finally, antifragile systems gain from adversity; their performance being 

contingent upon encounters with unexpected events (Taleb, 2013). This thesis focuses primarily on 

the dichotomy between resilient and brittle systems, although we will a few examples of projects 

insensitive to or benefitting from unexpected events. 

Holling (1973) derived two managerial principles from his theory of resilient systems. First, resilience 

does not rest on “the presumption of sufficient knowledge, but the recognition of our ignorance; not 

the assumption that future events are expected, but that they will be unexpected.” As the second 

principle, resilient systems “[…] can absorb and accommodate future events in whatever unexpected 

form they may take.” (Holling, 1973, p. 21). Fundamentally, resilience is an adaptive response to a 

dynamic environment, while specialisation and optimisation is an adaptive response to a stable 

environment (Holling, 1973).  

Thus, by increasing the resilience of a system, its ability to resist and recover from unexpected 

events is, in principle, enhanced without the need to perform anticipatory risk calculations (Aven, 

2019, p. 1), i.e. an exhaustive risk registry with assigned probabilities and consequences it is not 

necessary, as event-specific preparedness is replaced by general preparedness. The aim of resilience 

research is to identify generalizable properties of systems with this ability. 

First employed in the field of ecology, the term was used to denote the ability of natural systems to 

‘bounce back’ after a catastrophic event or a radical change (Gunderson and Holling, 2002; Bahrami 

and Evans, 2005, p. 17). For example, an animal population tolerant of multiple sources of food and 

with a high rate of reproduction can resist and recover from a vast range of hazards – and is well 

poised to exploit any environmental improvement (Carpenter et al., 2001; Walker et al., 2004).  

Crucially, foreknowledge of these potential hazards or windfalls – or the consciousness of them – is 

not a requirement. Thus, a population of rats is highly resilient, while a population of polar bears is 

not. Resilience applies at the level of the organism too. By strengthening the immune system of the 

body, its ability to resist and recover is improved against a wide range of ailments (Aven, 2019), even 

ones that are now known and entirely unpredictable.  

In engineering, resilience thinking was first adopted by the safety engineering community (Woods, 

2006). Here, understanding of unexpected events evolved from early mono-causal ‘domino’ chains, 

to multi-causal/multi-effect chains, to multi-layered hierarchical chains, to dynamic non-linear 

feedback through semi-conscious systems (Leveson, 1995, 2011; Hollnagel et al,, 2006; Rausand, 

2011; Body, Models and April, 2012). These developments showed the limitations of relying on 

exhaustive risk registers and event-specific prevention and mitigation (Aven, 2019). According to Day 

et al. (2013, p. 24), “Invalid assumptions, whether due to unexpected changes in the environment, or 

an inadequate understanding of interactions within the system, may cause unexpected or unintended 

system behaviour. A system is resilient if it continues to perform the intended functions in the 

presence of invalid assumptions.” Conversely, the performance of a brittle system is dependent on 

confirmation of initial assumptions as discussed in Paper A, Chapter 4. 

For example, faced with innumerable and interconnected failure modes, the ability to quickly and 

cheaply replace the components of power grid makes foreknowledge of the causes, location, and 

timing of breakdowns unnecessary (Henry and Ramirez-Marquez, 2016). Applied at the level of the 
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component, any number of mishaps might cause the motor of an electric toothbrush to fail, but the 

option to operate it manually makes it able to perform regardless of all of them (Weick and Sutcliffe, 

2007, p. 69). Resilience thinking has been applied to a wide range of critical infrastructures (Petrenj 

and Trucco, 2014), including telecommunications (Mak, 2017), defence systems (Oboni and Oboni, 

2016), cyber systems (Linkov et al., 2013), energy systems (Afgan and Veziroglu, 2012). 

Resilience thinking has also found its way into the wider management sciences, as discussed in Paper 

A, Chapter 4. Principles of resistance and recovery have been applied to supply chains in major 

businesses (Sheffi and Rice, 2005), earthquake disaster management (Bruneau et al., 2003), business 

models in turbulent times (Hamel and Välikangas, 2003), organisational resilience (Burnard, Bhamra 

and Tsinopoulos, 2018), and the resistance and recovery of social systems (Linkov and Palma-

Oliveira, 2016). As part of this thesis, resilience thinking has been applied to product development 

(Appendix IV) and business risk management (Appendix II). 

In project management, resilience thinking is a recent phenomenon, and the concept of ‘project 

resilience’ remains underdeveloped (Naderpajouh et al., 2020). Here, resilience thinking has been 

largely synonymous with transferring the characteristics, mindsets, and attitudes of High-Reliability 

Organisations (HROs) (Roberts, 1984) to project organisations. In this vein, Weick et al. (2007) 

prescribes organisational attitudes like preoccupation with failure, reluctance to simplify, sensitivity, 

commitment, and deference to expertise. Building on these concepts, Kutsch et al. (2016) prescribes 

‘mindfulness’ in noticing, interpreting, preparing for, and containing, unexpected events. Building 

further on this work, Geraldi (2010) identifies structural, social, and individual characteristics of 

project organisations successfully managing unexpected events. Arguing for specific ‘launch 

conditions’, Crosby (2012) prescribes developing ‘a lessons-learned culture’ as well as clear reporting 

and decision structures, aiding projects overcome unexpected events.  

This thesis investigates a question left unanswered by research into project organisations prepared 

for surprise – namely prepared to do what? Rather than project organisations, the thesis focuses on 

the endeavours they undertake. Placing action at the centre of the thesis, I investigate the strategies 

that allow projects to resist and recover from unexpected events. In doing so, I adopt a systems view 

of projects as causal networks of interrelates elements, themselves parts of wider organisational and 

societal systems. I adopt the starting point of resilience theory; that some projects, inadvertently or 

by design, have shared properties allowing them to succeed despite, or because of, unexpected 

events. Conversely, other projects are ‘brittle’ and thus dependent on a predictable internal and 

external environment. On this basis, the following section turns to the methods employed to 

investigate the difference between these two kinds of projects. 
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2.3 Methodology: Studying complex engineering projects 
The methodology of the thesis is influenced by the both the philosophical and the theoretical 

stances described earlier in this chapter. Against this backdrop, Table 3 offers an overview of 

methods used in the main papers of the thesis, the paper-specific research questions, and their main 

contributions. 

Papers Research questions Methods Contributions (C#)  

Paper A, Chapter 4: 

“Conceptualising resilience 

in engineering systems: An 

analysis of the literature” 

What are the key 

distinctions of the 

resilience concept, and 

what are their implications 

for engineering systems? 

A meta-review of the 

resilience literature and 

analysis of 251 definitions 

of resilience across 

disciplines and application 

domains. 

C1: Paper A develops a 

framework for analysing 

resilience and brittleness. 

C2: Paper A develops a 

typology of resilient 

systems across application 

domains. 

Paper B, Chapter 5: 

“Wrong, but not failed? A 

study of unexpected events 

and performance in 21 

engineering projects” 

How do unexpected events 

impact project 

performance, and what are 

shared the properties 

allowing some projects to 

succeed, despite or even 

because of unexpected 

events? 

A retrospective analysis of 

unexpected events and 

project performance, based 

on ex post evaluations of 

21 engineering projects in 

Norway. 

C3: Paper B finds that 

unexpected events impact 

project performance 

relative to competing 

alternatives foregone by 

their implementation.  

C4: Paper B identifies four 

properties distinguishing 

projects able to succeed 

despite, or because of, 

unexpected events from 

projects which cannot. 

Paper C, Chapter 6: 

“Managing uncertainty in 

exploratory strategic 

projects: A repertoire of 

practical approaches”  

What are the practical 

approaches adopted by 

managers of highly 

uncertain projects? 

An interview study 

involving 19 executives 

managing strategic 

exploratory projects across 

14 firms in Denmark. 

C5: Paper C identifies a 

repertoire of eleven 

approaches to managing 

uncertain projects across a 

range of industries and 

project types. 

Paper D, Chapter 7: 

“Project resilience: A two-

year case study of an 

autonomous transport 

project” 

What are the mechanisms 

of project resilience to 

unexpected events and 

what is the principal 

solution space for building 

project resilience? 

A two-year longitudinal 

case study of a driverless 

autonomous transport 

project in Denmark. 

C6: Paper D proposes 

adaptation, acceptance and 

positioning as a principal 

solution space for building 

resilience to unexpected 

events. 

Table 3: Overview of main papers included in the thesis 

From Paper A to D, the main papers of the thesis make up a roughly coherent body of research, 

moving from establishing fundamental principles, over empirical observation, to sketching a theory 

of project resilience. Drawing on Easterbrook et al. (2008, pp. 288–289), Paper A lays the 

groundwork by asking a classification question; ‘What is X like?’. Paper B asks a descriptive-

comparative question; ‘How does X differ from Y?’ Finally, Paper C asks a descriptive-process 

question; ‘How does X achieve its purpose?’, while Paper D asks a design question; ‘What strategies 

help achieve X?’ In this regard, X denotes resilience while Y denotes brittleness.  

Three primary methods are employed to investigate these questions; systematic review of the 

literature (Paper A), case study research (Paper B and D), and interview studies of project managers 

(Paper C). I will touch upon each of these methods in the following. 
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2.3.1 Literature review 
Paper A, Chapter 4 presents a systematic meta-review of the literature, following the methodology 

of Tranfield et al. (2003). This seemed a logical starting point for the thesis, given the substantial – 

and highly fragmented – literature on resilient systems. The search term “resilience” yielded 63.238 

hits in the Scopus database in November 2017 (Wied et al., 2020). A systematic review methodology 

enables transparency and reproducibility, while providing a broad initial coverage of the field 

(Tranfield et al., 2003, p. 209). 

Aiming to identify fundamental distinctions both within and between brittle and resilient systems, 

the literature review was inspired by the research design of Francis and Bekera (2014), who used 

definitions to analyse resilience concepts across disciplines and system types. Focusing on definitions 

allows for coverage of a large number of studies by systematically identifying a shared and concisely 

formulated part of the resilience concept: Its definition. While efficient, this method does not, 

however, capture the richness and nuance of the resilience concept as it appears in its original 

context. In addition, any qualifications, elaborations, or limitations accompanying the definition are 

omitted—that is, coverage of the field comes at the cost of nuance.  

Accepting these limitations, Paper A focuses on three fundamental design questions addressed by 

the literature on resilient systems, across disciplines and application domains, i.e. resilience ‘of 

what’, ‘to what’, and ‘how’? 

2.3.2 Case studies 
Papers B and D use retrospective and longitudinal (Yin, 2014) case study research, respectively. Case 

study methodology was chosen for several reasons.  

First, this method is well suited to the aim of the thesis; to investigate project resilience in-depth, 

within its real-wold context, where the boundaries between phenomenon and context are not 

clearly evident, and where there are many more variables than data points (Yin, 2014, p. 17).  

Second, following Easterbrook et al. (2008, p. 297), case study research is most appropriate when 

the reductionism of controlled experiments is impractical, i.e. situations where the context is 

expected to play a role in the phenomena (and cannot be ‘held constant’), or where effects are 

expected to be wide ranging, or take a long time to appear.  

Third, leaving grounded theory aside (Glaser and Strauss, 1967; Gioia, et al., 2013), case studies rely 

on prior development of theoretical propositions to guide data collection and analysis (Yin, 2014), 

i.e. an initial set of concepts delineating both the case and what parts of it under study. In this thesis, 

the core concepts of resilient systems theory (Wied et al., 2020) provide these initial concepts.  

Fourth, following Gibbert et al. (2008, p. 1465) case studies are most appropriate as tools in the 

critical early phases of a new management theory, when key variables and their relationships are 

being explored. As discussed earlier, the application of resilient systems theory to complex 

engineering projects is, at best, at a nascent state of maturity. 

Using case study methodology, these two papers investigated unexpected events, project 

performance, and resilient properties in a wide range of real-world engineering projects. 

2.3.3 Interview studies 
Paper C, Chapter 6, adopts the perspective of project practitioners, presenting an interview study of 

19 managers involved in design, selection, and implementation of highly uncertain exploratory 

projects. This study largely followed (Kvale, 1996), and focused on the approaches adopted in 
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practice when faced with high stakes and an unknown future. This paper takes a different 

perspective, focusing not on the fate of an individual project, but on the strategies of action pursued 

by those who manage them. 

To encourage openness, respondents were guaranteed anonymity, and that sensitive information 

(firm, person, and product names) would be redacted. Interviews were conducted in person, over 

the phone, or via Skype. The interview duration was about one to two hours. Interviews were 

recorded and subsequently transcribed and coded, using Atlas.ti software. 

The semi-structured interviews followed Kvale (1996, p. 145), and were conducted on the basis of a 

shared interview guide (Appendix VII). Starting from open, introductory questions, the interviews 

moved to probing, follow-up, interpreting, and specifying questions, before concluding with 

structuring questions. Respondents were asked to describe 1) the latest strategic project with which 

they were involved (although we did not limit respondents to discussing their latest project), 2) the 

major uncertainties they faced, and 3) how they managed those uncertainties. 

Using this methodology, Paper C identified a repertoire of approaches adopted in practice by 

experienced project managers faced by the challenge of an unknown future. 

2.3.4 Theory building 
The theoretical aim of the thesis is a theory of resilient properties mediating between unexpected 

events and project performance. These three phenomena delineate the scope of the thesis, as 

shown in Fig. 1 in the previous chapter. 

In identifying these properties, the overarching mode of theory building is abductive, i.e. moving 

back and forth between data and theory, proposing, rejecting and refining theoretical concepts and 

relationships between them (Saunders et al., 2012). This processes is summarised in Fig. 3, 

positioning the four main papers in the research cycle (Cash, 2018, p. 88). 

 
Figure 3: The position of the main papers in the research cycle, adapted from Cash (2018, p. 88) 

From a postpositivist viewpoint, the research cycle represents a process of approximation to truth. 

As shown, Papers A and C start from data and move towards theory, while Papers B and D start from 

theory, which is then applied to data, before eventually returning to theory. Thus, the main papers 

of the thesis have both exploratory and confirmatory elements (Flyvbjerg, 2006, p. 241), i.e. they 
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involve both formulation of new theoretical concepts, and testing, rejection and refinement of 

these. 

The aim of the thesis is analytical generalisation, i.e. using data from one set of situations to develop 

concepts that are applicable to other situations (Kvale, 1996; Yin, 2014). Analytical generalisation is 

distinct from statistical generalisation in that it refers to the generalisation from empirical 

observations to theory, as opposed to a population (Gibbert et al., 2008, p. 1488). Thus, while a 

particular project may not be representative or generalizable, e.g. an extreme or unique project 

case, the theoretical concepts developed to explain its behaviour, can be. Thus, while the 

observation is specific, the theory is general (Yin, 2014, pp. 40–41). Following Eisenhardt (1989, p. 

541), this is a process of iterative comparison between data and constructs so that accumulating 

evidence from diverse sources converges on well-defined constructs. While the dataset of the four 

papers differ, this process is the same for the four main papers of the thesis. 

The generalisability of such theoretical constructs can be determined only through theory testing, 

i.e. by moving from theory to data, as shown in Fig. 3. This is a process of verifying that the emergent 

relationships between constructs fit with the evidence. This is similar to traditional positivist 

hypothesis testing, although with key difference that each concept is examined for each observation, 

not for the aggregate of observations (Eisenhardt, 1989, p. 541). In paper A these observations are 

from the literature, while in Papers B through D these are from project cases and project managers. 

Thus, the underlying logic is one of replication, that is, treating a set of observations – e g. project 

cases – as a series of experiments, with each case serving to confirm or disconfirm theoretical 

constructs (Yin, 2014).  

Following Popper (1959, 1963), theoretical constructs resulting from this iterative process, as an 

attempt to explain what is observed in enough specificity for useful prediction and empirical 

falsification. Thus, following Wacker (2008, p. 7), the theoretical contribution of the thesis is an 

explanation of a set of conceptual relationships in which concepts, constructs and principles are 

defined; the application domain is explicit; how and why relationships exist is explained; and what 

could, should and would happen in a range of circumstances is predicted. Following, Müller et al. 

(2018, p. 4), the theory developed in this thesis is made up of three essential elements; the What 

(variables, concepts, etc.), the How (between variable relationships), and the Why (the reasons 

behind the relationships). Together, these three elements provide for description and an explanation 

of the phenomena under study.  

2.3.5 Validity 
Postpositivist theory should be assessed on the basis of whether it is accurate, consistent, has broad 

scope, is parsimonious, and fruitful (Miller, 2007). Further, borrowing from the positivist tradition – 

while being mindful of epistemological differences – five criteria are commonly used to assess the 

rigor of a theory: Internal validity, construct validity, external validity, reliability (Gibbert et al., 2008, 

p. 1466), as well as parsimony. While, arguably, no approximation of the truth can likely fully satisfy 

them all, this section discusses strategies for fulfilling them, with references to the main papers of 

the thesis. 

Turning first to internal validity, i.e. that results really do follow from the data (Easterbrook et al., 

2008, pp. 305–306), the thesis follows a two-pronged approach of transparency and causal logic. 

Following Gioia et al. (2013), we attempt to leave a clear audit trail showing the proposed 

connection from empirical observation to theoretical construct (as in paper B and C), and, following 

Flyvbjerg (2006, p. 238), all constructs derived from case study research are accompanied by ‘thick’ 

case narratives that can be read in their entirely and independently of them (as in Paper B appendix 
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and in Paper D). Second, we follow Gibbert et al. (2008, p. 1466), in attempting to make a logical 

case for the relationship between data and theory, grounded in explicit premises. 

In establishing construct validity, i.e. whether theoretical constructs are interpreted and measured 

correctly (Easterbrook et al., 2008, pp. 305–306), we follow Gioia et al. (2013, p. 2), defining 

concepts as precursors to constructs, i.e. a concept as a more general, less well-specified notion 

capturing qualities that describe or explain a phenomenon of theoretical interest. Here, the thesis 

follows two strategies. Where constructs are already available from earlier research or elsewhere, 

we start from pre-established and well-established constructs (e.g. ‘project performance’ and 

‘unexpected event’ in Paper B). Where new constructs are developed and proposed, we follow 

Eisenhardt (1989, p. 541), and seek to accumulate evidence from diverse sources to converge on 

new well-defined constructs. Following Easterbrook (2008) and Yin (2014), this is a process of 

triangulation of observations, e.g. as in Paper A, using resilience definitions across domains and 

fields of application to arrive at a typology of resilient systems. 

External validity pertains to whether claims for the generality of the results are justified (Gibbert, et 

al., 2008, p. 1468). Following Gioia et al. (2013, p. 10), this thesis aims to develop ‘portable 

principles’, that is, principles of relevance beyond the projects studied herein, and to a wider theory 

of project resilience, applicable to the widest possible range of complex engineering projects. The 

generalizability of my results rests on three strategies: First, the principles developed in the thesis 

are derived from, and have been applied to, observations of a wide range of diverse of projects – 

both within and beyond the field of engineering. These include railways, buildings, IT, defense, and 

autonomous transport. Second, where possible, rival as well as initial concepts have been 

considered and rejected (e.g. the ‘luck’ and ‘foresight’ hypotheses in Paper B). Third, the principles 

developed are consistent with philosophical fundamentals of action, discussed above in Section 2.1, 

which are, at least in principle, applicable to a the wider class of phenomenon of action (Walton, 

1990). I will return to the limitations to the generalizability and other limitations of the research 

main papers of the thesis and in Chapter 8. 

As for reliability, i.e. whether other researchers would arrive at the same insights if they conducted 

the study along the same steps (Gibbert et al., 2008, p. 1468), I distinguish between the main papers 

of the thesis. Papers A and D follow explicit coding schemes and, barring differences of 

interpretation, should have a high degree of direct reproducibility, if those same codes are applied 

to the same data by another researcher. Paper B and C, however, follows Cohen et al. (2005), in that 

any bottom-up classification, i.e. not starting from pre-defined categories is necessarily subjective, 

and result in only one of several possible ways to categorise the same data. In these cases, 

alternative categorisations at both higher and lower levels of abstraction are possible, based on the 

same data and methodology. In these cases, I discusses these rival classifications and sub-divisions, 

and attempt to adhere to a consistent level of abstraction, mutual exclusivity, collective 

exhaustiveness, and parsimony (e.g. as discussed in Paper C). I turn to the last of these principles 

next. 

Following Eisenhardt (1989, p. 547), parsimony, or simplicity is a hallmark of good theory, tracable to 

Occam’s Razor positing that "Entities [making up an explanation for a phenomenon] should not be 

multiplied without necessity." (Schaffer, 2015). In this regard, I take inspiration from Samset et al.’s 

(2009, p. 3) logical minimalism; that is, attempting to cut to the core of an issue; to lay it bare and to 

strip it to its essence. This principle is most closely adhered to in Papers B and D, seeing to explain 

the complex phenomena of project resilience (and brittleness), using the fewest possible variables. 

Their data-driven precursor papers (Papers A and C, respectively) are less parsimonious. Thus the 

progression from A and C to B and D can be seen as a progression toward greater parsimony.  
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3. Context: Unexpected events in complex projects 
The Asker-Sandvika railway encountering unexpected events 

In the second year of construction of a 9.5 km. double rail track, the project 

faced new safety requirements and the planned signal system had to be 

replaced. Project management countered the resulting budget overrun of 

some NOK 400 million by cost cutting on stations, tunnels and the power 

system. The project was completed on time and five per cent over budget, 

but with reduced technical standards and travel speeds. Also, since the 

project added an additional track only to the outermost section of the line 

from Oslo, Norway, passenger growth would have to await expansion of the 

inner sections. Seven years after completion, passenger growth still did not 

exceed the ‘no-project’ baseline, and no indirect positive effects could be 

observed (VTI 2012) Photo credit: Concept Research Programme, NTNU. 

Box 3: The Asker-Sandvika railway encountering unexpected events 

This chapter reviews the problem of unexpected events in complex engineering problems, their 

impact on project performance, and discusses the challenge they pose to project management. 

3.1 What is an unexpected event? 
Unexpected events can take many forms. In the sample of 21 engineering projects we study in Paper 

B, Chapter 5, unexpected events occurred in all projects, and most projects encountered more than 

one. These events were both endogenous and exogenous to the project, and they occurred both 

before and after handover. Projects encountered changing requirements, technical problems, 

planning error, demand changes, side effects, adjacent developments, economic conditions, and a 

range of ‘oddball’ happenings. In another case we followed, the Fehmarn Belt Fixed Link ran into 

both administrative and political difficulties (see Appendix III). 

This diverse multitude of unexpected events is mirrored in the wider literature. In their larger 

sample of some 60 large engineering projects, Miller and Lessard (2001) found an average of five 

unexpected events before handover, with some projects facing as many as 12. These included failing 

sponsor alliances, changes in technology, unexpected natural conditions, failing demand, shortfalls 

in subsidies, stakeholders disagreements, and changing environmental regulations (Miller and 

Lessard, 2001, p. 74). Post-handover, other authors have focused on service disruptions (de Bruijne 

and van Eeten, 2007), attacks (Montanari and Querzoni, 2014), premature technological 

obsolescence (KPMG, 2017) and unintended interactions with parallel developments (de Weck et al., 

2011).  

Regardless of its form, an unexpected event involves a deviation of reality from expectation. Thus, 

an unexpected event has two components; an expectation and a deviation. An expectation is a belief 

about some characteristic of the future, which motivates action (Dewar et al., 1993, p. 5). This may 

be about the likely future, the range of possible futures, or the preferable future (Andersen and 

Rasmussen, 2014, p. 26). In this sense, project plans are bundles of expectations about the future, 

which motivate the project. In addition to these ‘official’ expectations, made explicit in planning 

documents and contracts, are a host of unspoken and tacitly assumed expectations about the future 

(Simon, 1991). Thus, expectations about the future are essential to complex engineering projects, 

and these projects are themselves symptoms of the expectations of their stakeholders. 

The deviation is a discrepancy between expectation and observed reality. In this sense, an 

unexpected event is what Gilad (2004, p. 7) calls ‘dissonance’ between the plan and observed reality. 

Thus, an unexpected event always involves the unplanned arrival of new information; ‘new’ relative 

to the initial expectation. As expectations are not uniformly shared between stakeholders, some 
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events may be unexpected only by some, but not to others. Such events are sometimes described as 

‘unknown knowns’ (Aven, 2017, p. 538). A deviation occurs when expected events fail to occur, or 

when events expected not to occur do occur, or when truly unthought-of events occur (i.e. 

unimagined either way) (Weick and Sutcliffe, 2007, pp. 27–29). In practice, there may well be a delay 

between the actual deviation and its discovery, and some expectations may never have been an 

accurate reflection of reality. Of course, not all unexpected events are important. Arguably, the vast 

majority of unexpected events are minor, and can be (and are) safely ignored. The preoccupation of 

this thesis are significant events. Building on Simon (1998), unexpected events are significant when 

they affect the ability to implement the intended plan or to realise its intended effects.  

As we discuss in Paper A, Chapter 4, unexpected events can be understood as deviations in one or 

more variables underpinning project performance in the eyes of its stakeholders (e.g. tangibles like 

interest rate or tensile strength, or intangibles like partner agreement or public support). Thus, 

unexpected events may be both positive, negative or some mixture of both (Samset, 2010; Johansen 

et al., 2019). Fig. 4 exemplifies various types of deviations in key project variables over time. 

 
Figure 4: Types of unexpected events 

As shown, unexpected events may include temporary spikes, permanent change, continuous 

turbulence, or some combination thereof. Further, some unexpected events are ‘creepers’, deviating 

only gradually over a long period of time, while others are abrupt, occurring within hours or seconds 

(Geraldi, 2010, p. 549; Kutsch et al., 2016, p. 11).  Also, as discussed in Paper D, Chapter 7,, not all 

variables involved in a complex project are known in advance. Thus a deviation from expectations 

may reveal unexpected attributes of known variables, but also new variables, make known variables 

irrelevant, or reveal unexpected relationships in the project system. 

Unexpected events can occur both as stand-alone events or one of several independent events 

occurring at the same time, as discussed in Paper B, Chapter 5. In complex projects, following 

Williams (2017), unexpected events often ‘domino’ or ‘cascade’, with initial deviations causing 

subsequent unexpected events. Indeed, unexpected events may be ‘self-reinforcing’, amplifying the 

initial deviation and alluding the identification of any unambiguous ‘root cause’ (Williams, 2017). 

To summarise; as a phenomenon of study, unexpected events can take many forms, but they share 

two essential components; an expectation and a deviation. In this thesis, the expectation is 

represented by the project plan or the assumptions made by managers and stakeholders during 

project planning. The deviation is represented by the unplanned arrival of new information, after 

project launch, with potential or realised consequences for project performance. Having delineated 

the phenomenon of unexpected evets, I turn next to these consequences. 

Better

Time
Worse

Expected

Unexpected event

Negative creep

Turbulent period

Negative spike

Positive change
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3.2 Impact on project performance 
There is now an extensive literature showing a persistent discrepancy between expected and 

realised performance of complex engineering projects. The data underpinning this literature 

stretches back as far as the 1950s (Davis, 2017, p. 17), and the majority has focused on deviation of a 

single value variable: Cost. This section first reviews this literature before turning to studies taking a 

broader view of project performance. 

3.2.1 Impact on cost-performance  
Cost overrun is the difference between the realised and expected costs of a project, measured as a 

percentage of expected costs (Cantarelli et al., 2010). According to Cantarelli et al. (2010), studies of 

cost-overrun go back to early work by Hall (1980). In this vein, Morris and Hough (1991) conducted 

one of the largest meta-studies of cost-overrun, covering more than 4,000 government-funded 

construction, transport, aviation, energy, defence, information technology, and aerospace projects 

across industries and countries from 1959 to 1986. The study found that overruns were typically 

between 40% and 200%, singling out the oil sector with overruns of up to 800% and nuclear power 

plants of up to 4,000% (Morris and Hough, 1991).  

In another extensive study, Flyvbjerg et al. (2003) analysed 258 transport infrastructure projects in 

20 countries over a period of 70 years. The study found average cost overruns of 28% across project 

types and countries, with nine out of ten projects going over budget. Rail projects experienced an 

average cost overrun of 45%, tunnels and bridges 34%, and roads 20% (Flyvbjerg et al., 2003). 

Comparing these results to the literature on cost overruns in power plants, dams, water distribution, 

oil and gas extraction, information technology, aerospace systems, and weapons systems, Flyvbjerg 

et al. (2002) concluded that other types of engineering projects are at least as, if not more, prone to 

cost overrun as are transport infrastructure projects. Further, Flyvbjerg et al. (2003) found no 

improvement in cost estimates over the seven-decade study period. Adding more historical projects 

to the original sample showed no apparent improvement in estimates across the entirety of 20th 

century (Flyvbjerg, et al., 2003). 

Including schedule overrun in their study, Rajat et al. (2016) reviewed data on 60 large construction 

projects, finding that these typically take 20% longer to finish than scheduled and are 80% more 

expensive than budgeted (Rajat et al., 2016). Taking a different approach, KPMG (2015) surveyed 

109 leaders from organizations carrying out significant construction projects across the world, 

finding that only one in four large construction projects finish on time, while only one in three finish 

on budget (KPMG, 2015). 

These larger international studies are corroborated by several smaller national studies of cost 

overruns. Hong Kong road projects had an average cost overrun of 11%; lower than the international 

benchmark (of 863 road projects from 34 countries), with an average cost overrun of 20% (Flyvbjerg 

et al., 2016). Reviewing data on 50 major projects in the United Kingdom, MacDonald (2002) showed 

cost overruns in the range of 24 to 36%. Similarly, Makovšek et al. (2012) found that a majority of 

Slovenian road projects had average cost overruns of 30% in projects begun in the period 1994–

1999, and 19% for projects begun since 1999. Similar results were found in U.S. defence acquisitions 

(GAO, 2010). Reviewing several national studies Cantarelli et al. (2010) found varying degrees of cost 

overruns across Swedish road and rail projects, Nigerian construction projects, Danish tunnel and 

bridge projects, and Zambian road projects. Dutch transport projects seemingly performed better 

with cost overruns varying between 0 and 20%. Flyvbjerg (2014, pp. 9–10) surmised that “nine out of 

ten projects have cost overruns; overruns of up to 50% in real terms are common, and over 50% are 

not uncommon.”  
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When reviewing this literature, one should be mindful of both the strengths and the limitations of 

cost as an indicator of project performance. Cost is relatively easy to measure, and arguably, a wide 

range of negative unexpected events – political, technical, environmental – translate into added 

costs (Miller and Lessard, 2001). Further, cost is itself an important performance variable; cost 

overruns potentially causing cancellation of future projects, additional costs/delays due to re-

negotiation, undermining the legitimacy of planning bodies, and the problems scales with the size of 

the project (Flyvbjerg, 2007).  

On the downside, cost is an indicator only of unexpected events effecting the net cost of a project 

during the construction phase, up to and including the point when a project is paid for. Thus, net 

cost is insensitive to positive/negative events cancelling each other out, thus not affecting net cost. 

Further, the cost-indicator is insensitive to events occurring later in a project’s life cycle, i.e. benefits 

or lack thereof, potentially, outweighing or exacerbating a project’s cost-performance. It further 

ignores unexpected events that do not translate into the need for additional funds, e.g. political 

opposition, negative precedence-setting and loss of public confidence. Finally, cost is a value variable 

only to the subset of stakeholders affected by cost, e.g. liable contractors, private investors, paying 

users, or the general tax-payer. For stakeholders otherwise affected by the project, e.g. displaced 

inhabitants, indirect beneficiaries or ideological opponents, cost may be irrelevant. Recognising this, 

several large studies have included more value variables of project performance. I turn to these next. 

3.2.2 Impact of life-cycle performance 
Including benefits in operation, Merrow (2011) collected data from 318 global megaprojects and 

showed that the vast majority failed to adhere to schedule and budget as well as benefits in 

operation. Indeed, 65% of industrial projects failed to meet their business objectives (Merrow, 

2011). 

Miller and Lessard (2001) analysed 60 large engineering projects across multiple countries. They 

distinguished between projects’ efficiency (cost, schedule) and their effectiveness (fulfilment of the 

sponsor’s objectives). While around 45% met their efficiency objectives, 75% met their effectiveness 

objectives. As a whole, 45% of the projects in their sample met most of their stated objectives, 19% 

met only a minority of their objectives, 16% had to be significantly restructured, and 20% were 

abandoned (Miller and Lessard, 2001). 

Shenhar and Dvir (2007) studied over 600 projects over 15 years in private, public and non-profit 

sectors across countries. They found that 85% of projects failed to meet their original time and cost 

objectives: With an average of 60% over budget and 70% over schedule. Further, in line with Miller 

and Lessard (2001), most projects in their sample failed to meet their longer-term goals. 

Taking the view of project managers, PMI (2016) surveyed more than 2,500 project management 

professionals. They concluded that more than 40% of engineering projects fail to meet their goals 

and estimated that US$122 million is wasted for every US$1 billion invested due to poor project 

performance (PMI, 2016). 

As Flyvbjerg (2014) pointed out, failure to perform on cost often combines with failure to perform 

on other variables, thus exacerbating the loss. For example, an average cost overrun of 44.7% for rail 

projects combines with an average demand shortfall of 51.4%; and for roads, an average cost 

overrun of 20.4% combines with a 50-50 risk that demand is also incorrect by more than 20% 

(Flyvbjerg, 2014). Flyvbjerg et al. (2003) likewise found significant discrepancies between 

expectations and outcomes on other performance variables, like environmental impact, and regional 

and economic growth effects. 
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Thus, there is overwhelming evidence that the majority of complex engineering projects to fail to 

meet the expectations that motivated them. This seems to be a robust conclusion across a wide 

range of performance variables, project types, geographical locations, and across a full century. 

Further, there is no evidence that this gap between expectations and performance is decreasing 

over time.  

This, of course, has significant financial, political, societal and environmental costs (including 

foregone gains). If the largest current megaprojects were nations they would individually rank 

among the world’s top 100 countries measured by GDP, while, as a whole, the ‘megaproject 

industry’ makes up 4% of global gross domestic product (Flyvbjerg, 2014, pp. 7–8). Thus, this 

problem scales with the importance of the undertaking. Next, I turn to the underlying causes of this 

problem. 

3.3 The causes of unexpected events 
Research on project performance discussed above leaves open a wide range of possible 

explanations. As I discuss in the following, these fall into two broad explanatory models. The first 

points to the complexity of projects, i.e. that these projects are hard to implement. The second 

model points to the intrinsic limitations of ‘planners’, understood broadly as the people involved in 

planning, selecting, and implementing projects. 

3.3.1 The complexity of projects 
The first explanatory model argues that the reasons for poor performance are to be found in the 

intricate nature of complex projects. In its broadest sense, a complex project is one whose behaviour 

makes it difficult to deduce from understanding its parts or inputs (Simon, 1997). Many authors have 

pointed to the characteristics of such projects as the cause of unexpected events, some of which I 

will discuss here. Table 4 provides an overview. 

Cause Explanation Main advocates Theoretical roots 

Structural 
complexity 

Projects have many parts and many 
interdependence between them 
 

Hirschman (1967) 
Perrow’s (1984) 
Williams (2017) 

Systems theory and 
safety engineering 

Exposure Projects have large surfaces of exposure to 
their surrounding environment 
 

Morris and Hough (1991) 
Weck et al. (2011) 
Davies and Mackenzie (2014) 

Systems engineering 
and project 
management 

Uniqueness Projects are non-repetitive, and does not 
benefit from cumulative learning 
 

Wheelwright and Clark (1992) 
Shenhar and Dvir (1996) 
Lenfle and Loch (2010) 

Industrial economics 
and 
innovation theory 

Temporality Projects operate over both extremely long 
and extremely short time horizons 

Dewar et al. (1993)  
Flyvjerg et al. (2004) 
Geraldi et al. (2011, p. 980) 
 

Assumption-based 
planning and 
engineering 
management 

Table 4: Project complexity 

An important feature of complex projects is ‘structural complexity’ (Geraldi et al. 2011). Structurally, 

complex projects have many parts and many interdependence between them. As Hirschman (1967) 

recognised early, structural complexity is not necessarily linked to project size, but to project 

structure. Hence, a physically and financially small project may be highly complex. These ideas are 

echoed by Perrow’s (1984), who showed the inherent unpredictability of ‘tightly coupled’ systems, 

with many and highly interdependent parts. Williams (2017) showed how small initial deviations 

from plan become self-reinforcing and propagate through engineering projects. In IT projects, 

Sessions (2009) showed an almost linear relationship between project complexity (measured as 

number of functions) and project failure. 



25 
 

Not all parts of a complex project are necessarily tightly coupled. As Lock et al. (2006, p. 155) 

pointed out, some projects have tightly coupled ‘modules’, where tasks and people are tightly co-

dependent, but with few interdependencies between modules. In such projects, structural 

complexity is ‘compartmentalised’. Following Baccarini (1996), some projects are characterised by 

organisational complexity, i.e. intricate hierarchies, organisational units, division of labour, and 

personal specialisation. Others by technological complexity, i.e. a large number and diversity of 

inputs, outputs, actions, tasks, and trades. In a similar vein, Shenhar and Dvir (1996) distinguished 

projects constructing assemblies (parts), a whole systems, or arrays (multiple systems).  

Looking beyond internal structure, others have pointed to project’s surface of exposure and 

interfaces with their surrounding environment as a source of project complexity. According to de 

Weck et al. (2011), unexpected interactions with surrounding systems and adjacent developments is 

a key feature of current engineering systems. These are no longer developed independently or as 

‘stand-alone’ systems. In this vein, Davies and Mackenzie (2014) emphasises the role of integration 

of into wider ‘systems of systems’ as a source of complexity. Thus, a railway expansion may be 

internally simple, but externally, its interactions with the wider transport network and society may 

be highly structurally complex. 

Morris and Hough (1991) found that circumstances beyond the project is a major unexpected 

events, i.e. price escalation, government action, strikes, etc. Even relatively independent ‘greenfield’ 

projects are typically constructed, not in a controlled factory environment, but on a site and in a 

physical and economic climate dictated by circumstance (Miller and Lessard, 2001). Adding to this, 

many engineering projects are ‘brownfield’ projects, adding to or upgrading existing systems. On the 

extreme end of this, some projects are ‘open heart surgery’, i.e. implemented in the middle of 

continuously operating systems, which must not be disrupted. The construction of Heathrow’s 

Terminal 5 set in a working airport is an example of this (Davies et al., 2009) (Box 7). Thus, projects 

are not ‘closed systems’, and internally simple projects may be externally complex.  

Uniqueness, novelty, none-repetitiveness, and low unit count is typically included in the definition of 

a project (PMI, 2013, p. 3). As a source of complexity, following Russell and Taylor III (2000, p. 45) 

this phenomenon should be seen as an escalating ladder from standardised mass production, to 

patch production, to ‘one-of-a-kind-and-never-again’ uniqueness. From low to high, this ladder 

ranges from e.g. oil refining, automotive manufacture, McDonald’s stores, schools, housing schemes, 

aircraft production, oil and gas platforms, airport terminals, and the Channel Tunnel (Davies et al., 

2009).  

Other authors have pointed to specific unique parts of projects as a source of complexity. Miller and 

Lessard (2001) emphasised one-time clients, and unique specifications, Lenfle’s and Loch (2010, p. 

45) pointed to novel targets, activities, and capabilities, while Shenhar and Dvir (1996) emphasised 

technological novelty. Harkening back to Utterback and Abernathy (1975), Wheelwright and Clark 

(1992, p. 74) distinguished between the novelty of process (by which projects are implemented) and 

the resulting product. Similarly, Davis and Hobday (2005) distinguished between new technology 

and new markets. Bisecting novelty differently, Obstfeld (2012, p. 19) distinguished between the 

novelty of the thing produced and the novelty of the elements of which it is composed. Henderson 

and Clark (1990) argued a third bisection, distinguishing novelty of components (modular novelty) 

from novelty of the linkages between them (architectural novelty). As Engwall (2003, p. 793) pointed 

out, uniqueness is relative. Seen over a longer time timeframe and across multiple parent 

organisations, few projects are truly unique one-of-a-kinds. While this may be true from this wider 

external portfolio-perspective, from the viewpoint of the management facing the challenges of any 

specific project for the first time, its internal uniqueness remains. Fundamentally, uniqueness 
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negates the benefits of cumulative learning seen in repetitive enterprises. Drawing on Wright (1936), 

unique projects must start over from the beginning of the learning curve. 

A fourth aspect of complexity is temporal. In this sense, both long time-horizons (slowness) and pace 

of change (speed) give rise to complexity. One term for this is ‘dynamic complexity’ i.e. the types and 

rates of change which within a system regardless of the number of variables (Fahey and Randall, 

1998, p. 140). Large engineering projects typically have long planning, construction and operational 

lives (Miller and Lessard, 2001, p. 51). In this vein, Flyvjerg et al. (2004) found that cost escalation 

was strongly dependent on the duration of the implementation phase. Nijkamp and Ubbels (1999) 

found that extended planning and construction phases render projects more sensitive to economic 

fluctuations. Describing the fundamental problem, Dewar et al. (1993, p. 17) argued that any 

assumption is “projected to hold true for a certain period of time. An assumption’s likelihood of being 

negated, [...], depends on the length of time to that point.” Indeed, given a sufficient time, every 

assumption is in principle vulnerable to negation. Conversely, shorter time horizons exposes only 

those assumptions that could plausibly change within that time (Dewar et al., 1993). 

Short time horizons, however, entail their own problems. Externally, Oehmen et al. (2012) pointed 

to faster evolving requirements as a persistent problem for managers, while Flyvjerg (2014, p. 9) 

observed that project scope and level of ambition tends to change significantly over time. Some 

authors have pointed to the need for concurrent engineering (parallel tasks) to meet ever tighter 

deadlines, which, according to Geraldi et al. (2011, p. 980), leads to “tighter interdependence 

between elements of the system and therefore intensifies structural complexity.” In their detailed 

case study, Sauser et al. (2009, p. 667) blamed the loss of the Mars Climate Orbiter on a culture of 

‘faster, better, cheaper’ (BFC), rendering failure of the project “inevitable.” 

3.3.2 The limitations of planners 
While projects may be complex, many authors have argued that this alone cannot account for 

persistent discrepancies between expectations and outcomes. In their view, poor performance is a 

management problem, rather than complexity problem. This explanatory model focuses on the 

limitations of ‘planners’, broadly understood as the people involved in the planning, selecting, and 

implementing projects. Table 5 provides an initial overview. 

Cause Explanation Main advocates Theoretical roots 

Deception Planners oversell bad projects in response to 
perverse incentives  
 

Flyvbjerg et al. (2003) 
Olsson et al. (2004) 
Pinto (2013) 

Machiavellianism 
and principal-
agency theory  

Delusion Planners are over-optimistic because of 
cognitive limitations  
 

Cantarelli and Flyvbjerg (2015) 
Locatelli (2018) 
(Kahneman, 2011)  

Cognitive 
psychology 

Confusion Planners make mistakes because of disparate 
sense-making and poor communication 
 

Bennis (1968) 
Kutsch et al. (2011) 
Stingl and Geraldi (2017) 

Sociology and 
communication 

Conflict Planners fail to reconcile conflicting interests 
because preferences do not aggregate 
 

Arrow’s (1951) 
Engwall (2002) 
Kreiner (1996) 

Game theory, 
management 
theory 

Table 5: Limitations of planners 

One such limitation, widely championed by Flyvbjerg et al. (2003), is deliberate deception. The crux 

of this argument, presented in Flyvbjerg et al. (2002, p. 286), is that, “if misleading forecasts were 

truly caused by technical inadequacies, simple mistakes, and inherent problems with predicting the 

future, we would expect a less biased distribution of errors in cost estimates around zero.” However, 

as discussed above, the vast majority of predictions tend to favour a ‘go ahead’ decision. As we saw, 

costs, risks and side-effects are systematically underestimated, while demand, benefits and 
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economic impacts are systematically overestimated. Cantarelli and Flyvbjerg (2015) further argues 

that since no improvement can be observed over time, this suggests that known risks are wilfully 

ignored, supressed or downplayed. Thus, the discrepancy between expectations and outcomes is 

best explained by ‘strategic misrepresentation’ (Flyvbjerg et al., 2002, p. 286), that is, wilful lying 

about or omission of known facts. 

In line with this, Olsson et al. (2004) argues that ‘strategic budgeting’ is a common strategy to force 

major public projects past the point of no return. Using this strategy, project costs are deliberately 

underestimated in the expectation that when full costs later become apparent, already-approved 

projects are unlikely to be terminated (Olsson et al., 2004). Nijkamp and Ubbels (1999, p. 3) 

concluded that ‘‘One may safely assume that the costs of the project at that stage are as low as 

possible to ensure that the project will be execute.”  

According to Flyvbjerg et al. (2009), this strategy is motivated by perverse incentives along the 

principal-agency chain. Fundamentally, project planners’ incentives are tied to project approval 

rather than project performance. They therefore overestimate benefits and underestimate costs to 

beat competing projects for funding (Flyvbjerg et al., 2009). Flyvbjerg (2014, p. 12) called this the 

‘break–fix model’ of project management, that is, launching projects in full view that a later and 

expensive ‘fix’ will be needed. Summarising the problem, Pinto (2013) described the problem as one 

of “Lies, damned lies, and project plans.”  

Wilful deception is sometimes defended using an argument Flyvbjerg (2014) calls ‘Hirschman’s 

Hiding Hand’ (originally advanced by A.O. Hirschman (1967), mentioned above). This argument goes: 

If the true difficulties and risks of complex engineering projects were known up-front, no such 

endeavours would ever be undertaken, and so, it is better that projects are over-sold (Flyvbjerg, 

2014). This explanation has its roots in machiavellianism, principal-agency theory, and ethical theory 

(Cantarelli et al., 2010). 

Rather than moral limitations of planners, others argue for unintentional cognitive limitations – 

‘delusion’ – to explain poor project performance. As Cantarelli and Flyvbjerg (2015) points out 

delusion too involves deception; albeit of one self as well as of others. Like deception, this 

explanation too is consistent both with observed systematic errors favouring of the project, and with 

no learning over time. In this vein, Locatelli (2018) proposes a variant of the ‘winner’s curse’ as a 

source of overoptimism. This occurs because projects with the most favourable cost/benefit ratio 

are usually the ones selected for implementation. These projects, however, are also the most likely 

to have been too optimistically appraised (Locatelli, 2018).  

Following Flyvbjerg (2014), complex engineering projects are subject to cognitive biases like ‘sunk 

cost errors’ and ‘escalating commitment’. These biases make it psychologically difficult to abandon 

projects once begun, even if, in light of new information, this this would be the best option. 

Flyvbjerg (2014, p. 12) called megaprojects the ‘Vietnams’ of policy and management; “easy to begin 

and difficult and expensive to stop.” Thus, engineering projects tend to build up dangerous 

momentum, and proceed regardless of new information arriving along the way. This is exacerbated 

by ‘anchoring biases’ (Kahneman, 2011) leading to overcommitment to a single project concept at an 

early stage, while rising psychological barriers to abandon it, consider alternatives, or to switching to 

these later. Samset and Volden (2016) found that alternative concepts had not scrutinized prior to 

launching the majority of Norwegian public investment projects. 

In a wider sense, Grun (2004) argues that project managers, promoters and contractors form ‘over-

optimism-coalitions’. This occurs as optimistic individuals and organisations ‘self-select’ to joun the 
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project coalition, while more pessimistic (or level-headed) parties opt out (Grun, 2004). Along similar 

lines, Flyvbjerg et al. (2009) argues that a variant of the ‘planning fallacy’ is at work, i.e. the tendency 

to underestimate task-completion times and costs, even knowing that the vast majority of similar 

tasks have run late or gone over budget. This occurs because planners tend to consider their project 

highly unique, ignoring that overall it will likely perform much like other projects (Flyvbjerg et al., 

2009).  

Another limitation may be survivorship bias (Wald, 1943), leading planners to base expectations on 

highly visible, successful projects, while ignoring less visible failed or cancelled projects (Taleb, 2007). 

In addition, hindsight bias (Pohl, 2007) may lead evaluators to revise expectations in hindsight, 

effectively lowering the benchmark against which observed project performance is compared. These 

explanation have their roots in cognitive psychology and sociology (Tversky and Kahneman, 1974; 

Simon, 1991; Taleb, 2007; Kahneman, 2011). 

Beyond deception and delusion, reviewing the literature, Stingl and Geraldi (2017) identified a third 

explanation – confusion – as a source of unexpected events in complex projects. Here, poor project 

performance is explained by “a lack of converging narratives or a failure of the individual actors to 

‘make sense’ of the project situation” (Stingl and Geraldi, 2017, p. 128). Along similar lines, Kutsch et 

al. (2011) argued that simple miscommunication is a source of ‘false optimism’, as this is not typically 

factored into planning. Fundamentally, project organisations are ‘adhocracies’ (Bennis, 1968), and 

thus, confusion carries over into future projects as new coalitions are formed.  

Finally, a fourth argument points to conflict as a source poor project performance. Complex 

engineering projects typically involve many stakeholders with conflicting interests (Aaltonen and 

Kujala, 2010). In this vein, Engwall (2002) discusses “the futile dream of the perfect goal”, arguing 

that the idea of a clear exogenously defined goal derives from the philosophical origins of project 

management, and is inapplicable to non-repetitive projects. Instead, project execution is described 

as “a process of goal formation.” Within projects, according to Kreiner (1996), this is a continuous 

battle over “spec freeze” versus “spec float” between the client and contractors. Externally, McAdam 

et al. (2011) projects increasingly deteriorate into “site fights”, given still wider and more systematic 

opposition to projects (McAdam, 2011).  

Fundamentally, this argument has its roots in Arrow’s (1951) theorem of non-aggregation of 

preferences, and in the fundamental game-theoretical structure of conflict (Neumann and 

Morgenstern, 1944; Schelling, 1980). In this sense, complex engineering projects suffer from what 

Hayak’s (1945, p. 520) called the ‘economic problem’, i.e. “a problem of how to secure the best use 

of resources known to any of the members of society, for ends whose relative importance only these 

individuals know.” In this view, there is no unified ‘we’ who, ‘on balance’, wants a given project 

implemented. 

While these are commonly discussed sources of unexpected events in the literature, arguably many 

more such causes exist. This, however, gives a rough outline of the roots of the difficulties faced by 

complex projects and limited planners. Next, I turn to current efforts to address it. 

3.4 The ‘project-planner stalemate’ 
Given the long history of the problem and its substantial and increasing cost, it is not surprising that 

significant efforts have been poured into solving it. What is surprising, is that this does not appear to 

have led to a net improvement in project performance over time. As Morris and Hough (1991, p. 4) 

put it “Curiously, despite the enormous attention project management and analysis have received 
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over the years, the track record of projects is fundamentally poor, particularly, for the larger and 

more difficult ones.” 

Recognising the problem, contractors and suppliers have invested heavily in more sophisticated 

planning tools (Rolstadås et al., 2011, p. 3). These efforts have focused on ‘de-risking’ plans and on 

‘de-biasing’ planners. De-risking efforts have led to a still-wider range of quantitative risk analysis 

methods (Paté-Cornell, 1996). Among these are coherent upper and lower boundaries (Kozin and 

Petersen, 1996) and imprecise probabilities (Walley, 1999), successive calculation (Lichtenberg, 

2000) and reference class forecasting (Flyvbjerg et al, 2016). Also in this vein, ‘stress testing’ project 

concepts in a still wider range of plausible futures have yielded methods like real options evaluation 

(Black and Scholes, 1973), and robust decision-making (Lempert et al., 2003).  

Efforts to de-bias planners have focused on stronger institutional checks and balances (Flyvbjerg et 

al., 2002, p. 291) and more third-party oversight of decision-makers (Olsson et al., 2004). Focus has 

been on greater accountability and transparency in project planning and selection (Flyvbjerg et al., 

2009), and ‘commitment to truth’ (Flyvbjerg, 2014, p. 15), including heavier financial, professional, 

and criminal penalties for dishonesty (Flyvbjerg et al., 2002, p. 291). In response, project plans have 

been subjected to independent reviews (Samset, 2010) and devil’s advocacies (Blanchard, 1990) 

prior to approval. In addition, financial incentives have come under scrutiny, e.g. the distorting effect 

of sovereign guarantees (taxpayer underwriting) in propping up support for high-risk projects 

(Flyvbjerg et al., 2003). Also, the absence of willing private investors in risky public projects has been 

raised as a red flag (Flyvbjerg, 2014, p. 16). Finally, a host of strategies aimed at combatting cognitive 

biases have been proposed (Lovallo and Kahneman, 2003; Shore, 2008). 

Despite these advancements, as we have seen, project performance has generally remained poor. 

Following Rolstadås et al. (2011, p. 3), “There is no doubt that considerable improvements in the 

performance and professionalism of project managers and teams have been achieved. But it is also 

painfully apparent that the continuous improvement of the conventional approach has not been 

sufficient.” Dvir and Lechler (2004) found that the effect of high-quality up-front planning was almost 

completely overwritten by unforeseen changes along the way, concluding that “Plans are nothing, 

changing plans is everything.” It seems that complex engineering projects are outpacing the ability 

to manage them. Perhaps more accurately, the situation can be described as a ‘project-planner 

stalemate’, where gains managerial capability is balanced by increasing project complexity.  

3.4.1 Limits to anticipatory planning 
Several strands of research have suggested fundamental limitations to what is achievable along the 

lines of de-risking plans and de-biasing planners. Fundamentally, traditional project management is 

underpinned by a probabilistic view of the future (Williams, 2005; Robson, 2011, p. 624). This view, 

pioneered by Blaise Pascal, is epitomised by Eq. 1: 

𝑃 =
𝑛

𝑁
 

Equation 1: The two factors determining probability 

where a probability, P, is given by the ratio of a given outcome, n, to the set of possible outcomes, N.  

Seen through this Pascalian lens, the major approaches to management are characterised by four 

fundamental assumptions about the predictability of the future, as illustrated in Fig. 5. 
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Figure 5: Four probabilistic presumptions in project management 

Turning first to certainty (Fig. 5a), a deterministic future remains the goal and underpinning 

assumption of much traditional project management. In this vein, Engwall (2003, p. 791) 

summarised the two principal problems addressed by the project management literature as; (i) how 

to structure and plan project activities in order to meet the stipulated objectives, and (ii) how to 

ensure that project activities are executed according to the stipulated plan. As Caron (2013, p. 29) 

put it, “the traditional approach to project management focuses on the stability of the project plan 

as a critical success factor.” As we have seen, there is little evidence that plan-determinism is a valid 

assumption in complex engineering projects. 

Another set of approaches are underpinned by the presumption of risk (Fig. 5b), i.e. known 

outcomes with known probabilities. This outlook is reflected by the core questions of probabilistic 

risk management (Kaplan and Garrick, 1981; Apostolakis, 2004): What can happen? How likely is it? 

What are the consequences? (Paté-Cornell, 1996; ISO, 2018). Approaches like cost-benefit analysis, 

cost-effectiveness, and real options evaluation presumes answers to these questions (Black and 

Scholes, 1973; Cox et al., 1979; Kaplan and Garrick, 1981; Paté-Cornell, 1996; Yeo and Qiu, 2003; 

Kalra et al., 2014). Advancements in this field, has included assigning ‘probability distributions to 

probability distributions.’, as in coherent upper and lower boundaries (Kozin and Petersen, 1996) 

and imprecise probabilities (Walley, 1999). However, as Loch et al. (2006, p. 46) observed, in 

complex projects many risks identified through traditional risk management never materialised, 

while many new and unforeseen ones did. Risk registers of adverse events, their consequences, and 

their probabilities are frequently incomplete (Pender, 2001; Loch et al., 2006; Hubbard, 2009; de 

Bakker et al., 2010; Kutsch and Hall, 2010). Alternatively, using the insurance principle, a risks must 

be borne in groups of projects large enough to average out the effect of unexpected events (Knight, 

1921, p. 47). Also a hard-to-attain requirement given the uniqueness and low volume characteristic 

of complex engineering projects.  

Approaches adopting the presumption of uncertainty (Fig. 5c) drops the presumption of known 

probabilities. In this vein, robust decision making uses mathematical modelling of multiple options 

under many different scenarios in search of one that performs ‘well enough’ across a wide range of 

possible outcomes, requirements and worldviews (Mingers and Rosenhead, 2001; Lempert et al., 

2003; Kalra et al., 2014). This circumvents the problem of assigning probabilities to known 

outcomes. However, in complex engineering projects, the outcome space itself is rarely known in 

advance. Fundamentally, complex systems are hard to represent using a simulation simpler than 

itself (Sterman, 2000). Thus, a ‘plan-for-everything’ approach offers no guarantee that possible 

outcome is accounted for, nor that irrelevant outcomes are left out. Following Caron (2013, p. 30), 

“the central difficulty of a ‘robustness oriented’ approach when defining a project strategy is the core 

premise that risks can be anticipated and the future may be forecasted.”  

P

Known outcome 
with probability ≈ 1

Known outcomes, 
known probabilities

Known outcomes, 
unknown probabilities

P ?

Unknown outcomes, 
unknown probabilities

?

N N N N

a) Determinism b) Risk c) Uncertainty d) Ignorance

P ≈ 1
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As Knight (1921) was first to point out, the prevailing circumstance in most real-wold situations is 

ignorance, i.e. neither the possible outcomes, nor their probabilities are known in advance (Fig. 5d). 

In these cases, Eq. 1 cannot be solved because neither n (the suspected event) nor N (all possible 

events) are known in advance. Flyvbjerg et al. (2003, p. 19) concluded that “What, exactly, causes 

cost overrun in major infrastructure projects is more difficult to predict than the fact that cost 

overrun is likely to haunt projects.” Rolstadås et al. (2011, pp. 57–58) likened the challenge of 

complex engineering project planning to crossing a heavily trafficked, multi-lane road with no 

pedestrian crossing. Here, detailed plans and risk registers will almost certainly be obsolete before 

making it across the first lane. 

In this light, following Taleb (2005, 2007), the fact that any given unexpected event is extremely 

unlikely, may be irrelevant. We should not be surprised when one (and usually more) unlikely events 

occur regularly in most projects, given of the sheer number of potential events. In hindsight, such an 

event may be classified as ‘freakish 20-sigma event’ (deviating from the mean by 20 or more 

standard deviations), however, collectively, such event may be common where outcome spaces are 

large and probability distributions have ‘fat-tails’ (Taleb, 2007). In consequence, research into 

sources of unexpected events has typically been limited to broad ‘technical’, ‘economical’, 

‘psychological’ and ‘political’ categories (Cantarelli et al., 2010). Thus, as Love et al. (2015, p. 504) 

has pointed out, “each project is unique and the experience acquired by the project team is not 

always fully transferable to other undertakings.” 

Compounding this problem, unexpected events do not occur in isolation. They have causes and 

consequences, and they interact. Many complex systems are ‘chaotic,’ and, even minute changes in 

initial conditions can lead to large changes in outcomes (Lorenz, 1963; Casti, 1990; Hoffman and 

Hammonds, 1994). In this vein, Williams (2017) showed how small initial deviations from plan 

propagate and self-reinforce in complex projects, spinning out of control of project management. 

For example, a minor unexpected event causes a delay, which increases task parallelism, which in 

turn increases structural complexity, which eventually causes a larger unexpected event, and so on. 

Thus, looking up the causal stream, an unexpected event may have no single identifiable ‘root cause’ 

(Williams, 2017), and its effects may continue out of view further down the causal stream (Williams, 

2005). 

A third compounding factor is that complex projects are themselves ‘semi-sentient’, i.e. 

stakeholders, managers and teams respond to expectations about the future. Thus, predictions 

themselves alter the conditions under which they are made, leading to cycles of both self-fulfilling 

and self-negating expectations (Bell, 2003, p. 229). According to Borup et al. (2006), the future is 

‘working back’ to the present through expectations. Following Weick and Sutcliffe (2007, pp. 66–67), 

in this way, plans may themselves be part of the problem: They reduce the number of things people 

notice, they preclude improvisation in the face of unplanned contingencies, and they instil an often 

unwarranted belief in consistent future outcomes if past behaviour is repeated. 

These factors appear to impose strict limits on the predictability of complex projects. In addition, 

planners are themselves subject to strict limitations. The Machiavellian power games, perverse 

incentives and deceptive practices are in many ways ‘built in’ to both political systems and corporate 

life (Whitt, 2009). But even impeccably selfless and honest planners behave rationally only according 

to necessarily simplified mental models of real world systems (Simon, 1957, p. 198). Planners rely on 

‘simple rules’ to navigate the world (Eisenhardt and Sull, 2001). Improving these heuristics may 

prove difficult. First, because the humdrum of real-world project settings often render formal modes 

of rational decision-making inapplicable (Cicmil et al., 2006). And second, as Kahneman (2011) 

pointed out, even full conscious awareness of cognitive biases does not necessarily alleviate them.  
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While de-risking plans and de-biasing planners may allow planners keep up with increasing 

complexity, we should not expect plans and reality to converge over time, as indeed they have not 

done. A third option may be to prioritise simpler projects over complex ones, thus circumventing the 

problem together. However, as Miller and Lessard (2001, p. 21) has pointed out, many necessary 

projects are just not simple, and returns from simple projects will soon be competed away, while 

many complex solutions will remain unexplored. All the while, necessary and complex projects 

continue to become larger, more intricate, involve more stakeholders, faster evolving requirements, 

etc. (de Weck et al., 2011; Oehmen et al., 2015). This trend too seems unavoidable. For example, 

since the mid-1990s, many complex engineering projects have become de facto IT development 

projects, thus taking on board activities shown to be even more unpredictable than construction 

projects (Flyvbjerg, 2014). We discuss the difficulties of risk management in such ‘cyber-physical 

systems’ in Appendix V. The project-planner stalemate thus presents an important (and expensive) 

challenge to traditional project management. Following Koskela and Howell (2008), “in the present 

big, complex and speedy projects, traditional project management is simply counterproductive; it 

creates self-inflicted problems that seriously undermine performance.”  

Fundamentally, adherence to plan remains foundational to project management. Specifically, how to 

structure and plan project activities in order to meet the stipulated objectives, and how to ensure 

that project activities decided upon are executed according to the stipulated plan (Engwall, 2003, p. 

791). The methods of traditional project management are reductionist, based on breaking projects 

down into work packages, time-increments, and budget allocations (Williams, 2005). Its fundamental 

philosophy is the achievement of stated goals, employing a roughly agreed upon approach (Loch et 

al., 2006, p. 30). Thus, traditional project management presumes that projects exist in a Newtonian 

world of cause, effect and control (Flyvbjerg, 2014, p. 9). Following Rolstadås (2011, p. 1), this is 

understandable, “Every decision-maker yearns for predictability […], but what does one do if the level 

of risks associated with the project’s size, duration, technology, location, and prevailing economic 

conditions make the required predictability impossible to achieve?“  

3.4.2 Breaking the stalemate 
In the project management literature, there is a growing recognition that adherence to plan may be 

infeasible in the majority of complex engineering projects. In many projects, the plan is merely a 

‘hypothesis’ for how success will be attained (Browning and Ramasesh, 2015, p. 60). In consequence, 

there is no ‘real’ project plan around which to apply risk management techniques (Loch et al., 2006, 

p. 3). Thus, the traditional emphasis on adherence to detailed plans, may be both infeasible and 

counter-productive. As Loosemore (1998, p. 140) warned “[…] the danger is that continual advances 

in proactive management techniques will produce an over-reliance upon strategies of anticipation 

and deflect attention from the need to build resilience into organisations to deal with the 

unexpected.” 

Against this background, resilience theory offers a potential alternative to foresight and luck. 

Resilience theory suggests that some projects have shared properties allowing them to resist and 

recover from unexpected events, without the need to foresee them. Thus, resilient projects can 

succeed despite, or even because of, missing, inaccurate, or deceptive information. As discussed in 

Chapter 2, the application of resilience theory to project management is a recent phenomenon, 

focused mainly on the attitudes and culture of project organisations prepared for surprise (Weick 

and Sutcliffe, 2007; Geraldi, 2010; Crosby, 2012, 2014). Through the lens of resilience theory, the 

thesis raises a question left unanswered by research into project organisations prepared for surprise 

– namely prepared to do what?  
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In complex engineering project management, strategies of action adopted from other project types 

have met with limited success. Agile methods, adapted from software development (Beedle et al., 

2001; Schwaber and Beedle, 2002), has met with difficulty, as many engineering projects are not 

made up of independently functional parts, built by self-managing teams in time-boxed increments 

(Daneshgari and Wilson, 2006; Owen et al., 2006). Also, using projects ‘low cost probes’ (Lynn et al., 

1996; Brown and Eisenhardt, 1997) or ‘vanguards’ (Brady and Davies, 2004) into the future seems 

equally inapplicable given the high unit cost of complex engineering projects. The project flexibility 

tradition, adopted from systems engineering, has typically been limited to event-specific 

contingencies, switching between pre-defined classes of change (de Weck et al., 2011, p. 187) or 

pre-defined ‘reduction lists’ (Olsson, 2008). Conversely, ‘unplanned flexibility’ has been shown to 

increase cost-overrun and further de-scope projects (Olsson, 2008, 2016). Thus, there is currently no 

overarching theoretical framework or practical solution space for achieving resilience in complex 

engineering projects. 

3.5 Overview of the main papers of the thesis 
Beginning this task, the next part of the thesis presents a series of papers exploring the solution 

space for resilient projects and outline its theoretical underpinnings. Table 6 offers an initial 

overview of the overarching research questions and the aims of the main papers of the thesis. 

 RQ1 RQ2 RQ3 

 

 

 

 

 

 

What distinguishes resilient 

from brittle systems, and 

what are the implications 

for complex engineering 

project management? 

Why do some complex 

engineering projects fail, 

while others succeed, 

despite, or even because of, 

unexpected events? 

How can complex 

engineering projects build 

resilience to unexpected 

events? 

Paper A, Chapter 4: 

“Conceptualising resilience 

in engineering systems: An 

analysis of the literature”  

Paper A provides a 

synthesis of key distinctions 

within the resilience 

concept, and outlines 

implications for 

engineering systems. 

  

Paper B, Chapter 5:  

“Wrong, but not failed? A 

study of unexpected events 

and performance in 21 

engineering projects” 

 Paper B investigates the 

impact of unexpected 

events on project 

performance and identifies 

properties of resilience and 

brittle projects. 

 

Paper C, Chapter 6: 

Managing uncertainty in 

exploratory strategic 

projects: A repertoire of 

practical approaches” 

  Paper C investigates 

resilient management 

approaches of experienced 

managers and develops a 

unified repertoire of 

approaches. 

Paper D, Chapter 7: 

“Project resilience: A two-

year case study of an 

autonomous transport 

project” 

  Paper D investigates 

unexpected events and 

project responses and 

outlines a principal solution 

space for building project 

resilience. 

Table 6: Overview of research questions and the aims of the main papers of the thesis 
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4. Paper A: Conceptualising resilience in engineering systems: An 

analysis of the literature 
The Great Belt Link: Saved by a booming economy 

Projected drilling of the railway tunnel of the Great Belt Link, connecting eastern 

and western Denmark fell short of expectations and was plagued by mishaps, fire, 

and flooding. The resulting cost and schedule overruns threatened the financial 

viability of the project. The fixed link project was saved by historically high road 

traffic across its bridge section (two thirds above forecast), and its eventual 

financial performance exceeded expectations (Flyvbjerg et al., 2003, pp. 34–36; 

Hartung, 1997). Photo credit: Colourbox.com 

Box 4: The Great Belt Link, benefitting from an unexpected event 

Paper A presents a meta-review of the resilience literature and lays the conceptual groundwork of 

the thesis. Paper A is the main paper related to RQ1 of the thesis, asking what distinguishes resilient 

from brittle systems, and what are the implications for complex engineering project management? 

Table 7 gives an overview of the paper. 

Paper A Conceptualising resilience in engineering systems: An analysis of the literature 

Authors Morten Wied (main author), Josef Oehmen, Torgeir Welo 

Journal Journal of Systems Engineering 

Status Published 

Aim Paper A aims to identify key distinctions within the resilience concept across a fragmented body of 
research, and outline implications for engineering systems 

Research 
question 

What are the key distinctions of the resilience concept, and what are their implications for engineering 
systems? 

Method A meta-review of the resilience literature and analysis of 251 definitions of resilience across disciplines 
and application domains. 

Contribution A framework for analysing resilience and brittleness (C1) and a typology of resilient systems across 
application domains (C2). 

Table 7: Overview of Paper A 

Paper A is published in the Journal of Systems Engineering, 2020, Vol. 23, Issue 1, pages 3-13. The 

paper was published online in May 2019.1 The paper was among the top 10 pct. downloaded papers 

in Journal of Systems Engineering during 2018-2019.  

The author accepted manuscript (AAM) is presented here, although with section, figure, table 

numbering and references integrated into the overarching reference system at the end of the thesis. 

The article is presented here under the terms of the Creative Commons Attribution-NonCommercial 

License, which permits use, distribution and reproduction in any medium, provided the original work 

is properly cited and is not used for commercial purposes. 

Abstract 
It is now widely recognized that many important events in the life cycle of complex engineering 

systems cannot be foreseen in advance. From its origin in ecological systems, operating without the 

use of foresight, resilience theory prescribes presuming ignorance about the future, and designing 

systems to manage unexpected events in whatever form they may take. However, much confusion 

remains as to what constitutes a resilient system and the implications for engineering systems. 

Taking steps toward a synthesis across a fragmented body of research, this paper analyses 251 

definitions in the resilience literature, aiming to clarify key distinctions in the resilience concept. 

                                                           
1 The appendix referred to in this paper can be found at: 
https://onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1002%2Fsys.21491&file=sys21491-sup-
0001-Appendix.pdf 

https://onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1002%2Fsys.21491&file=sys21491-sup-0001-Appendix.pdf
https://onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1002%2Fsys.21491&file=sys21491-sup-0001-Appendix.pdf
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Asking resilience of what, to what, and how, we first distinguish systems serving higher ends and 

systems that are ends in themselves, and, within these, performance variables to be minimized, 

preserved, or maximized. Second, we distinguish systems subject to adverse events, adverse change, 

turbulence, favorable events, favorable change, and variation. Finally, we distinguish systems 

capable of recovery, absorption, improvement, graceful degradation, minimal deterioration, and 

survival. Together, these distinctions outline a morphology of resilient systems and suggest answers 

to the principal design questions, which must be asked of any resilient engineering system. 

4.1 Introduction 
Across system types, areas of application, and technologies, there are now many indications that 

complex engineering systems suffer from unresolved challenges. Many, if not most, complex 

engineering systems experience instances of significant underperformance or failure sometime in 

their life cycle: During construction, cost and schedule are indicators of this: 77% of complex 

infrastructure projects experience cost overruns (Cantarelli et al., 2010), while the construction 

industry reports that only one in four large construction projects finishes on time, while one in three 

finishes on budget (KPMG, 2015). 

During deployment and operation, many engineering systems face a new set of challenges. An 

increasing number of large engineering systems fall short of social expectations and face increasingly 

organized public opposition (McAdam et al., 2011). Large infrastructure systems experience frequent 

disruptions (de Bruijne and van Eeten, 2007), and are increasingly vulnerable to attack (Montanari 

and Querzoni, 2014). Adding to these challenges, many engineering systems face technological 

obsolescence earlier than expected (KPMG, 2017). Oehmen et al. (2012) concluded that 

infrastructure programmes tend to spend their time firefighting, fixing urgent problems, instead of 

proactively preventing them. 

From an engineering systems perspective, a number of explanations for these challenges have been 

proposed. Engineering systems are becoming larger and more technically complex in and of 

themselves (e.g. Oehmen, et al., 2015). At the same time, these systems are increasingly dependent 

on surrounding systems, producing unexpected interactions (de Weck et al., 2011). Following 

Oehmen et al. (2012) these systems have long life cycles, evolving requirements, and unrealistic 

baselines for cost, schedule, and performance. Cantarelli et al. (2010) found that deliberate 

misinformation, often politically motivated, explains many instances of severe underperformance. 

de Bruijne and van Eeten (2007) pointed out that large infrastructure systems are increasingly 

governed by fragmented organizations, not capable of responding effectively to incidents and 

change. 

It is now widely recognized that many important events in the life cycle of a complex systems cannot 

be foreseen in advance (Knight, 1921; Shackle, 1968; Rittel and Webber, 1973; Hacking, 1975; 

Simon, 1997; Sherden, 1999; Sterman, 2000). This recognition has called attention to the ability of 

engineering systems to rebound from unexpected events, as opposed to predicting and preventing 

them, that is, to become more resilient (Aven, 2019). 

From studies of ecological systems, operating without the use of foresight, Holling (1973, p. 21) 

outlined a nonpredictive approach to systems design. He derived two core propositions from 

resilient natural systems to artificial systems: First, resilience rests on the “recognition of our 

ignorance; not the assumption that future events are expected, but that they will be unexpected.” 

Second, “resilience […] does not require a precise capacity to predict the future, but only a qualitative 

capacity to devise systems that can absorb and accommodate future events in whatever unexpected 

form they may take.” This shift can be summarized as in Figure 6. 
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Figure 6: Two approaches to uncertainty, adapted from Kutsch et al. (2016, p. 37) 

Since the introduction of the concept, resilience thinking has attracted wide interest for its 

applications to man-made systems. Resilient properties have been studied across multiple 

disciplines, including supply chains (Sheffi and Rice, 2005), disaster management (Bruneau et al., 

2003), and business models (Hamel and Välikangas, 2003) In engineering, the concept of resilience is 

relatively new compared to other domains (Hosseini et al., 2016), where it was introduced by the 

safety engineering community (Woods, 2006) Gaining wider application, efforts have been made to 

design resiliency into critical systems, for example, telecom (Mak, 2017), defense systems (Oboni 

and Oboni, 2016), cyber systems (Linkov et al., 2013), and energy systems (Afgan and Veziroglu, 

2012). Fricke and Schulz (2005), Jackson and Ferris (2013), Uday and Maralis (2015), and others, 

have proposed generic design principles for implementing resilience into engineering systems. 

Perhaps because of its generic nature and wide adoption, much debate remains about what 

constitutes a resilient system, and how resilience is to be achieved (Rose, 2017). Carpenter and 

Brock (2008, p. 40) described resilience as a “broad, multifaceted, and loosely organized cluster of 

concepts, each one related to some aspect of the interplay of transformation and persistence.” 

Several authors have attempted to define and operationalize the resilience concept in various 

domains (Bruneau et al., 2003; National Academy of Sciences, 2012; Linkov et al., 2014; Woods, 

2015; Connelly et al., 2017). Woods (2015), for example, distinguished four major schools of the 

resilience literature “robustness,” “rebound,” “graceful extensibility,” and “sustained adaptability.” 

However, as Martin-Breen and Anderies (2011, p. 13) concluded, “there remains a considerable 

amount of work before resilience in systems will be a useful off-the-shelf concept for practitioners.” 

The same seems true for the development of a precise taxonomy of resilience as a property in 

general systems theory (Adams et al., 2014). 

Taking steps toward a synthesis across a fragmented body of research, this paper analyzes the 

literature, aiming to clarify key distinctions in the resilience concept, and to outline implications for 

engineering systems. To that end, this paper (a) outlines a framework for analyzing the resilience 

concept, (b) employs this framework analyse resilience literature across a range of disciplines and 

system types, and (c) outlines implications for engineering systems. Thus, the next section outlines a 

conceptual framework for analysis, while the third section (4.3) details our methodology. The fourth 

section (4.4) analyzes the resilience literature and identifies key distinctions of the concept. Finally, 

the fifth section (4.5) concludes the paper. 

4.2 Conceptualising resilience 
This section develops a framework for analyzing the resilience concept. As our starting point, we 

combine Carpenter et al.’s (2001) simple question; “resilience of what to what?” and Meerow and 
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Stults’ (2016) distinction from their review of the literature between bounce-back and bounce 

forward. This framework will guide our efforts in subsequent sections.  

Operationalizing the resilience concept in the field of ecology, Carpenter et al. (2001, p. 777) 

parsimoniously distinguished between just two sets of variables when asking: “Resilience of what to 

what?” Using this distinction, Carpenter et al. (ibid.) investigated the resilience of one set of 

variables to variation in another, and proposed this as a model for measuring the resilience of 

ecological systems. 

Generalizing from this model, any system performance variable can be assigned to the category “Of 

what?” These are variables indicating some aspect of the “value” of the system, compared to one or 

more performance thresholds. Drawing on Henry and Ramirez-Marquez (2016), Figure 2 gives an 

example of a system performance variable: The number of power outages in Hudson County, New 

Jersey, immediately before, during and after Hurricane Sandy in 2012. Figure 7 likewise implies a 

performance threshold, that is, the pre-hurricane number of power outages. 

 

Figure 7: Customers with power in Hudson County, New Jersey, before, during, and after Hurricane 
Sandy (Henry and Ramirez-Marquez, 2016) 

To Carpenter et al.’s (2001) second category, “To what?”, any uncertain condition variable can be 

assigned. These are variables that influence the system’s performance, and which may change 

unexpectedly over the lifetime of the system. In the example shown in Figure 7, uncertain conditions 

include the number, duration, footprint, and force of hurricanes over a given period of time.  

Adding to this model, we propose a third category, “How?”, referring to the resilient properties of 

the system. We define this category as the set of variables mediating between uncertain conditions 

and system performance. In Figure 7, resilient system properties might include the speed and cost of 

restoring power, or, taking a broader view of the system boundaries, the availability of decentralized 

backup power generators. Thus, the set of performance and condition variables, and the resilient 

properties mediating between them, depends on both the scope and life cycle over which system 

resilience is considered.  
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Combining the three variable types and the relationships between them, Figure 8 outlines a simple 

analytical framework for understanding system resilience.  

 

Figure 8: A conceptual model for understanding system resilience 

As shown in Figure 3, a system’s performance (P) is determined by a set of uncertain conditions (C), 

and a set of resilient properties (R), mediating between C and P. Taking a step further, the three sets 

of variables and their relationships can be expressed as a function: 

P = f(C, R)    Eq. 1 

In which, 

 P is the set of variables defining the performance of the system; 

 C is the set of uncertain variables influencing P; 

 R is the set of mediating variables, which, together with C, determine P; and finally, 

 f is the relationship between P, C, and R. 

Taking this view, the resilience of a system is determined by its ability to mediate between 

performance and uncertain conditions. Further, this distinguishes resilient systems from “brittle” 

and “robust” systems: The behavior of what Kalra et al. (2014, pp. 4, 8) term a “brittle system,” that 

is, a system with no resilient properties can be expressed as P = f(C), where the system’s 

performance P is determined by uncertain conditions C, with no mediating variables. Conversely, a 

“robust system,” as defined by De Weck et al. (2011, p. 186), can be expressed as P = f(R), where the 

performance P is insensitive to uncertain conditions. 

Drawing on Meerow and Stults (2016, p. 6) we can further distinguish between two types of 

resilience, “bounce back” and “bounce forward,” as illustrated in Figure 9.  

 

Figure 9: The two bounce directions of a resilient system; a) Bounce back and b) bounce forward 

Figure 9 illustrates the two bounce directions of a resilient system: (a) “bounce back” from worse-

than-expected conditions and (b) “bounce forward” under better-than-expected conditions. Figure 

9a mirrors the example depicted in Figure 7, where system performance bounces back from worse-

than expected conditions, plotting a “resilience triangle” of deviation from and return to its 

equilibrium (Pimm, 1991; Bruneau et al., 2003, p. 737; Florin and Linkov, 2016, p. 30). Figure 9b 
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depicts the equivalent “inverse resilience triangle,” in which system performance bounces forward 

under better-than expected conditions. 

Further, this distinguishes “fragile” and “antifragile” systems, as defined by Taleb (2013), as two 

species of bounce-back (Figure 4a). Thus, the performance of a “fragile system” bounces back from 

worse-than expected conditions to less than its pre-disturbance value, while the performance of an 

“antifragile system” bounces back to a state of greater than its pre-disturbance value—both as a 

consequence of the disturbance.  

Having thus distinguished three variable types of a resilient system and two bounce directions, the 

following section outlines our approach to analyzing the literature. 

4.3 Methodology 
Employing the framework described in the previous section, we base our research design on Francis 

and Bekera (2014), who used definitions to analyze resilience concepts across disciplines and system 

types. Focusing on definitions allows for coverage of a large number of studies by systematically 

identifying a shared and concisely formulated part of the resilience concept: Its definition. A 

definition, for the purpose of this paper, is understood as a statement of the meaning of a term (a 

word, phrase, or other set of symbols) (Levi, 2000, p. 49). Coupling this with a systematic review 

methodology enables transparency and reproducibility in our coverage of the field (Tranfield et al., 

2003, p. 209). Coverage is a significant challenge for any review of the resilience concept. The search 

term “resilience” yields 63.238 hits in the Scopus database (as of November 2017). While efficient, 

this method does not, however, capture the richness and nuance of the resilience concept as it 

appears in its original context. In addition, any qualifications, elaborations, or limitations 

accompanying the definition are omitted—that is, coverage comes at the cost of nuance.  

Accepting these limitations, an analysis of definitions seems well suited to our purpose of elucidating 

the key distinctions of the resilience concept across domains and system types. Further focusing 

efforts, this study is based on existing literature reviews of resilience definitions, covering a broad 

range of system types and disciplines. Building on definitions already identified and compiled by 

second-source research enables greater coverage than reviewing the original studies, at the cost of 

limiting our coverage to those areas of the field already included in existing literature reviews. Doing 

so, we necessarily accept the omission of literature not (yet) reviewed. 

Further narrowing the scope, Scopus subject areas of “nursing,” “psychology,” and “medicine” were 

excluded from the search, on the basis of direct relevance to the engineering systems field. Finally, 

further reducing the body of literature, book chapters were excluded as a source type.  

Using these criteria, the following search string was formulated for the Scopus database: TITLE-ABS-

KEY (resilience AND literature AND review) AND (EXCLUDE (DOCTYPE, “ch”)) AND (EXCLUDE 

(SUBJAREA, “MEDI”) OR EXCLUDE (SUBJAREA, “PSYC”) OR EXCLUDE (SUBJAREA, “NURS”)). The terms 

“literature” and “review” were used in the search string in place of Scopus’ own document type 

“review,” as this excluded known literature reviews from the sample. The operator “AND” was used 

between “literature” and “review” rather than “OR,” as the latter included five times as many hits, 

and with low relevance. This search string yielded 787 hits in the Scopus database (as of November 

2017). Based on these criteria, this search was chosen as the basis of the study. 

The abstracts of the identified documents were reviewed manually. All literature reviews (criterion 

1) on the subject of resilience (criterion 2) were selected for further study. Documents excluded at 

this step contained the word “resilience” and the word “review,” but with no connection between 

the two. On the basis of the review of abstracts, 111 documents were selected for further study. 
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These documents were screened manually, and all literature reviews compiling formal definitions of 

resilience were selected. This process identified the literature reviews 1-18, listed below. Reviews 

19-21 were included upon suggestion from anonymous reviewers, resulting in the following 21 

reviews: 

 Bhamra et al. (2011)  

 Hosseini et al. (2016) 

 Francis et al. (2014)  

 Wilt et al. (2016) 

 Kamalahmadi et al. (2016)  

 Righi et al. (2015)  

 Ali et al. (2017) 

 Matarrita-Cascante et al. (2017) 

 Reyes et al. (2017) 

 Meerow et al. (2016) 

 Modica et al. (2015) 

 Meerow et al. (2015) 

 Tukamuhabwa et al. (2015) 

 Xu et al. (2015) 

 Sanchez et al. (2017) 

 Roberta et al. (2014) 

 Ifejika et al. (2014) 

 Ponis et al. (2012) 

 Patriarca et al. (2018) 

 Olsson et al. (2015) 

 Bakkensen et al. (2017) 

The definitions included in these reviews were analyzed manually. For consistency with the search 

criteria (see above), two definitions from the field of psychology were excluded from the sample. In 

addition, two definitions synthesized Xu et al. (2015), and one by Speranza et al. (2014) from original 

sources were retained in the sample.  

One hundred and twenty-six repetitions were eliminated (equivalent to 33% of the total samples). 

This relatively high share of repetitions indicates good coverage of the field within the bounds of the 

chosen criteria. The overview of the sample (see the Online Appendix) retains the first definition 

encountered in the included reviews (in the order listed above), and this definition is referenced 

under the relevant review. Table 8 gives an overview of the process of elimination and the 

consequences for inclusion and exclusion in the sample. 
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Steps in the review Included Excluded 

Scopus search: TITLE-ABS-KEY ( resilience )  63,238 - 

Scopus search: TITLE-ABS-KEY ( resilience  AND  literature  AND review ) 1,630 61,608 

Excluding Scopus subject area ‘medicine’ - 554* 

Excluding Scopus subject area ‘psychology’ - 288* 

Excluding Scopus subject area ‘nursing’ - 116* 

Excluding Scopus source type; ‘book chapters’ - 76* 

Papers identified for manual review of abstracts 787 843 

Review papers identified for manual study 111 676 

Literature reviews identified containing definitions  of resilience 18 93 

Literature reviews suggested by an anonymous reviewers 3  

Total number of definitions identified in the literature reviews 380** - 

Definitions excluded for consistency (from the field of psychology) 378 3 

Repetitions eliminated from the sample of definitions 251 126 

Unique definitions identified and included in the study 251  

* Due to overlapping categories, the criteria sum to more than the total of 843 papers excluded. 

** As defined by (Levi, 2000, p. 49) 

Table 8: Criteria of exclusion and inclusion in the systematic literature review 

As shown in Table 8, the process resulted in a nonrepresentative sample of 251 unique definitions of 

resilience, covered by literature reviews—outside the subject areas of psychology, nursing, and 

medicine. In the Online Appendix, giving a complete overview, definitions are organized as in Table 

9. 

Reff. 

no. 

Author Definition System type Performance Uncertain 

conditions 

Resilient 

properties 

 From (Bhamra et al., 2011) 

(1)  Bodin 

and 

Wiman 

(2004) 

The speed at which a system 

returns to equilibrium after 

displacement, irrespective of 

oscillations indicates the 

elasticity (resilience). 

Unspecified/generic Equilibrium Displacement return speed 

(2)  Holling 

(1973) 

The measure of the 

persistence of systems and 

of the ability to absorb 

change and disturbance and 

still maintain the same 

relationships between state 

variables. 

Ecological systems Relationships 

between 

state 

variables 

Change, 

Disturbance 

Persistence, 

absorption 

(3)  Walker 

et al. 

(2004) 

The capacity of a system to 

absorb a disturbance and 

reorganise while undergoing 

change while retaining the 

same function, structure, 

identity and feedback. 

Ecological systems Function, 

structure, 

identity, and 

feedback 

Disturbance Absorption, 

reorganisation 

 

Table 9: Excerpt of the analysis of definitions of resilience (see full sample in the appendix) 

As shown, definitions are organized under the literature review in which they are included, and 

numbered in parenthesis for reference. The references to the original authors, as they appeared in 

the review, are listed in the second column. The definitions are listed in the third column. The fourth 

column “System type” contains our classification of the system type (Table 10). The remaining 

columns contain the three variable types shown in Figure 8. This classification was done manually, as 

shown in Table 9, using the definitions of the three variable types described in the previous section. 
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Turning to the distribution of the literature within these categories, 50% of the definitions in the 

sample specify all three variable types in Figure 8, while 46% specify two variable types. Four percent 

specify a single variable type, and 1% no variable types. Specifically, 67% specify one or more 

performance variables, while 91% specify one or more uncertain condition variables. 92% specify 

one or more resilient properties. Building on the column 4 in Table 9, the definitions in the sample 

were categorized into nine system types, as shown in Table 10. 

System type Number Share 

Supply chains 66 26% 

Unspecified/generic 46 18% 

Socio-ecological systems 36 14% 

Organisations/firms 31 12% 

Technical systems 26 10% 

Urban systems 25 10% 

Economic systems 12 5% 

Ecological systems 7 3% 

Tourism 2 1% 

Total 251 100% 

Table 10: Overview of system types in the sample by number and share of total sample 

Analyzing conceptual distinctions in the sample, guided by Figure 8, we searched for key distinctions 

in the sample in terms of resilience “of what,” “to what,” and “how.” Within each category in Figure 

8, we used a combination of automated and manual text analysis. The frequency of terms was first 

ranked automatically within each of the three variables types in Figure 8. Conceptually related terms 

were grouped manually, working from most to least frequently occurring terms. Through multiple 

iterations, the category of “other” was gradually minimized (but not eliminated) through 

aggregation or disaggregation of preliminary categories. Following Cohen and Lefebvre (2005), any 

bottom-up classification based on similarities and differences between objects (concepts, in our 

case) is not “objective” or “universal.” Alternative breakdowns of the same data, and at alternative 

levels of aggregation, thus remain both possible and valid. Thus, Tables 11–13 represent one 

possible set of classifications. The results of the analysis are detailed below. 

4.4 Results 
In the following, we identify key distinctions within the three variable types shown in Figure 8, 

classifying the performance, uncertain conditions, and resilient properties defined in the literature. 

  



43 
 

4.4.1 Performance variables in the literature: resilience of what? 
One hundred and fifty-two definitions in the sample specify one or more performance variables, that 

is, resilience “of what.” Table 11 gives an overview of these variables and their categorization. 

Category Common performance variables Numbera Sharea 

Function System function, output, service, requirements, operations, capacity, ability, 

operations 

76 50% 

State System state, state space, equilibrium, situation, regime 36 24% 

Structure System structure, components, relationships between variables, feedbacks, 

connectedness, persist, sustain 

18 12% 

Degradation System degradation, deterioration, vulnerability, damage,  7 5% 

Loss  Loss minimisation, devastation, destruction, harm, outages 7 5% 

Identity System identity, definition 4 3% 

Growth Growth, growth path/trajectory, development pathway 4 3% 

Behaviour System behaviour 3 2% 

Control Control 3 2% 

Others E.g. mobility, thriving, competitive advantage, strength 14 9% 

a
 Number and share sum to more than 152 and 100%, respectively, as some definitions specify variables in more than one 

category. 

Table 11: Resilience ‘of what’: Overview of performance variables in the sample 

As shown in Table 11, the literature specifies a wide range of performance variables. The majority of 

the resilience literature includes positive performance variables related to “system function,” 

specifying, for example, the maximization, retention, or restoration of “normal operations” (133) or 

“acceptable service level” (139). This category accounts for half of the performance variables in the 

sample. “Loss” minimization is a negative equivalent, that is, systems whose function is to minimize 

or prevent loss or harm, for example, “effects of disasters” (8) or “avoid maximum potential losses” 

(26).  

The second largest category specifies performance variables referring to the “state” of the system, 

often using systems theoretical terms to specify an “equilibrium” (50), an “original state” (192), 

“desired state” (187), or “state space” (186) of the system itself, to be retained, restored, returned 

to, etc. The third and fourth largest categories are likewise related to the state of the system itself: 

These specify various aspects of the “structure” of the system (to be preserved) or “degradation” (to 

be minimized). These categories include, for example, the preservation of “relationships between 

state variables” (2) or the ability to “sustain shocks without completely deteriorating” (41), 

respectively. In the same vain, system “identify” likewise specifies inward-looking performance 

measures (e.g., (3) in Table 9). 

Coupling these observations with system type suggests an underlying distinction between systems 

that are ends in themselves, and systems that are means to higher ends. A higher share of the 

literature on the former, for example, socio-ecological systems (8) or ecological systems (42), 

specifies performance variables related to system identity, structure, and degradation than systems 

serving higher ends, for example, technical systems (245) and supply chains (209).  

In summary, Figure 10 illustrates two key distinctions between performance variables referring to (a) 

the function of the system versus the state of the system and (b) performance variables to be 

minimized, preserved, or maximized. 
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Figure 10: Key distinctions between performance variables (references to Appendix in parenthesis) 

4.4.2 Uncertain conditions in the literature: resilience to what? 
Turning now to the uncertain conditions to which a system is to be resilient, 230 definitions in the 

sample specify one or more condition variables, that is, resilience “of what.” Table 12 gives an 

overview of these variables and their categorization. 

Category Common condition variables Numbera Sharea 

Disruption Disruption, interruption, disturbance, perturbation, shock, accident 122 53% 

Change Change, shift, alteration, discontinuity 37 16% 

Event Event, incident, occurrence 31 13% 

Damage Damage, disaster, emergency, catastrophe, harm, trauma, destruction, 

misfortune, negative impacts, accidents 

26 11% 

Adversity Adversity, stress, strain, challenge, problem, attack, crisis 29 13% 

Risk Hazard, danger, risk, threat 18 8% 

Uncertainty Uncertainty, unpredictability, surprise, the unexpected 7 3% 

Turbulence/ 

variation 

Variation, oscillation, turbulence 6 3% 

Failure Failure, faults, breakdowns 6 3% 

Others Displacement, uncertain demands, compromised nodes, mistakes, 18 8% 

a Number and share sum to more than 230 and 100 percent, respectively, as some definitions specify variables in more 

than one category.. 

Table 12: Resilience ‘to what’: Overview of uncertain conditions in the sample 

As shown in Table 12, the resilience literature contains a wide range of uncertain conditions, 

including, for example, “stress” (182), “disasters” (176), “external shocks” (42), “crises” (24), and 

“turbulent change” (46). Among condition variables, the sample contains both temporary/singular 

events, change to new permanent states, and continuous fluctuation. (106) distinguishes between 

“major mishap” and “continuous stress,” while (19) distinguishes between “disruptive event” and 
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“continuous stress.” (44) distinguishes between “change” and “disturbance.” A conceptually 

interesting outlier, (243), defines supply chain resilience as “[…] not only as the ability to maintain 

control over performance variability in the face of disturbance but also a property of being adaptive 

and capable of sustained response to sudden and significant shifts in the environment in the form of 

uncertain demands.” Here, changing performance requirements (demands) are themselves included 

as an uncertain condition. 

The sample specifies both internal and external conditions, that is, both uncertain conditions within 

system boundaries and in the surrounding environment. (93) specifies “external events” only, but 

most definitions making this distinction include both. For example, (13) and (31) include “external” 

as well as “internal” disruptions. As shown in Table 12, the majority of definitions in the sample 

specify negative conditions, for example, “stress” and “disasters” (57), “shock” (170) and “cyber 

attacks” (59). However, the sample contains examples of favourable (or neutral) conditions, for 

example, “alteration” (145), “change” (113), “trends” (150), and “surprises” (169). 

Figure 11 summarizes the key distinctions between condition variables in the sample referring to 

events, change, turbulence and variability and favorable, neutral and negative conditions. 

 

Figure 11: Key distinctions between uncertain conditions (references to Appendix in parenthesis)  
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4.4.3 Properties of resilient systems in the literature: resilience how? 
The 232 definitions in the sample specify one or more resilient properties, that is, the “how” of 

resilience. Table 13 gives an overview of these variables and their categorization. 

Classification Common resilient properties Numbera Sharea 

Recovery Recover, return, self-righting, reconstruction, bounce back, restore, 

resume, rebuild, re-establish, repair, remedy 

122 53% 

Absorption Absorb, tolerate, resist, sustain, withstand, endure, counteract 82 35% 

Adaptation Adapt, reorganise, transform, adjust, re-engineer, change, flexibility, 

self-renewal, innovation 

67 29% 

Reaction Respond, react, alertness, recognition, awareness 20 9% 

Improvement Improve, grow 18 8% 

Prevention Prevent, avoid, circumvent 17 7% 

Minimal/ 

graceful 

deterioration 

Minimal, restricted, acceptable, contained, graceful 

deterioration/degradation 

17 7% 

Anticipation Anticipate, predict, plan, prepare 15 6% 

Coping Coping, cope 15 6% 

Survival Survival, persistence 12 5% 

Mitigation Mitigation, manage consequences 7 3% 

Others Learning, management, action, resourcefulness 26 11% 

a Number and share sum to more than 232 and 100%, respectively, as some definitions specify variables in more than one category. 

Table 13: Resilience ‘how’: Overview of resilient properties in the sample 

The literature proposes a wide range of properties of resilient systems right across the risk-response 

chain. The literature includes examples of both resilience to causes, consequences, and both. For 

example, (89) includes both prevention and mitigation, (162) defines resilience as “[…] a spectrum, 

ranging from avoidance of breakdown to a state where transformational change is possible,” and 

(95) specifies “An ability not just to recover from hits but to avoid problems altogether.” (103) 

includes both the period before and after a disturbance when defining as follows: “Resilience is the 

intrinsic ability of a system to adjust its functioning prior to, during, or following changes and 

disturbances […].” (96) includes “anticipation” as a property of resilient systems: “First, a reactive 

capacity of the company to resist an external event; second, a more active capacity to anticipate 

events and thus open new development pathways.” However, elsewhere (100) by the same author 

defines resilience as “[…] an organization’s ability to adjust to harmful influences rather than to shun 

or resist them.” In addition, (44) includes only capabilities applied “[…] during and after the event,” 

but not before. 

As shown in Table 13, a recurring distinction in the literature is the ability of a system to absorb, 

resist, or withstand uncertain conditions, and the ability of the system to react, adapt, or change in 

various ways. This dichotomy is reflected in the sample under many names, for example, “dynamic” 

versus “static” (27), “proactive” versus “passive” (29), “reactive” versus “active” (96), “resist” versus 

“change” (47), and “stability” versus “flexibility” (38). (27), for example, states that: “Static economic 

resilience is the capability of an entity or system to continue its functionality like producing when 

faced with a severe shock. Dynamic economic resilience is defined as the speed at which a system 

recovers from a severe shock to achieve a steady state.” (29) makes a similar distinction: “The sum 

of the passive survival rate (reliability) and proactive survival rate (restoration) of a system.” (38) 

distinguishes between “[…] a balance of stability and flexibility.” (67) distinguishes between “[…] 

resisting or changing to reach and maintain acceptable functioning.” As shown in Table 13, the 
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majority refer to various forms of “recovery.” (35), for example, specifies the return to the “[…] 

original state or an adjusted state based on new requirements.” This is followed by the ability to 

absorb, tolerate, or resist uncertain conditions. (103), for example, refers to the ability to “sustain 

required operations.”  

While variants of recovery and absorption are most common, the literature also includes improved 

performance in response to uncertain conditions, in addition to survival and persistence of the 

system itself, as shown in Table 13. In addition, as shown, 8% of definitions fall under the 

“improvement” (20) category, specifying some offensive capability to bounce forward (Figure 4) 

under uncertain conditions. Among these, (19) refers to the ability to “[…] improve functioning 

despite the presence of adversity,” (46) specifies “[…] the capacity for an enterprise to survive, 

adapt, and grow in the face of turbulent change,” while (65) specifies a return to “the original or a 

more efficient state,” post disruption. This category is not evenly distributed across the literature, 

being twice as prevalent in supply chain resilience, and with no examples in technical or urban 

systems. The distinction between bounce back and bounce forward in the literature seems to reflect 

the value of a system’s status quo, that is, whether the best that can be expected from a system is its 

continued operation (e.g., urban transportation networks (58)) or whether change is, in fact, 

necessary for expected system performance or survival (e.g., firms, industries, technologies, and 

institutions (28)).   

An addition vain of the resilience literature allows for minimal, acceptable, or graceful deterioration 

of performance. (15), for example, specifies “acceptable degradation,” (34) and (52) specify 

“minimum level of service” during interruptions, while (70) allows for “[…] a given percentage of pre-

disaster operations.” In summary, Figure 12 shows the key distinctions between resilient properties 

in the literature, including recovery, absorption, improvement, in addition to two forms of 

degradation and survival. 

 

Figure 12: Key distinctions between resilient properties (references to Appendix in parenthesis) 
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4.5 Conclusions and implications 
This paper clarifies the key distinctions of resilience concept and their implications for engineering 

systems. This paper analyzes 251 definitions in the resilience literature and identifies a number of 

key distinctions. Analyzing the resilience literature from three angles, we ask; resilience of what, to 

what, and how? 

In answer to the first question, of what?, the literature distinguishes a wide range of performance 

variables be (a) minimized, (b) preserved, or (c) maximized, and further distinguishes between 

systems that are (a)means to higher ends and (b) systems that are ends in themselves. In answer to 

the second question, to what?, the literature specifies a range of positive and negative uncertain 

conditions both within and without system boundaries. These include (a) adverse events, (b) adverse 

change, (c) turbulence, (d) favorable events, (e) favorable change, and (f) variation. Finally, in answer 

to the third question, how?, the literature distinguishes properties right across the risk-response 

chain, including: (a) recovery, (b) absorption, (c) improvement, (d) graceful degradation, (e) minimal 

deterioration, and (f) survival.  

The key distinctions in the resilience literature outline a morphology of resilient systems, suggesting 

answers to three principal design questions, which must be asked of any engineering system: 

Resilience of what, to what, and how? In this light, no “best” definition of resilience exists 

independently of the answers to these questions. These, in turn, depend on at least three more 

fundamental questions about the system in question: Is it a means or an end in itself, is the status 

quo a “best case” to be defended or a baseline for improvement, and finally, is the existence of the 

unknown ultimately a good or a bad thing, or both? 
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5. Paper B: Wrong, but not failed? A study of unexpected events and 

performance in 21 engineering projects 
The Stormwater Management and Road Tunnel, two reasons to exist 

The Stormwater Management and Road Tunnel (SMART) under Kuala Lumpur, 

Malaysia, has three levels; two for road traffic and a lower level for carrying flash 

floods from the Klang River out to the Kerayong River. During major storms, the two 

traffic lanes are closed and stormwater is directed through the upper levels of the 

tunnel. The cost of the multipurpose tunnel is less than the alternative: a traffic-only 

tunnel and a dedicated stormwater tunnel (Kalra et al., 2014). Photo credit: Emran 

Kassim, under CC BY 2.0 license. 

Box 5: The SMART tunnel, a bi-functional tunnel 

Paper B presents an analysis of unexpected events and project performance in 21 engineering 

projects in Norway. Paper B is the main paper related to RQ2 of the thesis, asking why do some 

complex engineering projects fail, while others succeed, despite, or even because of, unexpected 

events? Table 14 gives an overview of the paper. 

Paper B Wrong, but not failed? A study of unexpected events and performance in 21 engineering projects 

Authors Morten Wied (main author), Ergo Pikas, Torgeir Welo, Josef Oehmen 

Journal International Journal of Managing Projects in Business 

Status Submitted, under review 

Aim Paper B aims to understand the impact of unexpected events on project performance identify the 
properties of resilient projects. 

Research 
question 

How do unexpected events impact project performance, and what are shared the properties allowing 
some projects to succeed, despite or even because of unexpected events? 

Method A retrospective analysis of unexpected events and project performance, based on ex post evaluations of 
21 engineering projects in Norway. 

Contribution Paper B finds that unexpected events impact project performance relative to competing alternatives 
foregone by their implementation (C3) and identifies four properties distinguishing projects able to 
succeed despite, or because of, unexpected events from projects which cannot (C4). 

Table 14: Overview of Paper B 

Paper B is under review at the International Journal of Managing Projects in Business. A pre-print is 

presented here, although with section, figure, table numbering and references integrated into the 

overarching reference system at the end of the thesis. In addition, summaries of the evaluated 

projects are included in Appendix VI. 

Abstract 
Purpose: Most complex engineering projects encounter unexpected events through their life cycle. 

These are traditionally attributed to inaccurate foresight and poor planning. Outlining a non-

anticipatory alternative, resilient systems theory seeks to explain the ability to rebound from 

unexpected events, without foresight. 

Design/methodology/approach: Investigating project resilience, this paper studies the relationship 

between unexpected events and project performance in 21 projects. We perform a systematic 

review of project ex-post evaluations 3-12 years after project completion. 

Findings: First, we find that all projects encountered unexpected events, even when discounting 

planning error. Second, we find that, as a consequence, projects underperformed, not necessarily 

relative to formal criteria, but relative to competing alternatives – known or imagined – foregone by 

their implementation. Finally, we identify four types of resilient projects – superior, equivalent, 

compensatory, and convertible projects – as opportunities for building project resilience. 
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Originality: Departing from traditional efforts to ‘de risk plans’ and ‘de-bias planners this paper 

focuses on the properties of projects themselves, as an alternative to improved foresight and up-

front planning. 

5.1 Introduction 
Most complex engineering projects encounter unexpected events through their life cycle, 

significantly affecting project performance (Miller and Lessard, 2001; de Bruijne and van Eeten, 

2007; Cantarelli et al., 2010; McAdam, 2011; Flyvbjerg, 2014; Montanari and Querzoni, 2014; KPMG, 

2017).  

In traditional project management, this is widely held to be a problem of poor planning, optimism 

biases and deliberate deception (Morra and Thumm, 1997; Flyvbjerg, Bruzelius and Rothengatter, 

2003; Samset and Volden, 2014; Merrow and Nandurdikar, 2018). Following Engwall (2003, p. 791), 

in this vein, research and practice has focused on solving two principal problems: 1) how to structure 

and plan project activities in order to meet the stipulated objectives, and 2) how to ensure that 

project activities are executed according to the stipulated plan. Efforts have focused primarily on 

‘de-risking’ plans and ‘de-biasing’ planners, aiming at closing the gap between plan and reality 

(Cantarelli et al., 2010; Samset, 2010; Merrow, 2011; Samset and Volden, 2016).  

While this has weeded out poorly conceived projects and unmasked deceptive planners, there is 

little evidence, that this has improved net performance over time, as projects have simultaneously 

become larger and more complex (Morris and Hough, 1991, p. 4; Miller and Lessard, 2001; Shenhar 

and Dvir, 2007; Rolstadås et al., 2011). In general, the performance of complex engineering projects 

has remained consistently poor over the past century, measured on monetary, environmental, and 

societal criteria (Flyvbjerg et al., 2003).  

There is now a growing recognition that, in complex projects, unexpected events cannot be 

eliminated by up-front planning, regardless of its level of sophistication (de Meyer et al., 2002; Pich 

et al., 2002; Williams, 2005; Lenfle and Loch, 2010; Crosby, 2014; 2014; Kutsch et al., 2016). 

Fundamentally, it is not possible to undertake a complex project knowing the possible outcomes, 

their probabilities and their consequences. This places fundamental constraints on methods like 

robust decision making, real-options evaluation and probabilistic risk management, premised on 

foreknowledge of some or all of these (Black and Scholes, 1973; Kaplan and Garrick, 1981; Lempert 

et al., 2003; Apostolakis, 2004; Kalra et al., 2014).  

Following Wied et al. (2020, p. 75), the unpredictability of complex projects challenges the 

presumption of ‘information-before-action’, underpinning traditional project management. Weick 

and Sutcliffe (2007, pp. 66–67) goes further, arguing that anticipatory planning may itself be part of 

the problem, in that it 1) reduces the number of things people notice, 2) constrains improvisation, 

and 3) presumes consistent outcomes if patterns of activity that worked in the past are repeated.  

At the same time agility, adapted from software development (Beedle et al., 2001; Schwaber and 

Beedle, 2002), has proven difficult, as many complex engineering projects are not made up of 

independently functional parts, built by self-managing teams in time-boxed increments (Daneshgari 

and Wilson, 2006; Owen et al., 2006). Also in this vein, ‘planned flexibility’ has been limited to event-

specific contingencies and switching between pre-defined classes of change (de Weck et al,. 2011, p. 

187), while ‘unplanned flexibility’ has been shown to increase cost-overrun and further de-scope 

projects (Olsson, 2008, 2016). 
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5.1 Project resilience 
Seeing an alternative to foresight and luck, there are now calls for a paradigm shift towards 

increasing resilience to unexpected events. Crosby (2014, p. 7) argued that, since the unknown 

cannot be planned in detail, an alternative method is to prepare with the expectation that 

unexpected events will occur, and that some solution will be needed. Crosby (2012, p. 2) defined 

‘project resilience’ as the ability to recover from, or adjust easily to, misfortune or change. 

Prescribing a similar ethos, Miller and Lessard (2001, p. 204) argue for planning for the journey 

rather than planning the journey. Similarly, Nicholas (2004, p. 325), argue that expecting the 

unexpected is often better preparation than preparing extensive plans and believing that 

uncertainty has been tamed. 

In support of this view, Dvir and Lechler (2004) showed diminishing returns to planning; the effect of 

high-quality planning is almost completely overwritten by plan changes along the way, however, 

these changes themselves positively affect project performance. Reviewing turbulent historical 

projects – Atlas, Polaris, Apollo, Manhatten, and Sidewinder – Lenfle and Loch (2010) and Lenfle 

(2014) found them not even remotely adhering to established planning practices, but attributed 

their success to the ability to manage unexpected events.  

In project management, resilience remains an underdeveloped concept (Naderpajouh et al., 2020). 

Here, resilience research has been synonymous with transferring mindsets and attitudes of ‘high 

reliability organizations’ (HROs) (Roberts, 1984) to project organizations and teams (Turner et al., 

2019; Karlsen and Berg, 2020). In this vein, Weick and Sutcliffe (2007) proposes organizational 

attitudes like preoccupation with failure, reluctance to simplify, sensitivity, commitment, and 

deference to expertise. Building on these concepts, Kutsch et al. (2016) prescribes ‘mindfulness’ in 

noticing, interpreting, preparing for, and containing unexpected events. Also inspired by HROs, Loch 

et al. (2006) – building on Pich et al. (2002) and Sommer and Loch (2004) – argue for ‘learning’ (re-

planning) and ‘selectionism’ (parallel trials), as the two fundamental strategies available to projects 

under deep uncertainty. Building further on this work, Geraldi (2010, p. 548) argues that “it is not a 

question of if, but when, unexpected events will emerge”, and goes on to identify structural, social, 

and individual characteristics of project organizations successfully managing unexpected events. 

Crosby (2012) identifies ‘launch conditions’, for resilient projects emphasizing ‘a lessons-learned 

culture’, and ‘clear reporting and decision structures’, aiding projects overcome unexpected events.  

Beyond organizational mindsets and attitudes, the properties of resilient projects themselves remain 

poorly understood (Aven, 2019; Naderpajouh et al., 2020). Following Aven (2019), by increasing the 

resilience of a project, its ability to manage unexpected events is, in principle, enhanced without the 

need to perform risk calculations; ‘event-specific’ contingency plans and risk registers are replaced 

by a form of ‘general preparedness’ (Aven, 2017, p. 536). Beyond this broad ethos, theoretical and 

practical understanding of project resilience remains underdeveloped.  

Investigating two central research questions of project resilience, we ask: What is the relationship 

between unexpected events and project performance? And, what are shared the properties allowing 

some projects to succeed, despite, or even because of, unexpected events? Aiming to identify the 

properties of resilient projects, this paper investigates unexpected events and performance in 21 

engineering projects in Norway, evaluated 3-12 years after completion. In doing so, we seek to 

outline the theoretical underpinnings of project resilience and to identify criteria for planning and 

selecting projects for greater resilience. 

The remainder of the paper is organized as follows: The next section outlines the research design of 

the paper. The third section (5.3) reviews unexpected events and project performance in 21 
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engineering projects. The fourth section (5.4) analyses criticisms and defenses of projects, in light of 

these events, and identifies properties of resilient projects. Finally, the fifth and sixth discusses our 

findings and concludes the paper. 

5.2. Research design 
The research design is a systematic review of 21 engineering projects in Norway. The study permits 

replication logic (Yin, 2014), so that projects are treated as a series of independent experiments used 

to confirm or disconfirm emerging conceptual insights. We follow Yin (2014, pp. 40–41) and Kvale’s 

(1996, p. 233) principles of analytical generalization; that is, using data from one set of specific cases 

to develop theoretical concepts that apply to other cases.  

5.2.1 Data 
This paper is based on a dataset of systematic evaluations of 21 engineering projects in Norway, 

conducted 3-12 years after project completion. The evaluations are commissioned by the Concept 

Research Programme, NTNU, from independent external evaluators, as part of a quality assurance 

scheme of all projects requiring parliamentary approval. Under this scheme, project plans were 

subjected to independent review, resulting in rejection, revision, and/or recommendation of project 

plans, prior to parliamentary approval (Samset and Volden, 2014). The authors of this paper are 

unaffiliated with the Concept Research Programme, although we employ the dataset with 

permission. 

By 2017, 252 projects had been initiated under the scheme, and some 40 projects had been 

completed (Volden and Samset, 2017). About half of these – 21 projects – were subsequently 

evaluated. With two exceptions, evaluated projects had been in operation for three or more years at 

the time of the evaluation. Each evaluation 1) compares project plans (after quality assurance) to the 

actuality of the project, and 2) scores each project on a set of standardized performance criteria (see 

below). Evaluations were conducted using a standardized format (Samset, 2003), following a set of 

shared guidelines (The Concept Research Programme, 2015).  

While about half of the projects completed under the scheme have been evaluated, these are not a 

random sample (Volden and Samset, 2017). Projects were selected for evaluation based on 1) the 

order in which they were completed, 2) to ensure spread across sectors (although defense projects 

are underrepresented because of classified information), 3) projects considered particularly 

instructive or informative, and 4) the likelihood of undertaking similar projects in the future. 

Adopting this dataset, entails three important limitations of the study: 1) We see projects only 

through the eyes of evaluators (and interviewed stakeholders), 2) only as conveyed by the 

evaluation reports, and 3) only the project life cycle up to the time of the evaluation. With this in 

mind, the evaluations are not a reflection of ‘daily life’ of project implementation and does not 

record the ‘lived experience’ of project management or stakeholders. The evaluations focus 

primarily on major events and decisions of the project, doubtlessly omitting many small, but 

consequential events. Nor is there necessarily agreement on the evaluation results, and we are 

forced to accept the evaluators’ view of the world. Being mindful of these limitations, for our 

purposes of studying the relationship between unexpected events and project performance, we 

consider the dataset a good record of 1) deviations from plan, and 2) assessments of project 

performance. Further, the dataset gives us insight into a wide range of projects over a comparatively 

long period of time. 

Evaluated projects were implemented 2001-2012, and vary in size from NOK 300 million to NOK 5.6 

billion. The dataset includes eight road projects, five building projects, four railway projects, two IT 
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projects, and two defense projects. The projects are ‘engineering’ projects, involving the creative 

application of scientific principles to design or develop structures, machines, apparatus, or 

manufacturing processes (ECPD, 1947). All projects fall into Söderlund’s (2004) category of inter-firm 

projects, as these are single projects with multiple organizations involved in their implementation. 

Following, Shenhar and Dvir (1996), most projects project are ‘low- to medium tech’ (with the 

possible exception of the high-tech Project 21). Table 15 gives an overview of the 21 projects and the 

evaluation methodologies. 
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1 Railway 2001 2005 2012 ✓ ✓ ✓  

2 Railway  2009 2011 2017 ✓ ✓ ✓  

3 Railway 2005 2009 2015 ✓ ✓ ✓ ✓ 

4 Railway 2009 2011 2017 ✓ ✓ ✓  

5 Road 2005 2007 2015 ✓ ✓ ✓  

6 Road 2005 2007 2012 ✓ ✓ ✓ ✓ 

7 Road 2002 2005 2014 ✓ ✓ ✓ ✓ 

8 Road 2005 2008 2017 ✓ ✓ ✓ ✓ 

9 Road 2004 2005 2017 ✓ ✓ ✓ ✓ 

10 Road 2003 2008 2014 ✓ ✓ ✓  

11 Road 2003 2007 2014 ✓ ✓ ✓  

12 Road 2006 2009 2015 ✓ ✓ ✓  

13 Prison 2007 2010 2016 ✓ ✓ ✓ ✓ 

14 College 2003 2006 2015 ✓ ✓ ✓ ✓ 

15 Opera house 2003 2008 2016 ✓ ✓ ✓  

16 Border checkpoint 2004 2005 2012 ✓ ✓ ✓ ✓ 

17 Science park 2003 2005 2014 ✓ ✓ ✓ ✓ 

18 IT system 2006 2010 2014 ✓ ✓ ✓  

19 IT system 2008 2012 2015 ✓ ✓ ✓  

20 Army training facility 2002 2012 2015 ✓ ✓ ✓ ✓ 

21 Six navy vessels 2003 2013 2012 ✓ ✓ ✓  

Note: Project 21 was not completed at the time of the evaluation. 

Table 15: Overview of projects and evaluation methodology 

Following a standardized format, each evaluation provides the background for initiating the project, 

an account of major events and decisions in the project before and after handover, their 

consequences for project performance, and (iv) performance scores on six performance criteria. 

Where needed, further clarification and verification on project detailed were obtained directly from 

the Concept Research Programme.  

5.2.2 Theory and methodology 
Etymologically resilience means to rebound, from its Latin root 'resilio’ (Rose, 2017). Operationalizing 

the concept of resilience, we turn to Holling (1973, p. 21), who first used the term to describe the 

ability to manage unexpected events, without the necessity of foresight. Grounded in General 
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Systems Theory (Bogdanov, 1917; Bertalanffy, 1969), resilience can be defined as the ability to resist 

or recover from unexpected events, thus retaining or regaining an acceptable level of performance 

despite, or because of, unexpected events (Henry and Ramirez-Marquez, 2016; Aven, 2017). Building 

on Wied et al. (2020), the behavior of a resilient project can be illustrated as in Fig. 13. 

 

Figure 13: The performance characteristics resilient projects, adapted from Wied et al. (2020) 

Thus, this study is scoped by three concepts; 1) unexpected events, 2) project performance and 3) 

resilient properties mediating the relationship between the two. Adopting this as our analytical 

model, evaluations were reviewed, following a two-pronged approach, first proving a ‘top down’ 

overview and, second, a ‘bottom up’ analysis of each evaluation. Thus, evaluations were first 

reviewed manually and summarized in a ~250 word project abstract (included in the appendix A). 

Second, the detailed information in each evaluation report were coded systematically, using Atlas.ti 

software. Each of the three concepts are operationalized in the following. 

5.2.3 Unexpected events 
Following Simons (1998), the study includes ‘significant’ unexpected events, i.e., events that impact 

the ability to implement the intended plan or to realize its intended effects, creating what Gilad 

(2004, p. 7) calls ‘dissonance’ between the plan and observed reality. Following Wied et al. (2020), 

unexpected events can take many forms, including single-point-in-time events, permanent change, 

continuous fluctuation, etc. Importantly, following Williams (2017), in complex projects, unexpected 

events are typically the product of multiple unobserved, upstream causes, some of which are 

cascading and self- reinforcing. Thus, unexpected events are not necessarily traceable to a single 

root cause, while their consequences continue out of view, downstream in the causal chain. Finally, 

following Aven (2017, p. 538), unexpected events may be unexpected to some but not to others, i.e. 

‘unknown knowns’.  

Recognizing this, we study unexpected events from the point, and at the level of abstraction, at 

which they are identified by evaluators. Here, an unexpected event is an observed deviation from 

plan, as recorded by evaluators. Thus, we define an unexpected event as the unplanned arrival of 

new information after project launch, with potential or realized consequences for project 

performance. As shown in Table 17, we grouped recorded unexpected events into several classes, 

based on their characterization in the evaluation report.  

5.2.4 Project performance 
Concepts like project ‘performance’, and thresholds of ‘success’ or ‘failure’ are widely discussed in 

the literature (de Wit, 1988; Pinto and Slevin, 1988; Jugdev and Müller, 2005; Ika, 2009; Kreiner, 

2014). Notably, no consensus exists about these criteria in the broader project management 

literature. 
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Our dataset contains two indications of project performance: 1) normative assessments of projects 

made by evaluators and stakeholders, and 2) the resulting performance score of projects on the 

criteria used in the in the Norwegian performance measurement scheme. We include both of these 

in the study.  

Turning to the first of these, the evaluations contains a wide range of normative assessments made 

about projects by both evaluators and stakeholders. Evaluators’ assessments were given in 

explanation of the formal performance score of each project (see below). Stakeholders’ assessments 

includes a broad range of opinions from parties affected by projects, interviewed for each 

evaluation. These vary by project and include sponsors, owners, users, environmental organizations, 

unions, neighbors, etc.  

We analyze all normative assessments made about the projects by evaluators and stakeholders, 

recorded in evaluation reports. We first classify as ‘normative’ any statement implying an ‘ought’ or 

‘should’ (Wood, 2007, pp. 158–172). Second, following Walton (1990), we classify as ‘negative’ any 

statement implying an argument against the project, or some aspect of it, in light of an unexpected 

event. Conversely, we classify as ‘positive’ any statement implying an argument for or defense of the 

project, or some aspect of it, made despite, or because of, an unexpected event.  

Following Komatsu (1992), we grouped assessments by shared attribute, using a two-part 

classification question; a) what aspect of the project was criticized/defended in light of unexpected 

events, and b) with reference to what performance baseline? Thus the first part identifies the ‘object’ 

criticized or defended, while the second part identifies that standard against which it is held. To 

achieve a mutually exclusive and collectively exhaustive classification (within the data), we followed 

four classification rules: 

1. All assessments in a class share one or both attributes of the classification question; 

2. All final classes are non-overlapping, i.e., mutually exclusive; 

3. The total classification is exhaustive, i.e., containing all normative assessments; 

4. The total classification is analytically generalizable beyond the projects in the dataset. 

Within these rules, the process of classification followed four steps: 

1. Starting from the classification question, similar assessments were loosely grouped; 

2. Groups with overlapping attributes were split as per classification rule 2 (exclusiveness); 

3. Non-conforming approaches were allocated to a non-categorized residual; 

4. Starting from the residual, steps 1-3 were repeated until classification rule 3 

(exhaustiveness) was fulfilled. 

Iterating steps 1-4 resulted in a stable grouping of tree classes of negative assessments and four 

classes of positive assessments (see next section). Following Cohen and Lefebvre (2005), any such 

bottom-up classification, i.e., not starting from pre-defined categories, is necessarily subjective, and 

only one of several ways to categorize the same data. Thus, alternative categorizations at both 

higher and lower levels of abstraction are both possible and valid. Following Gioia et al. (2013), Table 

19 and Table 20 shows the relation between assessments observed in the data and the theoretical 

constructs drawn from them.  
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The second performance indicator is evaluators’ performance score on the six criteria used in the 

Norwegian performance measurement scheme (Samset and Volden, 2016), summarized in Table 16. 

Criteria Description Baseline 

1 Efficiency Whether project outputs have been delivered as 

planned, and in accordance with the budget; whether it 

could have been done cheaper, more quickly and with 

higher quality. 

Realized vs. planned cost, schedule, 

and requirements, and/or 

comparison to projects of the same 

type. 

2 Effectiveness The extent to which project objectives have been 

achieved; that is, the realization of the effects of the 

project for its immediate users.  

Realized vs. planned fulfilment of 

stated project goals. 

3 Relevance Whether project objectives are aligned with needs and 

priorities of users and wider society. 

Realized vs. planned needs 

satisfaction and/or compliance with 

societal requirements. 

4 Sustainability Whether the positive effects of the project can and/or 

will be sustained after the completion of the project. 

Realized (or projected) vs. planned 

long-term viability of intended 

project effects. 

5 Impact All other positive and negative, intended and 

unintended effects of the project, both in the short and 

in the long term. 

Realized vs. planned impact of the 

project. 

6 Net present 

value 

Socio-economic benefits relative to the socio-economic 

costs of the project. 

Realized vs. planned net present 

value * 

* Projects with hard-to-monetize effects, e.g. defense projects were scored subjectively, using expected (planned) costs 

and socio-economic benefits as the baseline. Similarly, projects with expected negative NPV were scored relative to this 

initial expectation. 

Table 16: Standardized performance criteria 

Evaluators scored project performance from 1-6 on each criteria. Across criteria, a score of 4 

indicates ‘acceptable performance’, i.e., that the project performs as planned and on a par with 

similar projects. Scores of 1-3 indicate less than acceptable performance, while 5-6 indicate a more 

than acceptable performance (The Concept Research Programme, 2015). 

5.2.5 Resilient properties 
We classify, as a resilient property, any characteristic of a project which allowed project performance 

to resist to or recover despite, or because of, unexpected events. Following Roumboutsos et al. 

(2017, p. 99), we include in this adaptive properties, i.e., changes made to projects in response to 

unexpected events, and inherent properties, i.e., features already ‘designed into’ projects prior to 

encountering unexpected events. Thus, drawing on Meerow et al. (2016, p. 6), we include both 

performance ‘bounce back’ from negative unexpected events and ‘bounce forward’ from positive 

events. Thus, the study includes in this category any characteristic of a project allowing it to retain or 

regain (Henry and Ramirez-Marquez, 2016; Aven, 2017) acceptable performance after an 

unexpected event. 

5.3 Analysis and results 
This section reviews unexpected events and project performance in the 21 projects in the sample. 

Table 17 summarizes unexpected events, formal performance scores, and estimated and realized 

project costs. 

  



57 
 

 
P

ro
je

ct
 r

ef
er

en
ce

 (
P

#)
 

P
ro

je
ct

 t
yp

e 

Type of unexpected event Performance scores Costs 

C
h

an
gi

n
g 

re
q

u
ir

em
e

n
ts

 

Te
ch

n
ic

al
 p

ro
b

le
m

s 

P
la

n
n

in
g 

er
ro

r 

D
em

an
d

 c
h

an
ge

s 

Si
d

e-
ef

fe
ct

s 

A
d

ja
ce

n
t 

d
ev

el
o

p
m

en
ts

 

ec
o

n
o

m
ic

 c
o

n
d

it
io

n
s 

O
th

er
 e

ve
n

ts
 

Ef
fi

ci
en

cy
  

Ef
fe

ct
iv

en
es

s 
 

Im
p

ac
t 

 

R
el

ev
an

ce
  

Su
st

ai
n

ab
ili

ty
  

N
et

 p
re

se
n

t 
va

lu
e

 

P
8

5
 c

o
st

 e
st

im
at

e 

(M
N

O
K

) 

R
ea

liz
ed

 c
o

st
 (

M
N

O
K

) 

1 Railway ✓  ✓ ✓  ✓   5 3 4 5 5 3 4,165 3,714 

2 Railway ✓ ✓  ✓ ✓ ✓   4 3 3 3 4 2 1,679 1,575 

3 Railway   ✓ ✓ ✓  ✓  4 4 4 5 5 3 1,517 2.421 

4 Railway   ✓   ✓   4 3 4 4 4 2 731 730 

5 Road ✓ ✓  ✓  ✓   4 5 3 5 4 4 759 747 

6 Road ✓ ✓ ✓ ✓ ✓  ✓ ✓ 3 5 4 5 5 6 490 583 

7 Road ✓ ✓ ✓ ✓     5 6 5 5 5 6 964 850 

8 Road  ✓ ✓     ✓ 4 5 4 5 4 6 3,089 3,034 

9 Road  ✓     ✓  5 5 4 5 4 6 905 526 

10 Road ✓      ✓ ✓ 5 6 5 4 5 5 1,145 1,062 

11 Road  ✓  ✓     4 5 4 3 4 3 1,500 1,380 

12 Road  ✓  ✓ ✓    5 5 5 5 5 6 706 615 

13 Prison ✓  ✓    ✓ ✓ 5 4 5 4 5 4 1,566 1,352 

14 College ✓ ✓ ✓  ✓   ✓ 5 4 3 4 5 4 663 560 

15 
Opera 
house 

 ✓      ✓ 5 5 6 5 4 4 4,356 4,278 

16 
Border 
checkpoint 

  ✓ ✓ ✓   ✓ 6 4 4 5 5 - 290 257 

17 
Science 
park 

✓ ✓  ✓     6 4 5 5 5 3 400 320 

18 IT system ✓        5 6 4 3 5 4 1,180 867 

19 IT system ✓       ✓ 5 5 5 5 6 5 1,287 994 

20 
Army 
training 
facility 

✓  ✓  ✓ ✓   5 5 5 6 5 5 2,113 1,806 

21 
Six navy 
vessels 

✓    ✓ ✓  ✓ 4 4 4 3 2 2 5,412 5,000 

Note: All cost estimates are in million NOK. With two exceptions (project 3 and 10), evaluators adjusted estimates and 

realized costs to the same index year. The realized cost of project 21 is an estimate. Two projects exceeded the P85 cost 

estimate (3 and 6). The project budget is equal to the P85 estimate, minus a ‘reduction list’ of possible cost reductions 

identified as part of the quality assurance scheme (Olsson, 2016). Five projects in the sample (2, 10, 19, 20 and 21) were 

completed over schedule. 

Table 17: Overview of unexpected events and formal performance scores 

As shown in Table 17, unexpected events occurred in all projects, and most projects encountered 

more than one.  
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Table 18 gives an overview of unexpected events and illustrative examples of their types. Narrative 

details of key events in the projects are given in the project summaries in appendix VI. 

Type of event No. of projects Examples of unexpected events 

Changing requirements 13 The railway encountered new signal system requirements (P3) 

Technical problems 11 Bridge elements contracted in low winter temperatures (P5) 

Planning error 10 Planners overlooked the cost of the road toll system (P7) 

Demand changes 10 The border crossing encountered persistent queueing (P16) 

Side effects 8 The railway negatively affected the local trout population (P2) 

Adjacent developments 6 Completion of adjacent rail sections increased demand (P2) 

Economic conditions 5 An economic boom led to unexpected low interest rates (P6) 

Other events 9 Discovery of a major Stone Age settlement on the route (P7). 

Table 18: Overview and examples of unexpected events 

Projects’ scores on formal performance criteria are summarized in Table 17. As shown, the impact of 

unexpected events led to one or more instances of underperformance in about half of the studied 

projects. 10 projects performed acceptably (≥4) on all performance criteria, while 11 projects 

underperformed on one or more criteria (shaded). In terms of efficiency, only a single project, 

Project 6, fell below acceptable performance on this criteria. On the remaining criteria, 10 projects 

underperformed on one or more of these. Across criteria, three projects had an average 

performance score of less than four (Projects 2, 11, and 21). Net present value was the most 

commonly underperforming score, in seven projects, followed by relevance, in four projects.  

5.3.1 Negative assessment of projects 
Taking a more nuanced view of the relationship between unexpected events and project 

performance, we turn now to negative assessments of projects from evaluators and stakeholders. 

We identified 93 negative assessments. Grouping these by object of criticism, three overarching 

meta-criticisms emerged: 1) The ‘wrong project’ had been chosen, 2) the ‘wrong system’ had been 

built, or 3) that ‘no project’ should have been undertaken. 12 projects faced more than one type of 

criticism, while a single project, (19) faced no negative assessments. Table 19 provides an overview 

of the three constructs and gives illustrative quotes from the evaluation reports. 
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Examples of criticisms Meta-criticism No. of projects 

”This [first building the outer part of the line] is not an obvious choice, since, 

normally, it would be more advantageous to add capacity where there is 

most traffic, i.e., is closer to the center. This observation means, that more 

passengers, all else being equal, would benefit from expending the inner line 

first, and them move out” (P1) 

“Planning for many smaller road sections along a road results in a higher 

total cost than if planning had been done for fewer and longer sections.” 

(P6) 

”One criticism of the training strategy [for the implementation of the new IT 

system] is that it is too broad; all employees received training in ‘everything’, 

using up considerable resources. […] multiple respondents considered this 

unnecessary. Not everyone needed to know every system.” (P18) 

Wrong project; 

Should have been 

built in a different 

way 

13 

”For attain the climate targets, a partially parallel railway, as an alternative 

or as a supplementary solution, would have been a better alternative” (P5) 

“A narrow four-lane road is, however, not a good solution, as there is much 

to indicate that it is too narrow for four lanes.” (P5) 

”In a regional development perspective, the route choice is a mistake.” (P11) 

“Our assessment is, that Halden prison appears less socio-economically 

profitable [than alternative prison concepts with lower operational and 

investment costs], based on quantifiable effects.” (P13) 

“By today’s standards for choosing a tunnel class, a tunnel profile with a 

wider road, should have been chosen […].” (P12) 

Wrong system; a 

different system 

should have been 

built 

16 

“One should be aware at which point a project becomes disadvantageous to 

implement, as a consequence of too extensive cost cutting.” (P1) 

“[…] we find no clear indications that ‘more’ or ‘better’ education for the 

inhabitants of Østfold than without the [new college building].” (P14) 

“Over the lifetime of the project, this [a net present value of the project] 

means added costs of the new opera house of some 427 million annually, 

relative to continuing performances in the [existing] People’s Theatre.” (P 

15) 

“The Chief of Defence thus concludes, that the [the six navy vessels] are 

superfluous in the operational structure, because their intended tasks can be 

done by other platforms. (P21) 

Do nothing; no 

project should have 

been undertaken 

5 

Table 19: Illustrative examples of criticisms of projects 

The first type of criticism targeted the project itself, arguing that it should have been implemented in 

a different way: Projects 1 and 5 were criticized for the order in which they were built, both projects 

unexpectedly encountering low demand as a result of their timing relative to the completion of 

adjacent rail and road projects, respectively. Project 6 was criticized for the decision to split 

construction into smaller sections, resulting in higher cost of the overall road. Contractual 

obligations forced Project 4 to abandon plans to expedite its schedule to take advantage of low 

prices during the financial crisis. The object of this class of criticisms was the project itself and the 

performance baseline that of ‘alternative projects’, in light of unexpected events. 

A second type of criticism targeted the result of the project, arguing that a different system should 

have been built: In light of contemporary safety standards, Project 5 should have had three lanes 

rather than four. In project 12, unexpectedly high traffic loads raised concerns that a broader tunnel 
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class should have been chosen. High operating costs and unaffected relapse rates in Project 13 led to 

unfavorable comparisons between the new prison concept and cheaper, traditional prison concepts, 

and to renting capacity abroad. Project 3 was criticized for poor placement of a train station; its 

waterside location and distance from commuters limiting its coverage. The route choice in Project 11 

was unfavorably compared to an alternative route, further from an adjacent national park, with 

better potential for subsequent developments, and yielding a higher net present value. The object of 

these criticisms was the system resulting from the project, in comparison with ‘alternative systems’, 

in light of unexpected events. 

Other projects faced a more fundamental criticism, arguing, not for a different project or a different 

system, but that no project should have been implemented. In Project 21, newly developed navy 

vessels were criticized for exceeding their role, for overlaps with existing platforms, and for placing 

budget constraints on future defense investments. Project 14 failed to realize the expected 

advantages of co-locating administrative functions of a local college, as these were already largely 

co-located prior to the project. In addition, evaluators found no indication that the project offered 

better or more education, than had no project been realized. The net present value of a new opera 

house and ballet in Project 15 was unfavorably compared to continuing performances in the existing 

theatre. In Project 1, evaluators raised the question of whether, given substantial cost cutting and 

reduced technical standards, it would still be worth implementing the project. In light of heavy traffic 

growth in Project 9, evaluators questioned whether the road expansion would, counter-

productively, increase congestion further in the long run. Thus, these criticisms unfavorably 

compared both the project and its result, but against a performance baseline of ‘no project’ as a 

potentially superior alternative in light of unexpected events. 

5.3.2 Positive assessments of projects 
Normative assessments also included arguments in defense of projects, i.e., arguments that projects 

had either retained or regained acceptable performance despite, or because of, unexpected events. 

We identified 112 positive assessments made by evaluators and stakeholders.  

Grouping these by baseline of acceptable performance, four overarching themes emerged, i.e., 1) 

that, while worse than expected, the project was still ‘superior’, 2) that alternatives would have 

fared no better, 3) that the project ‘compensated’, i.e., performed worse in some ways, but better in 

others, and 3) that the project switched to a better alternative. Table 20 provides an overview of the 

four constructs and gives illustrative quotes from the evaluation reports. 

Examples of defenses Meta-defense No. of projects 

”[…] Other alternatives for a round-the-clock fixed link to the mainland had 

neither been expedient nor possible.” (P12) 

“[the earlier railway went] along the shore on a blasted shelf on the mountain in 

steep terrain […]. There were several cases of mud and rock-slides, and danger 

that the track would slide into the sea. Had this happened while a train was 

passing, consequences would have been catastrophic.” (P4) 

“It appears unrealistic that [an alternative] double track [along the same route] 

would have been approved at the time. [The national transport plan] had no 

funds for such an expansion, and it appears unlikely that a double track will be 

realised earlier than in 10-15 years.” (P4) 

“Rebuilding the People’s Theatre was not a realistic alternative [to the new 

opera house]” (P15) 

Superiority; 

wrong, but 

alternatives would 

have been too 

18 

“It is not clear that additional holding space would have solved [persistent 

queuing problems at the new border checkpoint] either. [Expanding existing 

Equivalence; 

wrong, but 

4 
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checkpoints] would have been technically possible, but would hardly have been 

satisfactory.” (P16) 

”The delay of the project [caused by economic conditions] was thus unrelated to 

the construction process. We identify no potential for improvement during the 

construction phase itself.“ (P13) 

“Whether [the six navy vessels] could have been delivered faster at the same 

price is not obvious.” (P21) 

“The causes of the cost overrun could only be partially controlled during project 

execution. It is, therefore, our assessment, that […] the project could not have 

been completed at a significantly lower cost than realized.” (P3) 

 

alternatives would 

have been too 

“The negative net present value of the project is countered by more than 

forecast traffic. On the other hand, the cost was higher than expected, pulling in 

the other direction.” (P11) 

“[…] the positive effects of the new opera house outweighs the considerable cost 

overrun relative to […] continuing performances in the [existing] People’s 

Theatre.” (P15) 

“The effects of the [IT project unexpectedly drawing heavily on line employees] 

were largely negative during its implementation, but these are more than 

outweighed by the positive effects of the project after its completion.” (P19) 

“The negative landscape consequences [of the new railway tunnel] should be 

seen in light of the removal of several kilometers of [old] railway track. 

[Unexpectedly], the most important effect of the project is the repurposing the 

old rail track to a hiking trail.” (P4) 

Compensation; 

wrong, and worse 

in some ways, but 

better in others’ 

4 

The artificial water installation was reduced […]. The urban combat facility was 

moved to [an off-site location]. […] The order of construction was changed. […] 

The engineering core was relocated [to the training new facility] and new 

training needs had to be met […]. Assault Field North […] was cancelled. […] The 

army revised the need for long distance shooting ranges […].” (P20) 

”After heavy precipitation in the autumn of 2010, water incursion exceeded the 

capacity of the pumping station in the tunnel. The pumping installation had to 

be improved […].” (P12) 

”[…] the project continuously demanded openness to changes and adaptations 

underway, and to come up with new solutions, which were necessary. […] Many 

surprises surfaced during implementation [of the IT project], e.g. existing 

contracts expired, and a new telephone system had to be chosen.” (P18) 

“It was not possible to reproduce [the prototype design] with one gas turbine 

and one diesel engine per boat, as Rolls Royce no longer produced turbines of 

that type. The design had to be changed to two [smaller] turbines per boat.” 

(P21)  

Convertibility; 

wrong, but 

switched to a 

better alternative’ 

9 

Table 20: Illustrative examples of defenses of projects 

As shown in Table 20, one defense held that the chosen project remained superior to competing 

alternatives, despite negative unexpected events. In these cases, resilience to unexpected events 

was achieved through sufficient initial superiority over competing alternatives or even ‘monopoly’, 

i.e., that no alternatives were available. As shown, Project 4 and 12 were defended with reference to 

an undesirable status quo, while the apparent alternative to Project 15 was considered infeasible. 
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Thus, projects retained superiority over competing alternatives, in the eyes of defending 

stakeholders, despite unexpected events. 

A second defense held that, while the project encountered unexpected events, competing 

alternatives would have been similarly affected, i.e., would have ‘fared no better’. Projects 13 and 21 

encountered market conditions that would have similarly affected competing alternatives, and the 

queueing problem encountered by Project 16 would not have been addressed by opting for the 

known alternative. In these cases, projects were defended from unexpected events by a ‘shared 

fate’ with competing alternatives, thus retaining equivalent performance to these. 

A third defense held that, while the project underperformed in some ways, it overperformed in 

others. Thus, on balance, the project regained superiority over competing alternatives. As shown, in 

e.g. Project 19 and 4, these projects regained superiority over competing alternatives by exposure to 

compensatory positive events. 

A final type of defense held that, while competing alternatives unexpectedly proved superior, these 

were successfully adopted by the project. Project 18 and 21, as shown, regained superiority in the 

eyes of defending stakeholders by converting to a superior alternative, in response to unexpected 

events.  

5.4 Findings and implications 
Turning to the first research question of the relationship between unexpected events and project 

performance; unexpected events occurred in all projects, while causing underperformance in about 

half of the projects in the sample. As shown in Table 18, changing requirements beyond the control 

of the project, technical problems, planning error, and demand changes were the most common 

types events encountered. Notably, as shown in Table 17, removing planning error as a factor, does 

not change the finding that all projects encountered significant unexpected events. 

Further, negative assessments of projects suggest that unexpected events do not necessarily cause 

underperformance, formal success criteria. As shown in Table 21, criticisms and defenses were made 

of formal performers and underperformers.  

Criticisms Performers Underperformers 

   Wrong project 5 7 

   Wrong system 5 11 

   No project 2 3 

Defenses Performers Underperformers 

  Superior 9 9 

  Equivalent 2 2 

  Compensated 2 2 

  Converted 2 7 

Table 21: Criticisms and defenses of performing and underperforming projects (number of projects) 

As shown, in the eyes of stakeholders, projects resisted, recovered or underperformed – not 

necessarily relative to budget, schedule, plan, prior expectations, or in comparison to similar projects 

– but relative to competing alternatives foregone by their implementation. This suggests a 

performance baseline – unique to each project – of whether its stakeholders, in hindsight, continue 

to prefer it to a counter factual option foregone – whether known or imagined.  

This view of project performance has important implications for understanding the impact of 

unexpected events. Unexpected events cause failure in the eyes of its stakeholders when it is no 

longer superior to one or more competing alternatives. As shown in Table 19, we identified three 
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such alternatives, shown in Fig. 14 as four mutually exclusive pathways, one chosen and three 

foregone. 

 

Figure 14: Three competing alternatives to a chosen project 

Fig. 14a shows a chosen project aimed at building a chosen system producing a chosen outcome. Fig. 

14 also shows three principal competing alternatives, including b) the set of known substitute 

projects, i.e., different ways of creating the same system, c) the set of alternative projects aimed at 

building substitute systems, also capable of achieving the chosen outcome, and d) the zero option, 

that is, implementing ‘no project’, thus retaining alternative options for achieving alternative 

outcomes. 

Corresponding to these pathways, the stakeholder landscape surrounding any project can be 

segmented into four principal positions Fig. 15. 

 

Figure 15: Four principal positions in the stakeholder landscape 

Fig. 15 distinguishes between project proponents, preferring the chosen project over competing 

alternatives, and project opponents, preferring one or more competing alternatives.  

5.4.1 When unexpected events matter 
In this view, unexpected events matter when they affect stakeholders’ preference for the chosen 

project relative to one or more competing alternatives, potentially causing stakeholders to ‘migrate’ 

from the proponent group and into the opponent group. Logically, this can occur in two ways: 1) If 

the chosen project underperforms relative to competing alternatives, or if 2), one or more 

competing alternatives overperform relative to the chosen project.  
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For example, unaffected relapse rates and higher operational costs reduced the attractiveness of 

Project 13 relative to traditional prison concepts and to renting capacity abroad. Conversely, in 

Project 5, a competing alternative overperformed; the unexpected advantages of an alternative 

route decreased the attractiveness of the chosen route. Fig. 16 shows these two cases, illustrating 

the pivotal points at which stakeholder preferences switch from the chosen project to competing 

alternatives. 

 

Figure 16: Two causes of project underperformance (order of competing alternatives is arbitrary) 

As shown, unexpected events lead to underperformance when they cause project proponents to 

change their preference for the project a), over one or more alternatives foregone; b), c), or d). 

Conversely, positive unexpected events can cause opponents to ‘migrate’ in the opposite direction 

to join or (re-join) the proponent group, as new information emerge.  

Thus, unexpected events ‘matter’ only if they affect the performance of the chosen project relative 

to competing alternatives, while absolute performance changes are irrelevant. This implies the 

existence of two special classes of unexpected events: ‘Negative boons’, i.e., events reducing the 

absolute performance of a project, but, increasing its relative performance to foregone alternatives. 

The corollary, ‘positive banes’, improve a project’s absolute performance, and, at the same time, 

reduce its relative performance to (even) more attractive alternatives. In both cases, the chosen 

project remain the preferred choice in the eyes of stakeholders. 

5.4.2 Resilience to unexpected events 
Turning now to the second the research question regarding the shared properties allowing some 

projects to succeed despite, or even because of, unexpected events. 

Table 20 distinguishes four defenses of projects, i.e., arguments that projects either retained or 

regained acceptable performance after an unexpected event, in the eyes of project proponents. 

Correspondingly, the four defenses are illustrated in Fig. 17, both for the case of underperformance 

of the chosen project and overperformance of competing alternatives. 
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Figure 17: Illustration of four properties of resilient projects 

As shown, superiority and equivalence allow projects to retain superiority over competing 

alternatives. Conversely, compensation and convertibility allows projects regain superiority.  
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Building on this, Table 22 describes the key characteristics of resilient projects. It also describes the 

characteristics of their corollary; brittle projects. Here, we borrow the adjective ‘brittle’ from Kalra et 

al. (2014, p. 4), to denote projects able to succeed only given a narrow set of assumptions. 

Properties of resilient projects Properties of brittle projects 

Superior Superior projects are unambiguously 

preferred to competing alternatives. 

They offer advantages orders of 

magnitude above alternatives, or such 

alternatives are non-existent or highly 

unattractive, while the status quo is 

intolerable. 

Contested projects offers only marginal 

improvements over competing 

alternatives. Alternative solutions are 

many and attractive. The status quo is 

tolerable, stable and defended by 

influential stakeholders. 

Contested  

 

Equivalent Equivalent projects will fare similarly to 

their competing alternatives. The 

challenges, activities, and conditions 

faced by equivalent projects are not 

fundamentally different from those of 

competing alternatives, and would not 

be avoided by maintaining the status 

quo.  

Exposed projects face unique challenges, 

activities, and conditions. They are highly 

differentiated from competing 

alternatives, and represent significant 

departures from the status quo. Thus, 

exposed projects will deviate significantly 

from competing alternatives. 

Exposed 

Compensatory Compensatory projects can compensate 

for underperformance in one domain by 

overperforming in another. These 

projects have more than one way to 

succeed, are aimed at a broad field of 

‘acceptable’ results, or can default to a 

‘guaranteed’ result in case of 

underperformance. 

Dedicated projects are ‘make or break’, 

single-purpose and mono-functional 

endeavors. Their expected performance 

is equal to best-case performance, and 

any other result than the expected one is 

effectively a failure. 

Dedicated 

Convertible Convertible projects contain several 

competing alternatives within their 

scope. These projects can adopt 

alternative processes, systems or 

outcomes. Further, they are cheap to 

abandon, and retain the option of 

reverting to the zero option. 

Committed projects are committed to a 

single solution, irreversibly foregoing all 

competing alternatives. These projects 

embark on a predefined process, to 

deliver a fixed system, to deliver a fixed 

outcome and with no, highly expensive 

or highly embarrassing opt-outs. 

Committed 

Table 22: Characteristics of resilient and brittle projects 

From a planning perspective, the framework provides rudimentary design criteria for re-

conceptualizing, rescheduling or relocating projects for greater resilience. From a project selection 

perspective, the framework provides arguments for undertaking resilient projects, while brittle 

properties are ‘red flags’, indicating the dependence of a project on its planners ‘being right’ about 

the future. In this sense, the framework provides arguments against undertaking brittle projects, 

even if seemingly well-planned, and independently reviewed and to be implemented by experienced 

people.  

5.5 Discussion 
Moving beyond existing resilience research into the characteristics of projects organizations, this 

study focused on the properties of the endeavors they undertake. We adopted the premises of 

resilience theory, that while events are inevitable, some projects – inadvertently or by design – have 

properties allowing them to resist or recover from unexpected events, while others do not. Unlike 

the traditional emphasis in project management on projects that are ‘right and successful’ 
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(Flyvbjerg, 2014, p. 11)  or ‘wrong and failed’ (Locatelli, 2018), we turned our attention to properties 

of projects that are ‘wrong, but not failed’.  

First, our findings lends credence to the premise of the resilience paradigm, that in complex projects, 

unexpected events occur regardless of sophisticated up-front planning and independent plan 

reviews. Despite the quality assurance scheme, all projects in the sample encountered significant 

unexpected events. Notably, eliminating planning error as a factor does not change this finding. 

Unexpected events led to one or more instances of underperformance in about half of all projects, 

measured on formal performance criteria. In line with Geraldi (2010), Lenfle and Loch (2010) and 

Crosby (2014), this suggests that the ability to succeed despite, or because of, unexpected events, 

may be a more fruitful avenue of improvement than further efforts to anticipate, prevent, and 

mitigate unexpected events up-front. 

Second, departing from formal performance criteria, our findings shed light on the relationship 

between unexpected events and project performance. Our findings suggest that projects do not 

necessarily ‘succeed’ or ‘fail’ relative to formal performance criteria. Adherence to budget, schedule, 

plan, prior expectations, or the results of similar projects is neither necessary nor sufficient for 

acceptable project performance in the eyes of stakeholders. Here, our findings line up with Hällgren 

and Wilson (2008, p. 830), noting a similar phenomenon “In some cases, [unexpected] events do not 

seem to matter and are thus tolerated.” 

We depart from the presumption that unexpected events (necessarily) matter when they impact 

pre-determined formal performance criteria, e.g. as the Norwegian performance measurement 

scheme and in the wider project management literature (de Wit, 1988; Pinto and Slevin, 1988; 

Jugdev and Müller, 2005; Ika, 2009; Kreiner, 2014). Our findings likewise depart from the ‘minimax 

regret’ criteria proposed by Savage (1951); no defensive argument in our sample held the ground of 

minimized worst-case regret, i.e., that while a competing alternative proved superior, the project 

was the ‘least inferior’ or ‘second best’ option. 

Our findings suggest an alternative and perhaps more fundamental performance baseline. 

Unexpected events matter when they affect stakeholders’ preference for a chosen project relative 

to known or imagined competing alternatives, foregone by its implementation. In this view, the life 

cycle of a project is an ongoing deliberation between project proponents and opponents, through 

which unexpected events strengthen or weaken the preference for the chosen project, relative to its 

competing alternatives. Here, our findings align with Simon (1997, p. 111), suggesting that ‘success’ 

essentially means turning “existing situations into preferred ones.” In doing so, we argue for an 

essentially a ‘subjective opportunity cost’ view of project performance.  

Identifying four of properties of project able to retain or regain superiority over competing 

alternatives, we outlined a set of rudimentary design principles for project planning and selection.  

Departing from traditional efforts to ‘de risk plans’ and ‘de-bias planners’ (Cantarelli et al., 2010; 

Samset, 2010; Merrow, 2011; Samset and Volden, 2016), these prescriptions focus exclusively on the 

properties of projects themselves, not on presumed foreknowledge of future events. Thus, 

operationalizing the two principles of resilience theory (Holling, 1973, p. 21), we have argued for an 

ethos of Socratic humility about the future as a basis for developing general preparedness in the face 

of an unknown future. 

 



68 
 

5.6. Conclusion 
This paper identified two approaches to the problem of unexpected events in complex engineering 

projects. Through the eyes of the anticipatory paradigm, such events are symptomatic of poor 

planning, bias, and inaccurate forecasts. Through the eyes of the resilience paradigm, unexpected 

events are inevitable, although some projects – inadvertently or by design – have properties 

allowing them to resist or recover from unexpected events. Adopting the latter paradigm, we 

investigated 1) how unexpected events impact project performance, and 2) sought to identify the 

properties allowing some projects to succeed, despite or even because of unexpected events. 

We investigated unexpected events and performance in 21 engineering projects in Norway, 

reviewing ex post evaluations 3-12 years after project completion. Despite independent quality 

review of all project plans, we identified significant unexpected events in all projects. Notably, 

eliminating planning error as a factor did not change this finding. Thus, our study lends credence to 

the view that unexpected events occur despite sophisticated up-front planning procedures. Further, 

these unexpected events led to one or more instances of underperformance, on formal performance 

criteria, in about half of all projects in the sample.  

Analyzing evaluators’ and stakeholders’ criticisms and defenses of projects we found that 

unexpected events matter when they affect stakeholders’ preference for a project relative to one or 

more known or imagined competing alternatives. Thus, our findings suggests that, unexpected 

events cause underperformance – not necessarily relative to budget, schedule, plan, prior 

expectations, or compared to similar projects – but relative to competing alternatives, known or 

imagined, foregone by their implementation.  

Finally, we identified four properties of projects able to succeed despite, or because of, unexpected 

events. Outlining a prescriptive framework for project planning and selection, we proposed 

superiority, equivalence, compensation, and convertibility as alternative planning and selection 

criteria. Superior projects have sufficient superiority over competing alternatives to remain superior, 

despite unexpected events. Equivalent projects face similar challenges, activities, and conditions, 

thus, ‘faring no better’ than competing alternatives. Third, compensatory projects can compensate 

for underperformance in one domain by overperforming in another, thus regaining superiority over 

competing alternatives. Finally, convertible projects contain several competing alternatives within 

their scope. Thus, operationalizing the two principles of resilience theory, we have argued for an 

ethos of Socratic humility about the future as a basis for developing general preparedness. 

Our findings calls for further research into the properties of complex engineering projects enjoying 

continued support from their stakeholders in a future quite different from the one imagined at its 

outset, i.e., into projects that are ‘wrong, but not failed.’ Further research in this vein will show if our 

prescriptions are exhaustive and delve into the practical requirements and impacts of resilient 

project planning and selection. In addition, following Aven (2019), there is room for further 

exploration of the synergies between resilience and anticipatory planning, as these are clearly not 

mutually exclusive. Fundamentally, their combined prescription would be to make the best plan 

possible, but to act as if that same plan has a crucial flaw to be discovered only after project launch. 
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6. Paper C: Managing uncertainty in exploratory strategic projects: A 

repertoire of practical approaches 
The Empire State Building, delayed success 

The Great Depression of the 1930s initially halved the expected 

construction costs of the Empire State Building. The World’s then tallest 

building was completed more than a year ahead of schedule. However, 

at its opening, it had tenants for just 20% of capacity, earning it the 

nickname ‘the Empty State Building’. It took 17 years for it to turn a 

profit, but it eventually became a financial success as well as a cultural 

icon. After the September 11th attacks on the World Trade Center, it 

again, for a time, became the tallest building in New York, and remains 

one of the most prestigious office buildings in the city (Samset, 2010, p. 

15; Tauranac, 2014). Photo credit: Colourbox.com 

Box 6: The Empire State Building, postponed end-fulfilment 

Paper C presents an interview study involving 19 executives managing strategic exploratory projects 

across 14 firms in Denmark. Paper C is one of two main papers related to RQ3 of the thesis, asking 

how can complex engineering projects build resilience to unexpected events? Table 23 gives an 

overview of the paper. 

Paper C Managing uncertainty in exploratory strategic projects: A repertoire of practical approaches 

Authors Morten Wied (main author), Nina Koch-Ørvad, Torgeir Welo, Josef Oehmen 

Journal The International Journal of Project Management 

Status Published 

Aim Paper C aims to identify the repertoire of approaches adopted in practice by managers of highly 
uncertain projects, and to outline their theoretical underpinnings. 

Research 
question 

What are the practical approaches adopted by managers of highly uncertain projects? 

Method An interview study involving 19 executives managing strategic exploratory projects across 14 firms in 
Denmark. 

Contribution Paper C identifies a repertoire of eleven approaches to managing uncertain projects across a range of 
industries and project types (C5). 

Table 23: Overview of Paper C 

Paper C is published in the International Journal of Project Management, 2020, Vol. 38, Issue 2, 

pages 75-84, DOI: 10.1016/j.ijproman.2019.12.002. The author accepted manuscript (AAM) is 

presented here, although with section, figure, table numbering and references integrated into the 

overarching reference system at the end of the thesis. The article is presented under the terms of 

Elsevier journals rules on article sharing, allowing pre-prints to be shared anywhere and at any time.  

Early ideas for this paper was explored in a conference paper, Resilient design properties of a 

driverless transport system; published in the Proceedings of the DESIGN 2018, 15th International 

Design Conference (Appendix I). In addition, the interview guide used for interviewing managers is 

included in Appendix VII. 

Abstract  
Uncertainty exists when action must be taken without knowledge of the possible outcomes and the 

probabilities of their occurrence. This is evidently the case in many real-life projects. Recent 

literature calls such projects ‘exploratory’, i.e. their goals and the means to attain them are 

uncertain at the outset. This presents a challenge to traditional project management—working from 

known means towards known ends—and may explain high rates of project failure. Nonetheless, 

prescriptions for managing exploratory projects remain situational and fragmented across schools of 

thought. The aim of this paper is to identify the repertoire of approaches adopted in practice by 
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managers of such projects, and to outline the theoretical underpinnings of exploratory project 

management. Through the lens of resilience theory, we investigate the approaches adopted by 19 

managers of exploratory projects across 14 Danish firms. The paper's contribution is two-fold: First, 

we present a consistent repertoire of eleven generalizable approaches to managing exploratory 

projects across a range of industries and project types. Second, outlining shared theoretical 

underpinnings, we explain the repertoire as preparatory, (pre-action), attemptive (during action) and 

responsive (post outcome) efforts to achieve resistance to and recoverability from unexpected 

events. Fundamentally, we argue for shifting focus from ‘what we know’ to ‘how we act’ when faced 

with exploratory projects. 

6.1 Introduction 
The central characteristic of real-world decisions is uncertainty, not risk, argued Knight (1921, p. 199) 

in his 1921-book Risk, Uncertainty and Profit. Unlike risk, under uncertainty, there is no statistical 

basis for assigning probabilities to possible outcomes (ibid., p. 226). Knight’s view was shared by his 

contemporaries. Lord Keynes held that “it is uncertainty, not risk, which is the more prevalent 

circumstance in economic and business environments” (Teece and Leih, 2016, p. 5). Knight (1921, p. 

226) emphasised that in such cases, judgements are based on purely subjective estimates of 

probability.  

Lempert et al. (2003, pp. 3–4) used the term deep uncertainty to describe situations where neither 

performance variables, uncertain variables, nor the relationships between them are known in 

advance. This view of uncertainty influenced Taleb’s (2007) idea of Black Swan Events, Rittel et al.’s 

(1973) characterisation of wicked problems, and the concept of unknown unknowns, now well-

known in the project management literature (Winch and Maytorena, 2012).  

Since its inception, the problem of uncertainty and its implications have been widely recognised in 

the broader management literature (Braybrooke and Lindblom, 1970; Kaplan, 2008; Lawrence and 

Lorsch, 1967; Li, Guohui, and Eppler, 2008; March and Olsen, 1976; Rittel and Webber, 1973; 

Thompson, 1967). In project management, this has been dubbed the problem of ‘exploratory 

projects’ (Loch et al., 2006). Differing from the traditional view of project management, the 

exploratory view recognises that in many projects, neither goals nor the means to attain them are 

certain at the outset, and that activities and capabilities are partially emergent, and are discovered 

only after project launch (Lenfle and Loch, 2010; Lenfle, 2014). Exploratory projects lack clear 

objectives and well-defined work packages, and lists of risks are unavoidably incomplete (Lenfle, 

2016). Unlike the traditional view of projects, under uncertainty, the project plan is a ‘hypothesis’ for 

how success will be attained, and a baseline from which deviations can be observed (Browning and 

Ramasesh, 2015, p. 60). Exploratory projects are experiments;  tests of critical planning assumptions, 

and a basis for formulating new ones (Lenfle, 2016). Thus, the minimum requirement for learning 

the outcome of an exploratory project is to implement it. Fundamentally, this reverses the 

presumption of ‘information-before-action’, underpinning traditional project management. 

Loch et al. (2006), Pich et al. (2002) and Lenfle et al. (2014; 2010) argue that traditional project 

management approaches are ineffective for managing exploratory projects, and that this could 

explain high failure rates across industries and project types. Methods like cost-benefit analysis, 

cost-effectiveness, multi-criteria metrics, real options, and quantitative risk assessment rest on the 

premise of risk; not uncertainty (Ackoff, 1968; Apostolakis, 2004; Black and Sholes, 2016; Cox et al., 

1979; ISO, 2018; Kalra et al., 2014; Kaplan and Garrick, 1981; Paté-Cornell, 1996), i.e. they 

presuppose that possible outcomes are known and that a probability distribution can be assigned to 

them.  
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Despite broad recognition of the problem, no consensus exists about the management of 

exploratory projects. Prescriptions remain situational and fragmented across various schools of 

thought: Agile project management prescribes undertaking projects in small and independently 

valuable increments through a process of iterative evaluation and revision (Beedle et al., 2001; 

Miller, 2013). Robust Decision Making prescribes selecting projects that perform ‘well enough’ 

across a wide range of plausible circumstances, requirements, and worldviews (Mingers and 

Rosenhead, 2001; Lempert et al., 2003; Kalra et al., 2014). The ‘simple rules’ approach prescribes 

using experience to formulate idiosyncratic heuristics suited to each specific environment 

(Eisenhardt and Sull, 2001; Bingham and Eisenhardt, 2011). The ‘probe and learn’ approach 

prescribes using projects as ‘low cost probes’ into the future (Lynn et al., 1996; Brown and 

Eisenhardt, 1997). Pich et al. (2002) and Sommer et al. (2004) argue that ‘learning’ and ‘selectionism’ 

exhausts the set of fundamental strategies available. Weick et al. (2007) prescribes adopting certain 

organisational principles or attitudes to manage the unexpected. In a similar vein, Kutsch et al. 

(2016), building on the mindfulness literature, prescribes five ‘arts’ for managing uncertain projects. 

Thus, while the shortcomings of traditional project management are acknowledged, no coherent 

repertoire of alternative approaches nor a shared set of theoretical underpinnings exist. 

Against this backdrop, the aim of this paper is two-fold: First, we seek to explore the repertoire of 

approaches to managing exploratory projects, adopted by experienced managers in practice. 

Second, we seek to outline a theoretical framework for explaining their function and purpose in 

addressing the fundamental problem of exploratory projects. Empirically, we follow Cicmil et al. 

(2006), working from the actuality of managing exploratory projects. Identifying practical 

approaches adopted by 19 managers of exploratory projects in 14 Danish firms.  

Outlining a shared theoretical framework, we adopt core concepts of resilience theory as our 

theoretical lens. Thus, following Müller et al. (2018, p. 4) and Wacker (2008, p. 7), we seek to answer 

the What (key variables involved), the How (relationships between them), and the Why (reasons 

behind the relationships) of managing exploratory projects. The remainder of the paper is organised 

as follows: The next section (6.2) outlines our approach and methodology. Section 6.3 investigates 

the repertoire of approaches adopted by managers of exploratory projects. Section 6.4 analyses our 

findings and outlines a shared theoretical framework. Finally, Section 6.5 concludes the paper. 

6.2 Theory and method  

6.2.1 Theoretical lens 
Etymologically meaning to rebound, from its Latin root 'resilio’ (Rose, 2017), the concept of 

resilience has been in use for at least two millennia in the sciences, humanities, and legal and 

political spheres (Alexander, 2013). Contemporary resilience thinking was first proposed by Holling 

(1973) to describe the ability of natural systems to operate in volatile environments without the use 

of foresight. In a seminal paper, Holling (ibid.) made a fundamental distinction between stable and 

resilient systems. He derived two principles from the study of natural systems to the management of 

man-made systems: First, resilience does not rest on “the presumption of sufficient knowledge, but 

the recognition of our ignorance; not the assumption that future events are expected, but that they 

will be unexpected” (ibid. p. 21). Second, “resilience […] does not require a precise capacity to predict 

the future, but only a qualitative capacity to devise systems that can absorb and accommodate 

future events in whatever unexpected form they may take’ (ibid. p. 21). 

In the management sciences, resilience thinking arose in response to growing recognition of the 

real-life limitations of probabilistic risk management, particularly in complex systems (Aven, 2019, p. 
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1). Resilience management can, in principle, be conducted without prior knowledge of potential 

events and their probabilities (Aven and Thekdi, 2018, p. 2).  

Building on Wied et al. (2020), Fig. 18 offers a summary of the key features of a resilient system. 

 

Figure 18: Key features of a resilient system 

Henry et al. (2016, p. 61) defines resilience as the ability of a system to “bounce back” from a 

disruption to a stable recovered state, which may be equal to, less than, or greater than its original 

pre-disruption state (p1 = p2, p1 > p2, or p1 < p2 in Fig. 18, respectively). Following Roumboutsos et al. 

(2017, p. 99), this can be achieved through two principal forms of resilience; static and dynamic 

resilience (a and b in Fig. 18, respectively). Static resilience is the ability of a system to retain 

performance under unexpected conditions, i.e. resistance. Dynamic resilience the ability of a system 

to expedite its recovery from a failed state, i.e. recoverability. By contrast, building on Kalra et al. 

(2014, pp. 4, 8), a system with neither static nor dynamic resilience can be termed ‘brittle’, i.e. 

performing only under a particular set of stable conditions. 

Since its inception, a broad range of ideas has emerged about how systems can—or cannot—

respond to unexpected events (Taysom and Crilly, 2017). Resilience thinking has been applied to e.g. 

telecom (Mak, 2017), defence systems (Oboni and Oboni, 2016), cyber systems (Linkov et al., 2013) 

and energy systems (Afgan and Veziroglu, 2012), supply chains (Sheffi and Rice, 2005), disaster 

management (Bruneau et al., 2003), business models (Hamel and Välikangas, 2003), organisations 

(Burnard et al., 2018), and social systems (Linkov and Palma-Oliveira, 2016). 

Resilience thinking has also made inroads into project management. Crosby  (2012, p. 2) define 

project resilience as the ability to recover from, or adjust easily to, misfortune or change. Mirroring 

Holling (ibid.), Crosby (2014, p. 7) argue that, since the unknown cannot be planned in detail, an 

alternative method is to prepare with the expectation that something will unexpected will happen 

and that a solution will be needed. This view is shared by Nicholas (2004, p. 325), arguing that 

“expecting the unexpected is often better preparation for coping with risk than preparing extensive 

plans and believing that the unexpected has been eliminated”. In this vein, Geraldi (2010, p. 548) 

holds that “it is not a question of if, but when, unexpected events will emerge”.  

Reviewing the history of project management, Lenfle et al. (2010) argue that the presumption of 

ignorance about the future and emphasis on preparedness over-prediction constitute the ‘lost roots’ 

of project management. The ‘roots’ to which Lenfle et al. (ibid.) refer, was pioneered by RAND in the 

1950s (Morris, 2012), and developed by early authors in the field like Alchian at al. (1954), Abernathy 

et al. (1968), Nelson (1959), Arrow (1955), and Klein et al. (1958). Building on Kutsch et al. (2016, p. 

37), Fig. 19 distinguishes two archetypical project management cycles. 
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Figure 19: Two archetypical management cycles, building on Kutsch et al. (2016, p. 37). 

As shown in Fig. 19a, anticipatory management emphasises accurate prediction and up-front 

planning, assuming a (near-certain or probabilistically) known future. Resilient management, in Fig. 

19b, emphasises preparedness and response under the assumption that unexpected events are 

inevitable. These are, of course, archetypes, and both types of approaches typically intermingle in 

practice, as underscored by Aven (2019). The focus of this study, however, is resilient management 

practices applied under uncertainty in real-world settings. 

6.2.2 Methodology 
The research design is an interview study of 19 managers of strategic exploratory projects in 14 

private firms in the production, engineering, consulting, and financial service sectors in Denmark. 

The study follows Yin (2014) and Kvale’s (1996) principles of analytical generalisation; that is, using 

data from one set of situations to develop concepts that are applicable to other situations (Yin, 

2014, pp. 40–41). Specifically, the study uses interview data to develop a classification of approaches 

to managing exploratory projects (Kvale, 1996, p. 233). Our approach should be distinguished from 

statistical generalisation (Yin, 2014, pp. 20–21), in that we do not draw statistical inferences, e.g. 

proportions or frequencies, from the data to a wider population of projects, managers, or firms. 

Reflecting the aims outlined above, Fig. 20 summarises the scope and unit of analysis of the study. 

 

Figure 20: Scope and unit of analysis 

As shown in Fig. 20, we use the term strategic to broadly denote a class of projects with potential 

long-term effects on the direction and scope of the organisation(s) involved (Johnson and Scholes, 

2002, p. 19). Drawing on PMI (2013, p. 3), we define a project as a temporary endeavour undertaken 

to create a product, service, or result. Further limiting our scope, we focus on exploratory projects, 

were either goals or the means to attain them are uncertain at the outset (Lenfle, 2014, p. 921), i.e. 
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where either means or ends of the project are subject to uncertainty. Finally, following Sansavini 

(2017), our unit of analysis is one approach, i.e. a distinct strategy of action or mode of behaviour.  

The study is based on a subset of a sample of 40 firms included in a larger research project, 

investigating strategy work in technology organisations. This is a non-representative sample of firms 

1) in a wide range of industries 2) in the process of strategic change, 3) implementing strategic 

exploratory projects, and 4) based in the Greater Copenhagen Area, Denmark. Based on these 

criteria, Table 24 offers an anonymised overview of the firms and respondents included in the study. 

Firm Industry Respondent Managerial level Company size  

1 Finance 1 Senior  ∼ 20,000  

2 Senior  

2 Construction 3 Senior  ∼ 2,000 

3 Health care 4 Senior  ∼ 10,000 

4 Health care 5 Senior  ∼ 2,000 

6 Senior  

5 Health care 7 Middle  ∼ 1,500 

6 IT 8 Senior  ∼ 350,000 

7 Energy 9 Senior  ∼ 90,000 

10 Senior  

11 Senior  

8 Consulting 12 Senior  ∼ 200 

9 Manufacturing 13 Senior  ∼ 13,000 

14 Senior  

10 Manufacturing 15 Senior  ∼ 5,000 

11 Finance 16 Middle  ∼ 1,200 

12 Manufacturing 17 Senior  ∼ 150,000 

13 Manufacturing 18 Senior  ∼ 150 

14 Manufacturing 19 Senior  ∼ 20 

Table 24: Overview of respondents 

As shown, the firms span seven industries, ranging from about 20 to 350,000 employees worldwide. 

Within these firms, we targeted respondents directly involved in planning, selection, and 

implementation of strategic projects in their respective firms. We prioritised respondents with the 

most experience and highest seniority. As shown, with two exceptions, respondents were senior 

managers (C-level executives). Where respondents could refer to colleagues with more insight or 

experience into the projects they described, these were also interviewed. Thus, as shown in Table 

24, multiple respondents were interviewed in four firms. 

To encourage openness, respondents were guaranteed anonymity, and that sensitive information 

(firm, person, and product names) would be redacted. Interviews were conducted in person, over 

the phone, or via Skype. The interview duration was about one to two hours. Interviews were 

recorded and subsequently transcribed and coded, using Atlas.ti software. 

The semi-structured interviews followed Kvale (1996, p. 145), and were conducted on the basis of a 

shared interview guide. Starting from open, introductory questions, the interviews moved to 

probing, follow-up, interpreting, and specifying questions, before concluding with structuring 

questions. Respondents were asked to describe 1) the latest strategic project with which they were 

involved (although we did not limit respondents to discussing their latest project), 2) the major 

uncertainties they faced, and 3) how they managed those uncertainties. 
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6.2.3 Classification of approaches 
Using the definitions in Fig. 20, we first classified projects as strategic and as exploratory based on 

the first and second question of the interview guide. In the overlap between these two categories, 

managers described a wide range of projects and uncertainties. Table 25 in the next section offers a 

summary. 

Next, we identified and classified, as an approach, as any strategy of action or mode of behaviour 

described or prescribed in response to the third question of the interview guide. Following Cohen et 

al. (2005), any such bottom-up classification, i.e. not starting from pre-defined categories  is 

necessarily subjective,  and only one of several possible ways to categorise the same data. Thus, 

alternative categorisations at both higher and lower levels of abstraction are possible. For this 

analysis, we followed Gioia et al. (2013), leaving a transparent audit trail between respondent 

statements and theoretical constructs, as will be seen in the next section. 

Following Komatsu (1992, p. 514), we grouped approaches by shared functional attribute, using the 

classification question; what strategy of action or mode of behaviour was adopted in response to 

uncertainty? To clearly identify and logically distinguish approaches, we denoted functional 

attributes using a common syntax, shown in Fig. 21 in the next section. To achieve a mutually 

exclusive and collectively exhaustive classification (within the data), we followed four classification 

rules: 

5. All approaches in a class share at least one functional attribute; 

6. A single approach with a distinct function is sufficient for establishing a class; 

7. All classes are non-overlapping, i.e. logically mutually exclusive; 

8. The total classification is exhaustive (within the data set), i.e. containing all approaches 

identified in steps 1-4. 

Within these rules, the classification of approaches followed these steps: 

5. Starting from the classification question (see above), similar approach descriptions were 

loosely grouped; 

6. A shared functional attribute of each group was defined, using the syntax in Fig. 21;  

7. Groups with conflicting attributes were split, and the distinct attributes of each defined as in 

2; 

8. Non-conforming approaches were allocated to a non-categorised residual; 

9. Starting from the non-grouped residual, step 1-4 was repeated until classification rule 4 

(exhaustiveness) was fulfilled. 

Iterating steps 1-5 resulted in a stable grouping of eleven approaches, each of which are: 

1. A strategy of action or mode of behaviour; 
2. Sufficiently disaggregated to be clearly distinguishable; 
3. Sufficiently general to apply across project types; 
4. At a comparable level of abstraction. 

The approaches are summarised in Fig. 21 in the next section.  

6.3 A repertoire of approaches 
This section identifies a repertoire of approaches adopted by managers of exploratory projects in 

response to uncertainty, and explains their functional characteristics. First, Fig. 21 offers a summary. 
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Figure 21: Overview of approaches 
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Using a shared syntax, Fig. 21 depicts each approach as one or more ‘try’ at achieving a successful 

end. Each try departs from a ‘zero option’, i.e. end state realised if no try is attempted (Samset, 

2010, pp. 94, 101). As illustrated, the success or failure of a try depends on uncertain conditions, 

which are resolved only during or after the try. Table 25 gives an overview of projects, uncertainties, 

and approaches. 

Firm Rspd. Project type Uncertainties Approaches 

1 1 Financial product development Market, Financial Modifiability, Redundancy  

Multifunctionality 

2 IT system development Technological, 

Organisational 

Modifiability 

2 3 Technological innovation 

projects 

Market,  Technological Redundancy, Buffering 

Multifunctionality 

Understating 

3 4 Consumer product 

development 

Market Reversibility, Buffering, Ballparking, 

Incrementalism 

4 5 New technology 

implementation 

Market, Technological Incrementalism, Reversibility, 

Ballparking 

6 Pharma factory construction Market, Technological Ballparking 

5 7 Establishing production 

facilities  

Political  

Economic 

Buffering 

Opportunism 

6 8 Establishing new business unit Market  

Technological 

Cushioning 

7 9 Raw materials exploration Technological  

Market  

Environmental 

Reversibility 

Opportunism 

10 Raw materials exploration Incrementalism 

Understating 

11 Organisational change Organisational Cushioning 

8 12 Management consultancy Market Redundancy, Cushioning 

9 13 Organisational change Organisational Ballparking, Opportunism 

14 Product development Market,  

Technological 

Redundancy 

10 15 Organisational change Organisational Incrementalism 

11 16 Organisational change Organisational Ballparking, incrementalism 

12 17 IT system, implementation Technological Modifiability 

13 18 Establishing production 

facilities, New quality 

standards 

Market, Organisational Sequentialism, Incrementalism 

14 19 Product line turn-around Market Modifiability, Sequentialism, 

Incrementalism 

Table 25: Overview of projects, uncertainties and approaches 

In the following, the approaches are explained and exemplified. Illustrative quotes are cross-

referenced to the respondent’s number in Tables 24 and 25. This is given in parenthesis after each 

quote. 

6.3.1 Modifiability (Fig. 21a)  
One group of managers adopted modifiability as their response to uncertainty. As one manager 

explained, “you can define a vision, and our vision is unchanged. But how to get there becomes more 

clear along the way”. As for plans, the manager argued “not to specify them in too much detail in 

advance because what you do may change along the way”. He further emphasised that “what 

shouldn’t change is the desired outcome. But you have to be able to adapt your approach to that 

outcome” (2). Another manager in the same company closely monitored projects to ensure that 

modifications could be made early, explaining, “[...] as soon as we have indications that this is not 
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going to work the way we expected it to work, then we need to consider adjustments”. He 

elaborated, “[...] if we deviate significantly from the plan, then, of course, that will lead the board 

members to ask questions as to, ‘Why? Where did we go wrong? What did we do wrong? What was 

wrong in our assumptions and do we need to adjust?’“ (1). A third manager looked for falsification of 

critical assumptions in the project as a signpost for the need to modify the project, “You must 

continuously be ready to adjust projects [...] if critical assumptions change [...] you can call it a 

feedback loop, if you’d like” (19). A fourth manager emphasised the need for what he called 

“continuous decision making”, explaining that “decisions are being made obviously on an ongoing 

basis, especially as we're revisiting deviations from plan”. Citing an example a large technology 

project, the manager explained “there was no precedent knowledge or skill set in the organization 

[...] we required support. So, there was an immediate decision made, escalated to the top of the 

organization, to engage an experienced integration partner” (17).  

6.3.2 Redundancy (Fig. 21b)  
A second group responded to uncertainty with the use of parallel tries to achieve a given end. One 

manager called these ‘moon shots’ and explained; “we decide about three areas where we would like 

to invest our money. [Within them] we would probably have ten-fifteen of what we would call ‘moon 

shots’ [...]. They then mature, and once they mature and we can see that this is really going to work, 

then we may consider to invest more. Some of the others we may decide to kill early on” (1). A 

second manager explained that he expected most strategic projects under his remit to fail: “I mean, 

we expect nine out of ten to fail – or at least four out of five to fail. And that's not really part of our 

culture. In this innovation front, it's not very good to fail even though we say that it's acceptable” (3). 

The high failure rates associated with redundancy were also noted by a third manager: “[...] you 

know two out of three won't work. So you come up with the best one here that, well, okay, that may 

be working so let's push on along that road. And then you have that, unfortunately, not very straight 

road to heaven, but at least you move forward” (12). Using redundancy as a first step to finding 

scalable solutions, the same manager elaborated: “[...] you learn that this one failed, and this one 

failed, but here's something. Okay, that means that this could be a route. Then you start defining it, 

and then you start doing your scaling” (12). Taking a broader view, a fourth manager explained, “In 

the beginning, the solution space is very large. As we work, the solution space becomes smaller and 

more precise” (14). 

6.3.3 Sequentialism (Fig. 21c)  
Often considered in opposition to redundancy, another group of managers adopted a sequential 

‘try-one-at-a-time’ approach in response to uncertainty. One manager explained: “Focus on a few 

things at a time, and see them through. When you have done that, you can do the next one.” Arguing 

against redundancy, he said: “It would typically be a waste of resources”. Further considering the 

possibility, he added: “Maybe you can do two, where you say ‘this is a good idea, and this is also a 

good idea. Hmm… let’s try them both’, and then it may turn out that they both come out ahead [...]. 

But I don’t think I have ever been involved in saying ‘oh, we’ll try [...] two [options] we didn’t fully 

believe in’” (19). Speaking from experience, a second ‘sequentlialist’ likewise opposed redundancy: 

“What I have learned is the need for timing between implementing different systems, to allow a bit 

of air. I implemented [a project involving two new quality standards] at the same time, and it freaked 

out our quality manager” (18).  

6.3.4 Incrementalism (Fig. 21d)  
Another group of managers adopted an incremental ‘toe-dipping’ in response to uncertainty, 

favouring small, additive steps. As one such ‘incrementalist’ explained: “We find something that 

seems to work, and then we'll go a bit more big scale on this”. Continuing, he elaborated, “Are we 
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still getting that confirmation as we move along? As long as we are, we will do everything we can to 

move upwards [...]” (12). Another manager, considering project proposals, adopted ‘small starts’ as a 

selection criteria: “I would challenge people on; ‘Do you need to be this big to start with?’” (10). 

Taking a similar approach, albeit to the opposite problem, a third manager used a ‘piecemeal’ 

approach to obtain eventual approval for a large project, explaining: “It was a puzzle where pieces 

gradually started to fit together. If we had made a comprehensive strategy plan from the beginning, 

then everyone would have said ‘ah, that won’t work’, but by having it as a dream, a goal, a vision 

over a few years, then I eventually got the approval of the board” (18). In a similar vein, a fourth 

manager rejected a project on the grounds that, “the investment was big but that was really not the 

stopping point. [...] it was difficult for us to see it as building blocks” (5). Instead, he opted for a 

project that could start small and build from there. Another manager employed incrementalism in a 

project aimed at making several of unprofitable product lines viable. The Board had made it clear 

that “[...] the investments we made should be few and small”. The manager incrementally increased 

prices: “First time we raised prices 25 percent, next time 15 percent [...]. Next year, we still sold the 

same, and we raised prices again, and after three years, some of the products we raised prices on 

were some of our most profitable products. We had almost sold several of them off. Our prices were 

simply way too low” (19). One manager criticised incrementalism, which he explained was a 

favoured approach of the CEO of the firm. He argued, “If everything was just small, evolutionary 

steps, then when should you take those larger decisions?” (15). Speculating about the underlying 

motivation, he explained, “Our CEO is a good spokesman for not rocking the boat too much. Because 

we're a highly successful company right now, and we want to, of course, continue that” (15). 

6.3.5 Reversibility (Fig. 21e) 
A fifth group of managers adopted reversibility as an approach to managing uncertainty, favouring 

projects that can be reversed or aborted at little or no cost. As one manager asked proposers of 

uncertain projects: “where are your exit ramps? Where can you get off this? [...]” Elaborating further, 

he explained: “We tried to do a lot of kind of fast-kill on projects. Quick evaluations where projects 

that just shouldn't be there would die off very quickly”. He continued: “Then you don't get in the 

position where people have spent a year trying to dress up the pig and put lipstick on it, and present 

it” (9). For a second manager, reversibility also played an important role in deciding whether to 

launch a new technology project: “It was a couple millions or something like that. I mean, I'm not 

going to blow up the company if we just throw it out. [...] It's extremely cheap to fail. And if it 

succeeds, it's fairly cheap to implement” (5). Another manager emphasised both the difficulty and 

the necessity of reversibility in his firm: “if you started something, cutting it away… I think that 

would sort of seem like a failure or a wrong decision to start it, but you're actually, basically, having 

the balls to do that”. He further elaborated on the challenges of reversibility: “How do you create a 

culture where you dare to say: ‘This plan we made, it’s not strong enough, and it’s not that I’m a poor 

manager’. Some might just keep going, not to lose face, but then it ends up in a bad place”. He 

concluded: “If you have a bad culture, where you wouldn’t dare speak your mind, it won’t end well” 

(4). 

6.3.6 Buffering (Fig. 21f) 
Outlining a sixth approach, this group of managers adopted buffers, i.e. adding some type of extra 

capacity in excess of expected need in response to uncertainty. One manager used monetary buffers 

as an early indicator of the health of uncertain projects: “how far are we eating buffer, and if we're 

eating our buffer – if we're halfway through the project and have spent 75% of our buffer, then we're 

lucky enough to reach [the end of the project]” (7). Along similar lines, a second manager retained 

uncommitted reserves across a portfolio of projects in response to uncertainty, explaining that, 
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“Often there is an investment reserve that you are trying to allocate [...]. If you are too locked down 

in how to invest, and something happens in some country after six months, you lose the opportunity 

to respond to those opportunities” (4). A third manager took a broader view of buffering: “Regarding 

the must-win projects, it's the continuous process where the different sectors and business units 

identify projects that we must win. And then we do something extra in terms of adding more 

management capacity, and putting more effort in talking to clients in advance and finding the right 

partners” (3). 

6.3.7 Ballparking (Fig. 21g)  
Several managers argued for keeping project goals ‘fluid’ in response to uncertainty. Describing this 

as a trend in the industry, one manager said, “[...] I think direction is becoming much more 

interesting to talk about than destination. And why? I think the world is, to a certain extent, 

becoming more what we call volatile, uncertain, complex and ambiguous. [...] if you come up with a 

very firm, fixed end state, that might be right at the point you did that, but maybe five seconds later 

or a year later that might be totally wrong” (5). In a similar vein, a second manager adopted this 

approach to avoid obsolete targets: “[...] if all you do is to try to hit the target that you set out five 

years ago, then even if you do hit the target, it's most likely no longer relevant because the world has 

moved” (4). A third manager argued for what he called fluid targets, explaining: “[...] your ambition 

could both become smaller or bigger than originally anticipated, or move to the side so to speak. And 

if you're not actually a bit open to work with that as a fluid target, where you're ready to also raise 

ambitions when you see that the opposition actually moves faster than you anticipated, then you are 

going to be too rigid, too mechanical in your implementation for [the project to] to have the optimal 

effect for the organization” (16). A fourth manager had adopted frequent reassessments of project 

targets, continuously asking: “Do we keep the same targets or do we actually change it [...]” (13). A 

fifth manager set project targets only as ‘corner flags’: “What we do is, we try to set out these corner 

flags first [...] So you are not 100% completely fixed” (6). 

6.3.8 Multifunctionality (Fig. 4h)  
This group of managers adopted Multifunctionality as their response to uncertainty, favouring 

projects with more than one possible successful end. As one manager cautioned: “[...] you have to be 

careful before you kill something” (1). He went on to describe an example of a product that failed to 

generate a profit for a full decade, but made up for it by generating customer traffic to other 

product lines. Along these lines, a second manager’s considered ‘learning’ a secondary objective of 

any project under uncertainty, and found that achieving that was frequently more valuable than the 

primary objective. He concluded, “It's more important to try something out and learn than it is to 

actually succeed.” (3), referring to positive secondary effects of uncertain projects. 

6.3.9 Understating (Fig. 21i) 
Another group of managers deliberately used or observed understating project goals as a response 

to uncertainty. One manager explained: “Most engineers [in the firm] would like to understate, to be 

a bit precocious, not promising too much” in uncertain projects (3). A second manager in this group 

prescribed understating uncertain deliverables, arguing: “I think the worst thing ever is 

overpromising and under-delivering”. She went on to argue for “being a bit more modest” (10), when 

faced with uncertainty. 

6.3.10 Cushioning (Fig. 21j) 
Outlining a tenth group, these managers responded to uncertainty by seeking to influence or take 

control of circumstances beyond the control of the project. One manager sought to signal total 

commitment to partners and competitors, whose responses, in his view, would determine the 
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success of a new business unit: “[...] we announced to [the stock market] that we wanted to invest 

three billion dollars in the area over a four-year period. Six months later we established the new 

business unit [...]” He emphasised the importance of the decision to “communicate to the market 

that this is what you are doing” (8). Another manager responded to a poorly received project, not 

just by revising the project, but by “engaging the top of the organization to get that buy-in”. Seeking 

to improve attitudes in the broader organisation, he explained, “[F]or [the project] to be successful, I 

had to effectively emotionally enrol as many people as I could.” The manager went on to distinguish 

this approach from ‘hard-core’ project management: [...] even in a number of the programs I've 

done, you need all of that hard-core project management skill and that's absolutely imperative. You 

just then need a very big soft social wrapper around it all that enrols people and makes sure that 

you’re bringing in all the stakeholders” (11). 

6.3.11 Opportunism (Fig. 21k)  
A final group of managers opportunistically took action only after uncertainties were resolved, and 

when these had proven favourable. One response commonly considered by a manager confronted 

by uncertainty was: “Do we postpone it [...]?” (13). Another insisted on a ‘boots-on-the ground’ 

approach, as he put it, to “[...] experience reasons for things [...], which is much stronger than looking 

into Excel and trying to understand them.” Having insisted on a personal visit to a possible location 

for a new production facility, the manager explained: “we decided not to make a [...] footprint [at 

that site]” (7), because of what he had learned there. Often weighing the option of clarifying 

uncertainties before acting, a third manager formulated his dilemma like this: “Do you want to do a 

lot of work upfront to reduce the uncertainty, or are we just going to pile in and do it?” (9). 

6.4. Towards a theory of resilience management 
As we saw, managers adopt a wide range of approaches to managing exploratory projects. We have 

classified these into a repertoire of eleven generalizable types. In this section, we outline a shared 

theoretical framework for explaining their function and purpose.  

6.4.1 Enablers of the resilience management cycle 
Returning to the core concepts of resilience theory discussed in Section 6.2. As a first observation, 

the approaches in the repertoire are adopted in different parts of the resilience management cycle, 

as illustrated in Fig. 22.  

 

Figure 22: Preparatory, attemptive, and responsive approaches 

As shown, the majority of approaches are what we might call preparatory, i.e. enacted prior to 

action. Preparatory approaches, like Understating, Ballparking and Multifunctionality, targets goal 

formulation prior to action. Cushioning, and Opportunism targets the conditions under which action 

is subsequently taken, while Buffering involves a priori allocation or build-up of excess capacity in 

preparation for action. 
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Approaches adopted in the next phase of the management cycle targets implementation or the 

‘mode of trying’ prior to observing the outcome. We denote these attemptive approaches. In the 

case of Incrementalism, small, additive steps are adopted as a mode of action, while Redundancy 

involves attempting two or more parallel tries at achieving a given end. 

Approaches adopted in the final phase of the management cycle we term responsive, i.e. they are 

contingent upon the observed (and unsatisfactory) outcome of an action performed. Thus, 

Sequentialism involves the pursuit of subsequent tries only if the preceding try proves unsuccessful. 

Similarly, Modifiability and Reversibility are responses to observed outcomes, entailing changing or 

reversing an action performed, respectively. 

Expanding on Kutsch et al. (2016, p. 37), the approaches in the repertoire are the building blocks 

that make up the various stages of the ‘resilience management cycle’ discussed in Section 6.2. 

Further, the repertoire sheds light on the question left open by the organisational attitudes 

prescribed Weick et al.’s (2007) for managing unexpected events: Attitudes for doing what?  

6.4.2 Aiming for resistance or recovery  
Through the lens of resilience theory, we can distinguish between approaches in the repertoire 

aimed at resistance and those aimed at recoverability. The former approaches seek to retain 

acceptable performance under unexpected conditions, i.e. preventing the failure of any given try, as 

summarised in Table 26. 

Resistance Ensuring the success of a try by... 

Understating Reducing the threshold of acceptable performance 

Multifunctionality Setting multiple modes of acceptable performance 

Ballparking Leaving the threshold of acceptable performance unspecified 

Cushioning Improving conditions under which a try is attempted 

Opportunism Trying only if, when, or where conditions are favourable 

Buffering Increasing available capacity or trying in excess of expected need 

Table 26: Approaches to achieving static project resilience 

Conversely, another set of approaches are aimed at recovery, i.e. on ensuring success, as shown in 

Table 27. 

Recoverability Recovering from the failure of a try by… 

Sequentialism Launching a new try 

Redundancy Switching to a parallel non-failed try 

Modifiability Modifying the failed try 

Incrementalism Limiting failure to the marginal additive increment 

Reversibility Restoring the zero option 

Table 27: Approaches to achieving dynamic project resilience 

As shown in Table 25, approaches aimed at resistance and recoverability are not mutually exclusive. 

They are often adopted as part of a sequence or in combination to achieve either resistance, 

recoverability, or both. For example, one manager (1) adopted Redundancy as a first step to identify 

initially promising solutions, followed by incremental scaling of non-failed solutions. Manager 12 

adopted Incrementalism as a first step, to be followed by Modifiability in case of potential success, 

or Reversibility in case of failure. Manager 5 ballparked his objectives, rejected an indivisible project, 

and embarked on an incremental one.  

Thus, we distinguish three types of project resilience, depending on the whether the aim is failure 

prevention, failure tolerance or both, as shown in Fig. 23. 
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Figure 23: Three types of resilient projects 

As shown in Table 26, resistant projects (Fig. 23a) may operate under especially favourable 

conditions, with reduced expectations, or with capacity in excess of expected need. However, 

resistant projects have little recourse should failure occur despite such precautions.  Recoverable 

projects (Fig. 23d) manage uncertainty by increasing tolerance to failure. These projects may be 

cheap to abandon, easily modified, or able to ‘try small’ and build incrementally from there. Projects 

combining resistance and recoverability (Fig. 23b) may involve a flurry of parallel and multifunctional 

tries (Manager 3), or be opportunistically launched only under favourable conditions, while being 

cheap to reverse, in case of failure (Manager 9).  

In this respect, resilience management makes several departures from Robust Decision Making 

(Lempert et al., 2003; Kalra et al., 2014). Resilience management relaxes the constraint of 

‘robustness, i.e. satisfying a fixed set of requirements under unexpected conditions (Uday and 

Maralis, 2015, p. 497). On the contrary, resilience management allows for performance loss, 

performance change, and performance improvement under unexpected conditions (Henry and 

Ramirez-Marquez, 2016, p. 61). As a further consequence of relaxing this constant, resilience 

management emphasises the role of recovery, i.e. the restoration of performance after failure and 

underperformance. Finally, projects with neither resistance nor recoverability, we term brittle (Fig. 

23c), which we turn to next. 

6.4.3 Brittle and resilient project characteristics 
Recalling our discussion in Section 6.2, resilience theory is underpinned by the two core principles: 1) 

The underlying presumption that unexpected events will occur, and 2) the aim of managing 

unexpected events in whatever form they may take (Holling, 1973, p. 21). 

Viewing our repertoire through this lens, each approach can be seen in opposition to a single 

approach, illustrated in Fig. 24. 

 

Figure 24: The fundamental problem of exploratory projects 

In Fig. 24, a project must irreversibly abandon the zero option for a single attempt at realising a 

specified end, the conclusive success or failure of which depends on conditions assumed (or hoped) 
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to be favourable. Building on Kalra et al. (2014, pp. 4, 8), we term such projects brittle, i.e. should 

assumptions about means or goals prove inaccurate, managers of brittle projects have little 

recourse. Thus, through the lens of resilience theory, brittleness; not uncertainty, is the fundamental 

problem of exploratory project management. 

Individual characteristics of brittle projects are sometimes recognised in the project management 

literature; commonly described as irreparable, indivisible, irreversible, dedicated, or ‘sunk’ – and 

often as a prelude to recommending more accurate forecasts and better planning  (Miller and 

Lessard, 2001; Flyvbjerg, 2014; Antunes and Gonzalez, 2015). However, as we saw, the managers in 

our study did not accept these as ‘given conditions’ under which project management must operate. 

Conversely, they accepted uncertainty as given, and deliberately changed the characteristics of their 

projects. In this way, resilience management is contrasted by anticipatory management, focusing on 

‘what we know’; focusing rather on ‘how we act’. 

Thus, resilience management departs from existing approaches to the problem of exploratory 

projects. Contrary to probabilistic risk management, resilience management relaxes the requirement 

of known probabilities.  

The repertoire are a set of possible answers to the fourth question of traditional risk management, 

What can be done about it?, without knowing the answers to the prior three: What can happen? 

How likely it is?, and What would be the consequences? (Kaplan and Garrick, 1981; Apostolakis, 

2004). For example, buffering, often classed a risk-based approach (Pich et al., 2002, p. 1017), 

functioned differently in our sample: One manager (7) adopted a monetary buffer as a mere 

indicator of deviation from plan; a precursor to corrective action, rather than a corrective measure 

in itself. For another manager, (3), buffering went beyond excess time or money to include a wider 

range of ‘excess’ capabilities, e.g. extra management capacity. Here, buffering departed from its 

narrow meaning of ‘slack’ time or money, as described by e.g. Gutierrez et al. (1991), Goldratt (1997) 

or PMI (2013, p. 533), coming closer to ‘excess capacity’ described by Kalra et al. (2014, p. 21) or 

‘margins’ as defined by Eckert et al. (2013, p. 41) as “the extent to which a parameter value exceeds 

what it needs to meet its functional requirements regardless of the motivation for which the margin 

was included”.  

Further, unlike Robust Decision Making, resilience management dispenses with the requirement of 

known outcomes. Robust Decision Making begins with the construction of a plausible outcome 

space against which possible solutions are compared on known performance criteria (Mingers and 

Rosenhead, 2001; Lempert et al., 2003; Kalra et al., 2014). Conversely, resilience management 

begins from ‘strategies of action’ adopted in response to recognised ignorance about the outcome 

space.  

6.4.4 Limitations and further work 
So far, we have identified a repertoire of eleven generalizable approaches to exploratory project 

management across a range of industries and project types, and sought to outline a shared 

theoretical framework for explaining their function and purpose. From here, we see several 

limitations and openings for further work. In doing so, we have sketched the principles of a non-

anticipatory solution to the problem of managing exploratory projects.  

Our findings challenge Pich et al.’s (2002) conclusion that learning (re-planning) and selectionism 

(parallel trials) exhaust the set of approaches to managing exploratory projects. They also depart 

from the idiosyncrasy of simple rules (Eisenhardt and Sull, 2001; Bingham and Eisenhardt, 2011), and 

they outline many alternatives to Agile (Beedle et al., 2001; Miller, 2013). 
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However, the repertoire is only a sample and does not exhaust the approaches available to 

managing exploratory projects. Thus, the repertoire identified herein is itself likely a subset of a 

wider class of approaches. Looking to further research, this wider class of approaches might be 

fundamentally delineated by philosophy of action, i.e. all possible ways for any agent to manipulate 

means (controlled variables), ends (value variables) or circumstances (uncontrolled variables) in 

response to uncertainty (Ackoff, 1968, p. 9; Clarke, 1985, p. 17; Walton, 1990, p. 220). 

Second, the approaches in the repertoire are not a definitive classification. For example, individual 

approaches disaggregate into distinct, but related, variants: Multifunctionality includes variants with 

both dependent and independent ends, i.e. with mutually exclusive or inversely proportional (swings 

and carousels) as described by manager 1, as well as synergistically correlated ends, as described by 

manager 3. Similarly, Redundancy is represented in the repertoire in both synergistic (1) and 

independent (12) variants. Another example is Opportunism. Our sample includes both temporal 

and spatial variants, e.g. postponement (13) and physical relocation (7) in response to uncertainty. 

Clearly, both finer grained and alternative classifications exist. 

Finally, there are many indications that the approaches in the repertoire are highly context-

dependent. For example, managers 18 and 19 critically considered the ‘wastefulness’ of 

Redundancy. Also, only a single manager, (8), in a large firm (6) involved in a high-visibility project 

attempted to cushion the external businesses environment, while managers in firms of varying sizes 

(11 and 12) sought to cushion only the internal business environment. Other approaches like 

Understating and Incrementalism gave rise to controversy: Manager 3 considered Understating to 

be dishonest. Conversely, manager 10 encouraged ‘modesty’ in the face of uncertainty. Manager 15 

considered Incrementalism a sign of complacency. Clearly, in practice, many contextual factors 

constrain the adoption of any one approach or sequence of approaches. Thus, the limitations of the 

study provides fertile ground for further research. 

6.5. Conclusion 
Uncertainty exists when action must be taken without knowledge of the possible outcomes and the 

probabilities of their occurrence. This is the prevailing circumstance in many real-life projects. Such 

projects become ‘exploratory’, i.e. neither goals nor the means to attain them are uncertain at the 

outset.  

While this presents a well-known challenge to traditional project management, much discussion 

remains about the theoretical grounds and actuality of managing exploratory projects, and 

prescriptions remain situational and fragmented.  

Against this backdrop, this paper explored the repertoire of approaches to managing exploratory 

projects adopted by of 19 managers in 14 Danish firms. We have contributed a consistent repertoire 

of eleven generalizable approaches to exploratory project management across a range of industries 

and project types. These include: Modifiability, Redundancy, Sequentialism, Incrementalism, 

Reversibility, Buffering, Ballparking, Multifunctionality, Understating, Cushioning, and Opportunism. 

Further, we have outlined a shared theoretical framework for explaining their function and purpose 

in addressing the fundamental problem of exploratory projects. We argue that repertoire is 

underpinned by two principles of resilience theory: 1) The underlying presumption that unexpected 

events will occur, and 2) the aim of resistance to or recovery from unexpected events in whatever 

form they may take. Further, we explain the repertoire as preparatory, (pre-action), attemptive 

(during action) and responsive (post outcome) efforts to achieve resistance and recoverability in 

response to the uncertainty of exploratory projects.  
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The repertoire of approaches captures Arrow’s (1955, p. 5) notion that “behaviour under uncertainty 

has an essentially creative aspect, and seems incapable of being completely reduced to mechanical 

and well-defined rules”. The study has taken steps toward understanding the building blocks of such 

creativity.  

Fundamentally, then, we argue for shifting focus from ‘what we know’ to ‘how we act’ when faced 

with the problem of exploratory projects. 
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7. Paper D: Project resilience: A two-year case study of an autonomous 

transport project 
Heathrow Terminal 5: A built-in dress rehearsal 

The T5 roof team, including the designers, suppliers and fabricators pre-erected the 

roof abutment structure off-site in Yorkshire to understand better the challenge in 

erecting the huge roof (which spans more than 150 metres). The dress rehearsal 

identified 140 significant lessons for the real construction. Overall, the project team 

estimates that at least three months have been saved by this pre-emptive approach. 

The time saved enabled delays that had previously arisen during the wet winter of 

2001-02 to be recovered, and the project remained on track (Latham, 2005, p. 5; 

Davies et al., 2009). Photo credit: Thomas Nugent, reprinted under CC BY-SA 2.0 

license. 

Box 7: Heathrow Terminal 5, a sequential retry 

Paper D presents two-year longitudinal case study of a driverless autonomous transport project in 

Denmark. Paper D is one of two main papers related to RQ3 of the thesis, asking how can complex 

engineering projects build resilience to unexpected events? Table 28 gives an overview of the paper. 

Paper D Managing uncertainty in exploratory strategic projects: A repertoire of practical approaches 

Authors Morten Wied (main author), Nils Olsson, Torgeir Welo, Josef Oehmen 

Journal International Journal of Project Management 

Status Submitted, under review 

Aim Paper D explores the solution space for building project resilience. 

Research 
question 

What are the mechanisms of project resilience to unexpected events and what is the principal solution 
space for building project resilience? 

Method A two-year longitudinal case study of a driverless autonomous transport project in Denmark. 

Result The paper investigates unexpected events and project responses and outlines a principal solution space 
for building project resilience. 

Contribution The paper proposes adaptation, acceptance and positioning as a principal solution space for building 
resilience to unexpected events (C6). 

Table 28: Overview of Paper D 

Paper D is under review at the International Journal of Project Management, 2020. A pre-print is 

presented here, although with section, figure and table numbering and references integrated into 

the overarching reference system at the end of the thesis. Early ideas for this paper was explored in 

a conference paper, Resilient design properties of a driverless transport system; published in the 

Proceedings of the DESIGN 2018, 15th International Design Conference (Appendix I). In addition, the 

interview guides for the planning and implementation phase interviews are included in Appendix VII. 

Abstract 
While up-front planning has become increasingly sophisticated, there is little evidence that this has 

eliminated unexpected events in complex engineering projects, nor significantly reduced their 

impact on project performance. Outlining a non-anticipatory alternative, resilient systems theory 

seeks to explain the ability to rebound from unexpected events, without foresight. Extending 

resilient systems theory to project management, this paper explores the solution space for building 

project resilience. We conduct a systems analysis of unexpected events and responses in a highly 

turbulent autonomous transport project. We first show how unexpected events invalidate 

managerial mental models of complex projects, suggesting implementation as the primary 

information-producing process, rather than up-front planning. Second, we show how adaptation, 

acceptance and positioning allow projects to respond to unexpected events, thus outlining a 

principal solution space for building project resilience. 
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7.1 Introduction 
Despite tenacious efforts, significant discrepancies between expectations and outcomes persist in 

most complex engineering projects. Predictions of costs, schedule, revenue, environmental impact, 

demand, lifespan, public acceptance, and user preferences are commonly inaccurate, and often by a 

wide margin (Flyvbjerg et al., 2003; Cantarelli et al., 2010; McAdam et al., 2011; Oehmen et al., 

2012). 

Several streams of research have suggested explanations for this discrepancy, pointing both to the 

complexity of projects and to the limitations of planners. Research into complex systems has shown 

that irreducible uncertainty (Shackle, 1968; Rittel and Webber, 1973; Simon, 1997), sensitivity to 

initial conditions (Lorenz, 1963; Casti, 1990; Hoffman and Hammonds, 1994), and self-negating 

prediction (Bell, 2003) inherently limit predictive accuracy of planning assumptions. The cascading 

and escalating nature of unexpected events in complex projects was recently demonstrated by 

Williams (2017), while Sessions (2009) showed an almost linear relationship between project 

complexity and project failure.  

Focusing on planners, psychological research has demonstrated that cognitive limitations, such as 

optimism bias, rationalisation, selective memory, and wishful thinking often negate expectations 

(Tversky and Kahneman, 1974; Simon, 1991; Flyvbjerg et al., 2005; Carlson and Shu, 2007; Taleb, 

2007; Ayal and Zakay, 2009; Kahneman, 2011). Further, research into political and social behaviour 

has shown that misunderstandings, disparate sense-making, strategic misrepresentation, 

overselling, and downright lying explain poor performance of many complex engineering projects 

(Flyvbjerg et al., 2003; Stingl and Geraldi, 2017). 

Resulting from this, complex projects must be undertaken without accurate knowledge of their 

possible outcomes nor the probabilities of their occurrence, as first pointed out by Knight (1921). 

This problem is exacerbated as projects become larger and more complex in and of themselves 

(Oehmen et al., 2015), increasingly dependent on adjacent developments (de Weck et al., 2011), as 

requirements evolve faster (Oehmen et al., 2012), and impacts persist for longer (Gusdorf et al., 

2008; Bleakley and Lin, 2010). Wied et al. (2020, p. 75) summarised the problem, arguing that 

“fundamentally, this reverses the presumption of ‘information-before-action’, underpinning 

traditional project management.”  

Outlining an alternative to up-front planning, resilient systems theory seeks to explain the ability to 

resist and recover from unexpected events, without the need to foresee them (Holling, 1973, p. 21). 

According to Aven (2019), by increasing the resilience of a system, its ability to manage unexpected 

events is, at least in principle, enhanced without the need to perform risk calculations. In this sense, 

resilience thinking represents a shift from anticipatory planning and event-specific risk management, 

towards an ethos of recognised ignorance combined with general preparedness (Aven, 2017, 2019). 

In this paper we seek to extend resilient systems theory to the context of complex engineering 

projects, and, through this lens, investigate mechanisms of project resilience to unexpected events. 

Conceptualising projects as systems, we conduct a systems analysis (Sterman, 2000) of project 

system variables, unexpected events, and project responses in a real-world project, followed over a 

two-year period. In doing so, we aim to identify the key variables of the project system, explore how 

unexpected events affect these systems, and identify principal mechanisms of project resilience.  

7.1.1 Literature review: Resilience theory and project management 
The concept of resilience has deep roots. Alexander (2013) traced back its origins and usage at least 

two millennia in the sciences, humanities, legal, and political spheres. From its Latin etymology 
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'resilio’, the literal meaning of resilience is to ‘rebound’ (Rose, 2017). The modern concept of 

resilience was introduced by Holling (1973) to explain the ability of systems to resist and recover 

from unexpected events, without the use of foresight. Holling proposed two principles of resilient 

systems. First, in his words, resilience rests on “the recognition of our ignorance; not the assumption 

that future events are expected, but that they will be unexpected.” And outlining the second 

principle, “resilience […] does not require a precise capacity to predict the future, but only a 

qualitative capacity to devise systems that can absorb and accommodate future events in whatever 

unexpected form they may take.” (Holling, 1973, p. 21). 

Since its inception, this combined ethos of Socratic humility about the future and general 

preparedness has found widespread application. In engineering, resilience was introduced by the 

safety engineering community (Woods, 2006), and later applied to telecommunications (Mak, 2017), 

defence systems (Oboni and Oboni, 2016), cyber systems (Linkov et al., 2013) and energy systems 

(Afgan and Veziroglu, 2012). In wider management, resilience theory has been applied to supply 

chains (Sheffi and Rice, 2005), disaster management (Bruneau et al., 2003), business models (Hamel 

and Välikangas, 2003), organisations (Burnard et al., 2018), and social systems (Linkov and Palma-

Oliveira, 2016).  

In project management, resilience research has focused on characteristics of project organisations, 

taking inspiration from High Reliability Organisations (HROs) (Roberts, 1984). In this vein, Weick and 

Sutcliffe (2007) prescribe a culture of preoccupation with failure, reluctance to simplify, sensitivity, 

commitment, and deference to expertise. Kutsch et al. (2016) prescribes ‘mindfulness’ in noticing, 

interpreting, preparing for, and containing unexpected events. Building on this work, Geraldi (2010, 

p. 548) argues that “it is not a question of if, but when, unexpected events will emerge”, and 

identifies structural, social, and individual characteristics of projects, successfully managing 

unexpected events. Crosby (2012) prescribes organisational ‘launch conditions’ of project resilience, 

e.g. ‘a lessons-learned culture’ ‘clear reporting and decision structures’, aiding projects overcome 

unexpected events. 

In this paper, we raise a question left unanswered by research into organisations prepared for 

surprise; namely, prepared to do what? Here, existing answers remain situational and fragmented. 

Loch et al.’s (2006) answer is ‘learning’ (re-planning) and ‘selectionism’ (parallel plans). Wied et al. 

(2020) identifies a repertoire of eleven approaches employed by experienced project managers, 

including e.g. opportunism, modifiability, and redundancy. Olsson (2006, 2008) argues for retaining 

internal (process) and external (product) flexibility. Crawford and Pollack (2004) distinguishes ‘hard’ 

and ‘soft’, i.e. malleable, projects. Similarly, Arge (2005) prescribes ‘generality, ‘elasticity’ and 

‘flexibility’ in uncertain projects, while Bahrami and Evans (2005) prescribes ‘super flexibility’ as a 

remedy for uncertainty.  

While resilience thinking generally pursues prudent action over predictive accuracy, no overarching 

solution space for building project resilience has emerged. Operationalising resilient systems theory 

in the context of project management, this paper asks how do unexpected events impact complex 

projects, and what are the principal mechanisms of project resilience? In search of answers, we 

extend core concepts of resilience theory to project management. Through this lens, we explore 

unexpected events and project responses in a two-year case study of a highly turbulent autonomous 

transport project. 

The remainder of the paper is organised as follows; the next section (2) operationalises resilience 

theory in the context of complex engineering projects. Through this lens, Section 3 analyses 



90 
 

unexpected events and project responses through a longitudinal case study. Section 4 analyses our 

findings before Section 5 discusses the findings and concludes the paper. 

7.2 Theory and methodology 
This section extends key concepts of resilient systems theory to project management, and outlines a 

methodology for operationalising resilient systems theory in a real-world project. 

7.2.1 Extending resilience theory 
We begin by extending key concepts of resilience theory to project management. Resilience theory 

is a subset of general systems theory, rooted in early work by Bogdanov (1917) and Bertalanffy 

(1969). In this sense, resilience is a property that a project can have (or lack), not unlike other ‘ilities’ 

such as ‘reliability’, ‘safety’, or ‘complexity’ (de Weck et al., 2011). From this point of departure, we 

begin by distinguishing the boundaries and the parts of projects as systems, and define resilience as 

a property of such systems.  

Resilience is the ability of a system to resist and recover from unexpected events (Henry and 

Ramirez-Marquez, 2016; Aven, 2017), allowing it to retain or regain an acceptable level of 

performance. Following Wied et al. (2020), this requires some part of the project system to work as 

a mediator between an unexpected event on the one hand and project performance on the other. 

This is exemplified in Fig. 25 by the rate of completion of a project catching up after encountering an 

unexpected event. 

 

Figure 25: The performance characteristics of a resilient project 

The resulting performance-over-time plot is sometimes dubbed a ‘resilience triangle’ (Pimm, 1991; 

Bruneau et al., 2003, p. 737; Florin and Linkov, 2016, p. 30) – the down-slope representing resistance 

and up-slope representing recovery.  

In Fig. 25, performance is exemplified by ‘rate of completion’. However, following Wied et al. (2020), 

project performance is defined by any variable to be maximised, minimised, or preserved, in the 

eyes of its stakeholders. This includes the wide range of performance criteria discussed in the project 

performance literature (de Wit, 1988; Pinto and Slevin, 1988; Jugdev and Müller, 2005; Ika, 2009; 

Kreiner, 2014) – e.g. costs, technical requirements, functionality, aesthetics, etc. and both pre and 

post-handover. Collectively, these variables define the ends of the project, and thus first part of the 

project system. The resilience of a project is defined by the resistance and recovery of these 

variables to unexpected events, over the project life cycle. 

 Projects ends are, in turn, determined by two other parts of the project system, the delineation of 

which we borrow from philosophy of action (Walton, 1990). The first of these is means. These are 

variables controlled by project management, i.e. the resources, methods, and activities within its 

remit. This is the second part of the project system. The third part is circumstances. These are 

variables controlled by ‘nature’ and by other agents, beyond the direct control of project 
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management, but which nonetheless affect project ends, e.g. adjacent projects, natural laws, 

economic conditions, legislation, etc.  

Thus, as shown in Fig. 26, we distinguish three principal parts of any project system: means, ends, 

and circumstances. 

 

Figure 26: Three principal parts of a project system 

Adopting this lens, the three parts of the project system make up the essential problem of project 

management, i.e. the employment of means under given circumstances to achieve satisfactory ends. 

Conversely, the removal of any of them dissolves the managerial problem.  

This conception of the project system is also linked to what we mean by a ‘complex project.’ In 

simple projects, the managerial problem is easy. Means, ends, and circumstances, and the 

relationships between them, are few and straight-forward. As project complexity increases, the 

number of means, ends, and circumstances, and their relationships increase, giving rise to structural 

(Geraldi et al., 2011) and dynamic complexity (Fahey and Randall, 1998, p. 140). Feedbacks amplify, 

delay, or absorb the impact of both project management action and external change, and the 

behaviour of the project system becomes non-linear (Crosby, 2014). Correspondingly, planners’ 

‘mental models’ (Simon, 1957) of the project system become inaccurate simplifications. In this 

sense, a ‘complex project’ is typically defined as one in which the behaviour of the whole is difficult 

to deduce from understanding its inputs or parts (Simon, 1997; Williams, 2004).  

Various authors have emphasised the role of means, ends and circumstances in describing the 

problem of complex project management. Emphasising means, Sommer and Loch (2004, p. 1336) 

characterises complex projects with uncertain capabilities as a process of ”experimental search”. 

Emphasising ends, Engwall (2002), describe the challenge of complex projects as “a process of goal 

formation.” Morris and Hough (1991) emphasises circumstances beyond the control of 

management, like price escalation, government action and strikes.  

Thus, adopting the lens of resilient systems theory we view projects as systems, and we focus our 

study on identifying mediators within the project system, allowing projects to respond to 

unexpected events. In the following, we describe the methodology for operationalising these 

concepts in a real-world project. 

7.2.2 Case study methodology 
Our research design is a single, longitudinal case study following an autonomous transport project 

over a two-year period. The case project is aimed at testing and demonstrating a self-driving, first-

and-last-mile bus service in a major Scandinavian city, and propose plans for up-scaling and 

integration with a new light rail line – itself scheduled for completion four years after the case 

project. The project partners include a bus operator, a software company, two universities, and two 

municipalities, an umbrella organisation of ten municipalities traversed by the new light rail, and an 

urban development organisation. The case project has a budget of EUR 4.2 million. 

Means, determined by project management

Circumstances, determined by others or by ‘nature’

Ends, determined by both
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In this context, we consider the project a ‘typical case’ (Yin, 2014) of a complex engineering project. 

Specifically, the project is an ‘inter-firm project’ (Söderlund, 2004), i.e. with multiple organisations 

involved in its implementation. It is characterised by ‘high technological uncertainty’ (Shenhar and 

Dvir, 1996), i.e. relying on new, but existing, technologies developed prior to the project, and with a 

‘system’ rather than a ‘component’ scope. More broadly, autonomous technology has been a hot 

topic in transport research for some time. From high expectations about the impact of this 

technology, focus has shifted to scepticism and acknowledgment that development has encountered 

more obstacles than expected (Koopman and Wagner, 2016; Currie, 2018).  

The case study methodology is well-suited to this context, where the boundaries between a 

phenomena and its context are not clearly evident, and where there are many more variables than 

data points (Yin, 2014). Likewise, the method lends itself well to the aim of confirming, challenging, 

and extending theory (ibid. p. 51), i.e. specifically, extending resilient systems theory to the context 

of complex engineering projects, and, through this lens, investigate mechanisms of project resilience 

to unexpected events. In doing so, we adopt Yin (2014) and Kvale’s (1996) principles of analytical 

generalisation; that is, inductively using data from one case to develop theory that is applicable to 

other cases.  

The case project was followed over two years from its planning phase through implementation. The 

case is a ‘live project’, allowing us to capture real-time data on discussions, decisions and 

unexpected events. The case study focused on the three major implementation work packages; 1) 

legal approval and testbed and setup; 2) system testing 3); and transfer and up-scaling. In addition to 

these, the project involves five supporting work packages, including preparation, management group 

setup, communication, test infrastructure setup, and project closure. These supporting work 

packages are not included in the study. 

Data collection included interviews with all project partners and managers, attendance in project 

meetings, planning workshops, test site visits, and review of planning documents, meeting minutes, 

and email correspondence, as shown in Table 29. 

Data type Data source No. 

Project 

partner/manager 

interviews 

Urban development organisation (senior representative, project manager) 

Bus operator (senior representative) 

Software company (senior representative) 

University 1 (traffic and mobility specialist) 

University 2 (senior representative) 

Municipality 1 (two senior representatives) 

Municipality 2 (senior representative) 

Municipal umbrella organisation (senior representative) 

4  

1 

1 

1 

1 

1 

1 

1  

Planning 

Workshops 

Initial workshop 

WP workshop: Legal approval and testbed and setup  

WP workshop: System testing workshop 

WP workshop: Transfer and up-scaling workshop 

1 

1 

1 

1 

Project meetings Project management meetings roughly every other month  15 

Test site visits Visits to roll-out facilities and test tracks  3 

Documents Planning documents 

Meeting minutes 

Email correspondence 

~200 pages 

~50 pages 

~150 emails 

Table 29: Data collection overview 

7.2.3 Systems analysis methodology 
Building on the case study data, we conducted a systems analysis of project variables, and 

investigated unexpected events and project responses. Inspired by Sterman (2000), the analysis was 
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conducted in two steps: Planning variables were identified through the four-month planning phase 

of the project, while unexpected events and project responses were analysed through the 20 month 

implementation period, as shown in Fig. 27. 

 

Figure 27: Two steps of the analysis 

As shown, the first step of the analysis focused on identifying variables of the project system through 

interviews with project partners, attendance in planning workshops, and review of planning 

documents. Following Kvale (1996, p. 145), we conducted semi-structured interviews with project 

partners, using a shared interview guide, targeting 1) project aims, 2) planning assumptions, and 3) 

major uncertainties. Starting from open, introductory questions, interviews moved to probing, 

follow-up, interpreting, and specifying questions, before concluding with structuring questions. To 

encourage openness, the project and interviewees were anonymised and quotes were approved by 

respondents. 

Using Fig. 26 as our analytical model, means, ends, and circumstance were identified and coded 

using Atlas.it software. Following Neuman (2000), we defined a ‘variable’ is any element of the 

project able to change its attribute between two or more values when influenced by other variables. 

Following Gioia et al. (2013), planning variables were identified from project management 

statements, leaving an audit trail from first-order observations to construct, as illustrated in Table 31 

in Section 7.4. Following Sterman (2000), where possible, variable names were formulated as nouns 

or noun phrases with a positive direction. As shown in Table 32, Section 7.4, this resulted in an 

overview of the planning variables of the project system, considered by project management during 

project planning. 

The second step of the analysis identified unexpected events and project responses. Unexpected 

events were identified throughout the case study period as these were raised at project meetings, in 

email correspondence, or in project documents. Following Simons (1998), we focused on ‘significant’ 

events, i.e. events that impact the ability of project management to implement the intended plan or 

to realise its intended effects. Following Wied et al. (2020), we included single-point-in-time events, 

permanent change, and continuous fluctuation. We define unexpected events as 1) unplanned 

arrival of 2) new information 3) after project launch, with 4) potential or realised consequences for 

project performance. We identified unexpected events from the point, and at the level of 

abstraction, at which they were discovered by project management.  

We identified as a ‘project response’ any action taken or decision made, occasioned by an identified 

unexpected event. We identified responses as a ‘mechanism’ of project resilience any response 

working as a ‘mediator’ between an unexpected event and project performance, allowing the 

project to retain or regain an acceptable level of performance, in the eyes of project management 

(Wied et al., 2020). Using Fig. 26 as our analytical model, we classified these responses by means, 

ends, and circumstances.  

Project planning (4 months) Project implementation (20 months)

8 Project partner interviews
4 Planning workshops
Meeting minutes
Planning documents

15 Project meetings
3 test-site visits
Meeting minutes
Email correspondence
3 Management interviews

1) Identification of project variables 2) Unexpected events and project responses
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7.3 Events of the longitudinal case study 
This section provides a narrative description of the major decisions and events of the project, and 

summarises unexpected events and project responses over the case study period. 

7.3.1 The planning phase 
The planning phase – dubbed the ‘inception period’ – aimed at detailing, tasking and scheduling the 

original project proposal initially approved by the sponsor. The four-month process was organised 

around a series whole-day planning workshops, one for each major work package, hosted by the 

work package leader. All project partners and external stakeholders (e.g. representatives of traffic 

authorities and the light rail) and experts (e.g. urban planners and representatives of parallel 

projects) attended the planning workshops. The workshops were prepared and preceded by smaller 

working groups, detailing and presenting plans for individual tasks. In addition to tasking and 

scheduling aspects, discussions during the planning phase covered a wide range of topics, including 

technical feasibility, legislation, vehicle speed requirements and specifications, test procedures, the 

development of the light rail, etc. (see Table 31 in the next section). 

The planning phase resulted in a detailed and updated version of the original project proposal, 

including 59 major revisions and a number of elaborations requested by the sponsor. The final 

project plan was subsequently approved by the sponsor early 2018, and project implementation 

began immediately thereafter. 

7.3.2 Legal approval and setup 
Obtaining legislative approval from traffic authorities for testing driverless vehicles on public roads 

was the first task of the project. The legislative framework for operating autonomous vehicles on 

public roads was passed by Parliament five month prior to project launch. At the planning stage, only 

one other application had been submitted, and had yet to be approved. The new legislation required 

the involvement of ‘assessors’ – independent consultancies – for safety assessment of vehicles and 

test sites. No established market for assessors existed, though. Five prospective assessors responded 

to a call for tenders issued in June 2018, and an assessor already involved in a parallel application 

process was contracted for the safety assessment. A second assessor was contracted to certify the 

vehicle to obtain a vehicle type approval. 

In parallel, a request for information (RfI) and a request for quote (RfQ) were sent to 10 prospective 

vehicle suppliers during the spring of 2018. Four suppliers reported ready to deliver, and two 

eventually responded to the call for tenders. “The market was a lot narrower than we expected. We 

thought we’d get a lot more bids”, one manager commented. Project management chose the more 

experienced of the two suppliers, and the project took delivery of three autonomous busses in 

January 2019, shown in Fig. 28.  

 

Figure 28: ‘Blank’ vehicles at delivery, January 2019 (photographs taken by the main author) 
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With assessors and vehicles in place, the application process began. While the official risk threshold 

for approval was equivalent to a conventional bus service, the project team considered the de facto 

risk tolerance of authorities to be nil. As one member of the project team put it “[…] if the bus causes 

an accident, we will have to close down.”  

During detailed project planning, in March of 2018, a fatal autonomous vehicle accident occurred in 

Arizona, USA, shutting down further tests in several U.S. states (T.S., 2018). Project management 

discussed the possibility that safety requirements might evolve during the approval process, should 

authorities, for example, add new safety requirements in response to this or another accident. 

However, no additional requirements followed from the incident. 

Early in the approval process, it became clear that the new legislation required individual approval of 

specified routes. Thus, the original plan of ‘surface coverage’ (operating vehicles in an area without 

predefined routes), would fall outside the legislative framework. This clashed with the project’s 

ambition to develop dynamic routing services, based on real-time demand. In response, dynamic 

routing was changed to an ‘optional objective’, allowing the project to abandon dynamic routing, 

should this prove illegal. Adopting a different approach, project management applied for a ‘network’ 

of connected, yet individually specified routes. . One member of the project team said, “we can’t do 

surface coverage, but we can draw up a route network. We are as close to testing dynamic routing 

as we can get.” 

Further, the approval process of a parallel autonomous vehicle project unearthed a possible safety 

concern with a similar vehicle type: “There’s a problem with the LiDAR [an obstacle sensor]. There is 

an area of 30 cm under the bus, where there is no visibility”, one manager explained, “There’s a 

blind spot there”. In the longer-term, a technical solution would have to be found, but during 

testing, the blind spot would be covered by the on-board human steward. 

It was further discovered that more authorities than expected would need to be involved in the 

approval process. As one member of the project team said, “It is a very extensive process […]. We 

have only gradually become aware of how extensive it is.” The traffic authorities had to approve the 

vehicle, road authorities had to approve the test sites, emergency authorities, and police would also 

need to be involved. In addition, the final approval would need to be signed by the minister of 

transport.  

The approval process was further hindered, when a key member of the management team, deeply 

involved in the process, left the project for another job. “There was a lot of knowledge that left the 

project, and a whole new person had to be brought up to date”, a manager said. “We knew it would 

be difficult, but we thought it was easier to get an autonomous bus out on public roads than it 

proved to be.” 

By the end of 2018, it became clear that the original three-month approval period was unrealistic. “I 

would really like us to get on the road, and it is a deeply frustrating process when it is constantly 

postponed”, a manager commented. “We announced when we thought we’d get on the road. We 

have done that a lot of times. And then we have had to go back to the plan and say ‘no that can’t be 

done’.” The approval process was eventually delayed by a full year. 

7.3.3 System testing 
System testing was done in parallel to legal approval. During this phase, the project was to log a total 

of 3,025 hours of safe operation, and transport 500 passengers at each of the two test sites. The 

project plan called for demonstration of dynamic routing, virtual stops, on-demand service, 
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operation at normal traffic speeds, integration with adjacent public transport nodes, and interaction 

with other road users, under the full range of traffic and weather conditions. 

As a consequence of the delayed approval process, initial tests were limited to enclosed areas at the 

first test site. These tests began in the summer of 2019 and continued throughout that year. Initial 

tests revealed a number of technical limitations. One manager explained; “recharging is a limitation; 

the busses have a limited time in operation.” Busses were limited to 5-6 hours of operation on a full 

charge, depending on season, air-conditioning, heating, etc. Further, “we are limited to low speeds, 

maximum 15km/h, we can’t do fully autonomous operation, as there has to be a steward on-board, 

and we can’t cross larger roads, because the bus is not intelligent enough to communicate with 

traffic lights.” Also, “it doesn’t know all of our informal traffic norms”, one manager said, referring to 

the role of eye contact between human drivers and cyclists before performing right turns. Further, 

“if there’s a parked car, it can’t figure out how to go around it. That’s why we need a steward on-

board. Right now, the major problem we can see is that the busses are stopping too often”, one 

manager said. 

During this period, original plans for using Wi-Fi traces on passengers’ smartphones for demand-

prediction and route planning, also proved problematic: “The accuracy [of Wi-Fi traces] is not great, 

and it drains peoples’ phones of power”, one manager said. During a discussion of the problem, a 

data scientist “brought up the idea of using iBeacons”, a manager explained. This simpler solution 

involved ‘duct taping’ beacons to busses and to potential stops, but circumvented the problems of 

Wi-Fi. “It was an option we didn’t know existed”, a manager explained. This solution was eventually 

adopted. 

A further problem had to be addressed, as no sub-contractor proved able to deliver the app for 

passengers’ smartphones. The presumption was that the vehicle supplier would be able to provide a 

suitable user app. In response, management decided to undertake app-development in-project. EUR 

156,000 from was re-allocated to app-development, which was undertaken by a university partner. 

In the meantime, continuous delays of the approval process meant that the test design had to be 

revised. “It means we will have to do both tests in 2020 [rather than 2019].” one manager said, and 

elaborated “the delays mean that we may run into trouble with the construction of the light rail at 

[the first test site]. Parts of our planned route might be affected by the construction work.” 

Considering options, one manager said: “In the final instance, we may have to drop the second test 

site, and extend tests at [the first test site].” This decision was eventually made. 

The initial tests in done enclosed areas further affected communication with early users: “We are 

testing a technologically incomplete service”, one manager said. “This has had a huge impact on our 

communication with users. Originally, we spoke about it as ‘the future of transportation’. Now, we 

are more straight-forward, saying ‘this is a product under development’, and ‘you are participating in 

an experiment to improve the product’.” Testing in enclosed areas continued throughout 2019. 

7.3.4 Transfer and up-scaling 
Handover of the system for up-scaling and implementation would begin as a series of urban planning 

workshops, developing a plan for implementing the autonomous bus service to the some 30 light rail 

stations in the ten municipalities traversed by the light rail. 

Early in the project, in March, 2018, urban planners raised concerns about bus access to the light rail 

stations. Light rail stations were still under development parallel to the project, and their design 

under continuous revision. There was no guarantee that autonomous busses would have favourable 

access to the 29 stations. The problem, however, was alleviated during 2019, when the light rail 
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team decided on a flexible station design, allowing easy revision, and thus access, provided a 

working autonomous service. 

In November 2018, the project encountered another upheaval. The partnering urban municipal 

development organisation, in charge of transfer and up-scaling, was de-funded and forced to exit 

the project. The remaining project partners decided that the organisation representing the wider 

circle of municipalities traversed by the new light rail, would step in to assume their role.  

Another problem surfaced in December 2018, when updated traffic projections showed that the 

light rail would likely be slower and carry fewer passengers than anticipated. With nearly 30 stations 

on as many kilometres of line, average speed would suffer: “I think it might be an advantage.” One 

manager said. “We may increase the footprint of the light rail,” referring to the possibility of 

repositioning the project as a possible solution to this new problem. 

In March of 2020, the project was affected by the outbreak of COVID-19 pandemic, seen by project 

management as an opportunity to apply for an extension and thus buy time for the delayed approval 

process. 

At the conclusion of the case study period, the project had received approval and were testing a self-

driving bus service, and proposed plans for up-scaling and integration, within budget, albeit six 

months late.  

Table 30 gives a summary of unexpected events and project responses over the case period. 

Work package Unexpected event Project responses 

Legal approval 

and testbed 

setup 

1. Autonomous vehicle accident occur abroad 

2. Surface coverage prohibited by law 

3. A LiDAR ‘blind spot’ is discovered  

4. The approval process is delayed 

5. A key employee leaves the project 

1. No impact on the approval process 

2. Application is revised to ‘a network of 

routes’; on-demand is made an ‘optional 

objective’ 

3. Human steward compensates until a 

technical solution can be found 

4. Public road tests are postponed; tests are 

focused on enclosed areas 

5. New staff is brought on to compensate 

 

System testing 

 

6. Sub-contractor cannot deliver passenger app 

7. Using Wi-Fi-traces proves inaccurate and 

draining to users’ phone batteries  

8. Technical limitations of the autonomous 

system are discovered 

6. App-develop is undertaken ‘in-project’ 

7. iBeacons adopted as a substitute technology 

8. The test design is adjusted to ‘simulate’ a 

more autonomous system, and project 

communication is revised 

 

Transfer and 

up-scaling 

 

9. A partner is defunded and exits the project 

10. The light rail will be slower and have fewer 

passengers than expected 

11. The problem of vehicle access to light rail 

stations is raised by urban planners 

12. The COVID-19 virus outbreak causes wide-

spread shut-down of society 

 

9. An existing partner organisation assumes 

their role 

10. The project is ‘re-positioned’ as a possible 

solution 

11. The light rail adopts a flexible station design, 

allowing for subsequent integration 

12. Project management uses this occasion to 

obtain a six month extension. 

 

Table 30: Summary of unexpected events and project responses 

As shown, 12 significant unexpected events were identified throughout the case study period. In the 

following section, we turn to the analysis of the case study analysis and the findings of the study. 
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As shown, 12 significant unexpected events were identified throughout the case study period. In the 

following section, we turn to the analysis of the case study analysis and the findings of the study. 

7.4 Analysis and findings 
This section identifies the variables of project system, and investigates the impact of unexpected 

events and mechanisms of project resilience.  

Turning first to the variables of the project system, these were identified during the planning phase 

of the project as described in Section 7.2. Table 31 gives illustrative quotes from project partners’ 

deliberations at this time, and the identification of project variables derived from these. 

Factor Example statements Variables 

Performance 

variables 

“There are two things [the project is to deliver]. First, the technical 

solution is to prove feasible. Second, that solution has to fit in with the 

overall transport plans, infrastructure and urban planning.” 

 

“First, we need a lot of hours of operation.” 

 

“If the Road Directorate follows this project, and decides to update the 

legislation [to as to allow operation without a human steward], that 

would be a success.” 

 

“We need to move people from cars to other forms of transport. […] if it 

still pays to take your car, not using this system, then we have failed.”  

 

“Speed is important. Clearly, driving 20km/h or 11 km/h, as we did last 

Friday, is not sufficient […]. It must be faster, if this is to be attractive, […] 

at least where there are bus lanes.”  

 

“Can we be sure that this works? […] The next question is ‘what’s in it for 

me?’ – will this add value for users? […]. It needs to be flexible, it needs to 

be safe.” 

 

Technical feasibility 

Traffic integration 

 

 

Hours of operation 

 

Legislative change 

 

 

 

Car displacement 

Competitiveness 

 

Operational speed 

 

 

 

Reliability 

User approval 

Flexibility 

Safety 

 

Controlled 

variables 

“We need to figure out if we will send a complete application to the traffic 

authorities, including all tests, or if we do it in stages.” 

 

“Ahead of the application, we have to have some very well-defined vehicle 

specifications.” 

 

“We will adjust routes in an on-going fashion, which requires real-time 

communication between the autonomous bus and the operation centre.” 

 

“The report summarizes findings regarding interactions between busses, 

passengers and other road users.“ 

 

Application format 

Application content 

 

Vehicle specifications 

 

 

Test procedures 

 

 

Test result 

communication 

Uncontrolled 

variables 

“I think we will see scepticism. And I suspect that other road users will test 

the system, to the annoyance of passengers and [stewards] in the bus.”  

 

“I am also curious as to how e.g. the elderly and drivers’ unions will react 

when they realise that this is real.”  

 

“Is the light rail fast enough? Will this become two slow systems in 

conjunction?”  

 

Road user reactions 

 

 

User reactions 

Political reactions 

 

Speed of the light rail 

 

 

Approval process time 



99 
 

“We don’t know how long the application process will take. We have 

assumed six months, but [the partnering bust operator’s] experience in 

Sweden shows that it takes nearly a year.” 

 

Table 31: Illustrative examples of project partner statements and identification of project system 
variables 

As shown, the project team considered both continuous variables (e.g. operational speed) and 

discrete variables (e.g. legislative change = presence/absence of the ‘human steward’ requirement). 

Some variables were directly observable and measurable (e.g. approval process time and car 

displacement), while others had as-of-yet undefined attributes (e.g. user reactions). Some 

performance variables were assigned clearly defined thresholds of success through the planning 

process, (e.g. hours of operation = 3,025 at each test site), while others (e.g. user approval and 

flexibility) merely implied a direction of increasing value.  

This process resulted in a set of variables framing the managerial problem. Table 32 gives an 

overview of all identified means, ends and circumstances, categorised by work package. 

Work 

package 

Performance variables  Controlled variables Uncontrolled variables 

Legal 

approval and 

testbed and 

setup  

Legislative compliance 

Legal approval 

Time to approval 

Activities approved 

Vehicle cost 

Vehicle capabilities 

Vehicle service requirements 

Vehicle maintenance req. 

 

Assessor organisation 

Vehicle specifications 

Vehicle supplier 

Number of vehicles 

Application format 

Application content 

Test activities 

Legislative requirements 

Vehicle investment cost 

Approval process time 

Available assessors 

Available test sites 

Available vehicle suppliers 

Project partners 

Project stakeholders 

 

System 

testing 

Hours of operation 

Operational speed 

Technical feasibility 

System reliability 

Number of test passengers 

System safety 

System security 

System flexibility 

System autonomy 

Transport time saving 

User approval 

Public approval 

Operational costs 

Road user approval 

Quality of service 

System scalability  

System transferability 

Cost-effectiveness 

Time savings 

Public trust 

 

Test site infrastructure 

Test procedures 

Test bed operation 

Test bed maintenance 

Test result communication 

Technological maturity 

Test site layout 

User reactions 

Road user reactions 

Weather conditions 

Transfer and 

up-scaling 

Political approval 

Impact on urban transport plans 

Impact on ICT infrastructure 

plans 

Impact on light rail station 

design 

Light rail schedule integration 

Recommendations 

Stakeholder involvement 

Stakeholder communication 

Urban infrastructure 

capabilities 

Political reactions 

Urban population growth 

Congestion 

Growth in car transportation 

Size of first/last mile gab 
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Ticket price 

Ticket sales revenue 

GHG emission displacement 

Car displacement 

Number of passengers 

System competitiveness 

Public transport passenger share 

Impact on the urban 

environment 

 

Light rail completion date 

ICT infrastructure capacity 

Speed of the light rail 

Demand for the light rail 

Competing technologies 

Table 32: Variables of the project system deliberated during project planning 

As shown, 79 variables were identified in the project system. Among these, 41 are performance 

variables, 14 controlled variables, and 24 uncontrolled variables. Performance variables are the most 

numerous variables, perhaps reflecting the early ‘goal formulating’ stage of the project. As also 

shown, a number of controlled variables were considered during this stage, i.e. choices available to 

project management (e.g. choice of assessor organisation and test procedures). Finally, uncontrolled 

circumstances included reactions of key project stakeholders (e.g. road users), external 

developments (e.g. demand for the light rail), as well as forces of nature (e.g. weather conditions). 

Thus, through the planning phase, project partners built up a partly shared managerial mental model 

of the project system, composed of a wide range of variables. 

Drawing on our discussion in Section 7.2, as a model of the managerial problem, the challenge is 

essentially to maximise, minimise, or preserve project ends (left column variables), by manipulating 

available project means (middle column variables) under a set of given circumstances (right column 

variables).  

Table 21 shows the means, ends and circumstances considered at the planning stage of the project. 

Over the case study period, this initial picture evolved over the case study period, both as a 

consequence of management decisions and the occurrence of external events. Specifically, over 

time, the proportion of circumstance variables increased, as initial means and ends variables shifted 

into this category, as illustrated in Fig 29. 

 

Figure 29: Distribution of system variables over the project life cycle 

For example, early in the project, the choice of vehicle suppler transformed this variable from a 

means (under the control of project management) into a circumstance, now beyond its control. 

External events similarly affected the distribution of variables. The gradual clarification of legislative 

requirements shifted both operational speed and time to approval from ends into the circumstance 

column of Table 32. Indeed, at its completion, all project variables of the first work package had 

shifted into the circumstance column of subsequent work packages. The same occurred at the 

completion of the second work package, and so on. In this way, at the end of the case study period, 
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most variables of the project system had shifted into the circumstance category, with the exception 

of those governing the eventual fate of the light rail, yet to be completed.  

This suggests that all variables within the project system boundary will be circumstances at the end 

of the project life cycle, i.e. ‘given’ by prior choices and external events, as shown. Thus, the 

evolution of the project system seems to be one of ‘entropy’ towards the predominance of 

circumstances. 

7.4.1 The impact of unexpected events 
As shown in Table 30, the project encountered 12 significant unexpected events over the case study 

period. Four of these (4, 2, 3, and 8) were covered by two broad items (‘delayed approval’ and 

‘technical difficulties’) in the risk register, developed during project planning. The remaining eight 

events (1, 5, 6, 7, 9, 10, 11 and 12) were truly unforeseen. 

Neither set of unexpected events were unambiguously traceable to a single ‘root cause’, and thus 

not attributable to means, ends or circumstances. For example, the loss of a key employee (Event 5) 

affected the means available to the project, and was itself likely caused by factors both within and 

beyond the control of project management. The unexpected prohibition on surface coverage (Event 

2) and the exit of a project partner (Event 9) were attributable to actors beyond the project, as were 

the causes of a slower light rail and with fewer passengers (Event 10). Thus, unexpected events were 

mostly rooted in more than one part of the projects, and propagated through the system as a whole. 

Taking Table 31 as our starting point, unexpected events impacted the initial managerial model of 

the project system in four distinct ways. First, some events revealed unexpected attributes of known 

variables, e.g. operational speed (Event 8) turned out to be significantly lower than expected. 

Second, other events introduced new variables into the system, e.g. the reactions of police and 

emergency authorities (Event 4), not initially considered relevant. A third type of events rendered 

initially important variables irrelevant, i.e. when a partner unexpectedly exited the project (Event 9). 

A fourth and final type of event revealed unexpected relationships between known variables, e.g. the 

unexpected battery-drain of Wi-Fi traces (Event 7), initially assumed to be negligible. These 

categories are summarised in Fig. 30. 

 

Figure 30: The impact of unexpected events on the project system 

Each unexpected event demonstrated the incompleteness of the initial managerial model of the 

project system, outlined during the planning phase (Table 31). The actual means, ends and 

circumstances, and the relationships between them, were discovered gradually through the project 

implementation phase. In this manner, project implementation was itself the primary information-

producing activity, both in confirming and falsifying project management’s initial assumptions about 

the project system.   

Project system

Unexpected attributes

Unexpected variables

Unexpected relationships

Irrelevant variables



102 
 

7.4.2 Mechanisms of project resilience 
As we saw, the project responded to unexpected events in several ways. Turning first to means, 

changes to variables within this category proved instrumental in responding to unexpected events: 

The app development unexpectedly had to be undertaken ‘in-project’; the responsibilities of an 

exited partner had to be assumed by another; and the ‘human steward’ precaution was expanded to 

compensate for a LiDAR blind spot (Responses 6, 9, and 3). In these instances, means available to 

project management were repurposed to cover initially unexpected ends. In other cases, means 

were revised. The prohibition on surface coverage forced the project to adopt a ‘route network’, 

while a new test design had to accommodate both unexpected technical limitations and a delayed 

approval process (Responses 4, 2, and 8). In a third set of cases, initial means had to be replaced by 

others: A key employee had to be substituted and Wi-Fi traces were replaced by iBeacons 

(Responses 5 and 7). Thus, the project responded to unexpected events by adapting means, i.e. 

repurposing, revising, or replacing them. 

Variables in the ends category likewise allowed the project to respond to unexpected events: As we 

saw, the dynamic routing objective was made ‘optional’ following the prohibition of surface 

coverage, and communication of project ambitions were ‘toned down’ after the discovery of 

technical limitations (Responses 2 and 8). Further, the discovery of slower speeds and fewer 

passengers on the light rail led to repositioning of the project as a solution to this new problem 

(Response 10). In these instances, the project was able to accept unexpected events, responding by 

softening, dropping, or changing initial project ends. 

Finally, albeit beyond the control of project management, circumstances also played an important 

role in responding to unexpected events. The autonomous vehicle accident abroad left safety 

requirements unaffected (Response 1). In another instance, the light rail unexpectedly adopted a 

flexible station design, alleviating the problem of integration with light rail stations (Response 11). 

Finally, the outbreak of COVID-19 allowed the project to obtain a much-needed extension to 

compensate for the delayed approval process (Response 12). In these cases, the positioning of the 

project left the project insulated from unexpected events or able to exploit unexpected events. 

Thus, mediators in all three parts of the project system allowed the project to respond to 

unexpected events. As illustrated in Fig. 31, we distinguish between adaptation (means), acceptance 

(ends) and positioning (circumstances) as mechanisms of project resilience. 

 

Figure 31: Adaptation, acceptance and positioning in response to unexpected events 

As shown, allowing change to one part of the project system allowed holding other parts of the 

system constant. Thus, means, ends and circumstances all played important roles as mediators 

between unexpected events and project performance: Means were repurposed, revised and 

replaced; ends were softened, dropped, or changed; and changing circumstances rendered the 

project either insulated from, or an exploiter of, unexpected events. In this manner, means, ends 
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and circumstances outline the key dimensions of a principal solution space for building project 

resilience. 

7.5 Discussion and conclusion 
Our results support the view that unexpected events are here to stay. Our case project encountered 

and responded to multiple and significant unexpected events. In this respect, the project is typical. 

In their larger sample, Miller and Lessard (2001) found that engineering projects encounter an 

average of five unexpected events before handover, with several encountering as many as 12. Most 

unexpected events were truly unexpected, evading even the relatively broad items of the risk 

register. This lends credence to Knight’s (1921) observation, that most real-world decisions must be 

undertaken without accurate knowledge of their eventual outcomes nor the probabilities of their 

occurrence. Following Browning and Ramasesh (2015, p. 60), the initial project plan proved merely a 

hypothesis for how to achieve success.   

This cannot be unambiguously attributed to poor planning. While improvements of the planning 

process could surely be made, it is not clear that any method of anticipatory planning, regardless of 

its level of sophistication, could produce the information in Table 30 in advance. Here, we line up 

with Geraldi’s (2010, p. 548) conclusion that “although risk management seeks to identify many of 

the variations and provide for their mitigation, it is simply impossible to totally de-risk a project.” 

Outlining an alternative to up-front planning, resilient systems theory seeks to explain the ability to 

resist and recover from unexpected events, without the use of foresight. Extending resilient systems 

theory to the domain of project management, we conceptualised a project as a system means, ends, 

and circumstances. Through this lens, we asked how do unexpected events impact complex projects, 

and what are the principal mechanisms of project resilience?  

In answer to the first part of the research question, we saw how unexpected events demonstrated 

incompletenesses of the initial managerial mental model of the project system; revealing 1) 

unexpected attributes, 2) new variables, 3) irrelevant variables, and 4) unexpected relationships. As 

sources of new information, unexpected events did not merely reshape the probability distributions 

of known attributes, emphasised by classical probability theory (Hubbard, 2007). Rather, unexpected 

events revealed entirely new variables and relationships in the project system, and negated others, 

initially considered relevant by project management. This sheds light on a fundamental limitation of 

predictive planning. 

As first noted by Simon (1957), anticipatory planning must necessarily rest on an initial managerial 

mental model of the project system. However, as we saw, the actual means, ends, and 

circumstances were discovered through action rather than planning. Thus, project implementation 

was itself the primary, and indispensable, information-producing process through which the most 

important information about the project was dislodged. As noted by Wied et al. (2020), unexpected 

events undermine the paradigmatic assumption of traditional project management that information 

precedes action. As we sat, the inverse is often the case. In consequence, the ability to respond to 

unexpected events proved more decisive than predicting them.  

In answer to the second part of the research question, we showed how means (through adaptation), 

ends (through acceptance) and circumstances (through positioning) all played a role in allowing the 

project to respond to unexpected events: Means were repurposed, revised and replaced; ends were 

softened, dropped, or changed; and changing circumstances rendered the project either insulated 

from, or an exploiter of, unexpected events. Thus, means, ends and circumstances all played 

important roles as mediators between unexpected events and project performance.  



104 
 

In this sense, the means-ends-circumstance framework outlines a solution space for building project 

resilience, overarching the existing body of literature. Authors like Pich et al. (2002) and Sommer et 

al. (2004), consider purely ‘means-focused’ approaches, arguing for sequential and parallel trials for 

managing uncertain projects. Also focused on means, Olsson (2006, 2008) argue for retaining 

internal (process) and external (product) flexibility in the face of uncertainty. Crawford and Pollack 

(2004) distinguish ‘hard’ and ‘soft’ projects, the latter containing multiple solutions (means) and 

successful goals (ends). Similarly, Arge (2005) considers generality (changing ends) and elasticity, and 

flexibility (scaling and changing means). Considering the active use of changeable circumstances 

Bahrami and Evans (2005) consider moving to new domains in response to unexpected events; out 

of the way of an impending disaster, or leaping into an unforeseen area of opportunity.  

Thus, the study outlines the parameters a fuller exploration of the solution space for building project 

resilience, going beyond traditional considerations of contingency reserves (Samset and Volden, 

2016), reduction lists (Olsson, 2016) and time slack (Gutierrez and Kouvelis, 1991). 

As its opposite, this points to the characteristics of non-resilient projects. The performance of such 

projects is premised on the achievement of foreseen ends, using foreseen means, under foreseen 

circumstances. Borrowing a term from Kalra et al. (2014), these projects are ‘brittle’, i.e. their 

performance is highly dependent on confirmation of initial planning assumptions.  

Looking ahead, this study opens up avenues for further research into diagnosing brittleness in 

complex engineering projects, and for exploring means, ends, or circumstance-focused approaches 

to building project resilience. It furthers encourages a fuller consideration of the solution space for 

building resilience in complex engineering projects.  
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8. Discussion and conclusion: Answering the research questions 
The Gevingåsen railway tunnel, four ways to win 

The project added a 5.7 km single track shortcut through a 4.4 km. tunnel to an 

existing rail line. The project was completed on time and slightly above cost. A 

plan to expedite the project during the 2007 financial crisis proved incompatible 

with tender conditions, and the original schedule was retained. Despite 

increasing travel speeds on the new rail section, total travel times on the line 

was not reduced, because of an uncoordinated change the adjacent stopping 

pattern. The project nonetheless achieved several synergies: First, by using the 

500,000m3 spoil from the tunnel excavation to expand the safety zone at the 

nearby airport, reducing costs and environmental impacts. Second, the project 

repurposed a (now obsolete) 3 km costal rail track to a popular hiking trail, facilitating 88,000 people in its first 14 

months. Third, the access roads created for the excavation were placed to improve road access between towns at either 

side of the route (Welde et al., 2017). Photo credit: The Concept Research Programme, NTNU. 

Box 8: The Gevingåsen railway tunnel, a multi-functional project 

This chapter concludes the thesis. Drawing upon the preceding chapters, this chapter discusses and 

answers the three overarching research questions posed at the beginning of the thesis. 

8.1 Answering RQ1: Reframing the problem, and the solution 
Turning to RQ1; what distinguishes resilient from brittle systems, and what are the implications for 

complex engineering project management? The impetus RQ1 springs from a dilemma in complex 

engineering project management. On the one hand, the requirement that planners must ‘be right’ 

about the future for projects to succeed seems unrealistic, given the nature and persistence of 

unexpected events. On the other hand, relying on luck seems unacceptable, given their impact on 

performance and the high cost of failure. 

As we have seen, the persistence of unexpected events is overwhelmingly supported both by the 

findings of this thesis and by the broader project management literature (Chapter 3). Every project 

studied in Papers B-D encountered one or more significant unexpected events sometime through its 

life cycle. These included new requirements, technical problems, unexpected demand, side-effects, 

new legislation, adjacent developments, supply conditions, and partner pull-outs. Adding to this 

came a number of ‘oddball’ events; archaeological discoveries, freak accidents, extreme weather, 

financial crisis, and most recently, a viral pandemic (Papers B, C and D). 

Notably, these events occurred despite risk management techniques and independent plan reviews. 

Up-front planning did foresee some events, which subsequently occurred, many foreseen events did 

not occur, while many unexpected ones did. As Paper B concludes, this would likely have been the 

case even if retrospective planning errors and oversights could be wholly eliminated. Fundamentally, 

engineering projects are complex systems; they have numerous and tightly coupled parts, they have 

large surfaces of exposure to their surrounding environments, they operate over long periods of 

time, and frequently involve novel elements (Chapter 3). Thus, both sides of the project-planner 

stalemate, discussed in Chapter 3, is clearly at work here.  

The findings of thesis lends credence to the view that no method of anticipatory planning can be 

expected to eliminate unexpected events, regardless of its level of sophistication. This goes some 

way to explain persistent surprises, even in the most well-planned projects (Rolstadås et al., 2011) 

and diminishing returns to up-front planning (Dvir and Lechler, 2004). Given the inherent uncertainty 

of complex engineering projects, reliance on foresight easily masks what is in actuality reliance on 

luck. While some projects are indeed lucky, the odds are typically stacked against complex 

engineering projects, having many more ways to fail than to succeed. 
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Thus, while improved anticipatory planning both can and should weed out poorly conceived projects 

and deceptive planners, such efforts will inevitably leave a large number of seemingly competent 

and honest project proposals, still on the table. While we can say that most of these plans are 

critically flawed, we cannot say, in advance, exactly how. Paradoxically then, the minimum 

requirement for learning the outcome of many complex engineering projects, is to implement them 

(Paper C). 

8.1.1 Towards a resilience paradigm of project management 
In answer to RQ1, extending resilience theory to complex engineering projects reframes both the 

problem of and solution to unexpected events. The problem changes from one of inaccurate 

foresight to one of unrecognised ignorance (Paper C). Further, resilience theory reframes the 

solution from one of improved foresight to one of general preparedness (Paper B).  

Thus, extending resilience theory to complex engineering project management outlines a ‘non-

anticipatory’ paradigm of management (Paper B), combining recognised ignorance about the future 

with an ethos of general preparedness. As shown in Fig. 32, this paradigm is contrasted by its 

‘anticipatory’ counterpart, underpinning traditional project management. 

 

Figure 32: Contrasting the anticipatory and the resilience paradigm of project management 

The distinction between these two paradigms has important implications. In the anticipatory 

paradigm, ignorance about the future can, and should, be reduced the lower levels of either 

uncertainty, risk, or determinism. By contrast, resilience theory challenges the assumption of 

traditional project management that information precedes action (Paper C). In most complex 

engineering projects, this assumption does not hold. Rather, action often precedes information. The 

most critical information typically surfaces through implementation and operation rather than up-

front planning. Action becomes the primary information-producing process (Paper D). Thus, the 

thesis proposes a shift from an ‘information-centric’ to an ‘action-centric’ paradigm of project 

management. 

This, in turn, has implications for the focus of project management research. While research within 

the anticipatory paradigm has focused primarily on characteristics of projects that are ‘right and 

successful’ (Samset, 2010; Merrow, 2011) or, conversely, ‘wrong and failed’ (Flyvbjerg et al., 2003; 

Sauser et al., 2009), the resilience paradigm shifts attention to projects that are ‘wrong, but not 

failed’, i.e. to projects that can succeed despite, or even because of, unexpected events, without the 

need to foresee them. It is from this perspective that I turn to the second overarching research 

question. 
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8.2 Answering RQ2: Project resilience and brittleness  
Turning to the second research question; why do some complex engineering projects fail, while 

others succeed, despite, or even because of, unexpected events? Following from the discussion 

above, this question is motivated by Holling’s (1973) fundamental distinction between resilience and 

brittleness, suggesting that some projects, inadvertently or by design, have shared properties 

allowing them to succeed despite, or even because of, unexpected events, while others do not.  

In answer to RQ2, in following I focus first on the relationship between unexpected events and 

project performance. Second, I summarise the properties distinguishing brittle from resilient 

projects identified through the thesis. 

8.2.1 Unexpected events and project performance 
Project resilience and project performance is intrinsically linked. The resilience of any project 

depends on its ability to retain or regain an acceptable level of performance in the eyes of its 

stakeholders, following an unexpected event (Paper B). A wide range of performance criteria have 

been proposed in the project management literature (de Wit, 1988; Pinto and Slevin, 1988; Jugdev 

and Müller, 2005; Ika, 2009; Kreiner, 2014). This in turn has led to the formulation of formal 

performance measurement schemes, as exemplified by the Norwegian scheme, discussed in Paper 

B. 

However, as we conclude in Paper B, adherence to such pre-determined and formal performance 

criteria is neither necessary nor sufficient for acceptable performance in the eyes of stakeholders. 

Indeed, there seems to be little connection between formal performance criteria and retrospective 

assessments of project value. Rather, the findings of Paper B suggests that unexpected events 

‘matter’ when they affect stakeholders’ preference for a chosen project relative to competing 

alternatives (known or imagined), foregone by its implementation.  

Thus, Paper B outlines a fundamentally ‘subjective opportunity cost’ view of project performance, 

the axiological roots of which I describe in Chapter 2, Section 2.1.1. In this view, the performance 

baseline against which success or failure of a project is measured, is whether its stakeholders 

continue to prefer it to competing alternatives foregone. In this view, unexpected events cause 

‘project failure’ when the project is no longer superior to one or more competing alternatives, in the 

eyes of its stakeholders. Conversely, a project ‘succeeds’ if it retains or regains its superiority to 

competing alternatives.  

In this view, the life cycle of a project is an ongoing deliberation between proponents and 

opponents, through which unexpected events strengthen or weaken the case for the chosen project, 

relative to competing alternatives. Thus, expanding upon Paper B, the success of any project can be 

stated formally as a ‘pivotal argument’ in its favour – an argument which must hold or be restored 

throughout its life cycle (Box 10). 
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Box 9: Formalising the pivotal argument for project success 

Thus, in partial answer to RQ2, some complex engineering projects fail because of unexpected 

events because they lose superiority over competing alternatives, in the eyes of their stakeholders. 

Conversely, others succeed, despite, or even because of, unexpected events because they retain or 

regain such superiority, irrespective of formal performance criteria. 

 

 

 

 

 

 

 

 

 

 

 

 

Formalising the pivotal argument for project success 
Paper B, Chapter 5 defines project success as continued stakeholder preference for the chosen project over completing 
alternatives foregone by its implementation. Thus, the argument for the superiority of a chosen project over its three 
principal competing alternatives can be stated formally as follows: 
 

1) pc → sc → oc 

2) Ps → sc → oc  

3) Pa → Ss → oc 

4) pz → Oa → Oz 

5) pc ≻ ∀ p ∈ Ps 

6) pc ≻ ∀ p ∈ Pa 

7) pc ≻ pz ∧ ∀ o ∈ Oa 

8) ∴ pc 

Here, 1) a chosen project (pc) is aimed at building a chosen system (sc) producing a chosen outcome (oc).  
The three principal competing alternatives, includes 2) the set of known substitute projects (ps), i.e., different ways of 
creating the same system (Sc), 3) the set of alternative projects (pa) aimed at building substitute systems (Ss), also 
producing the chosen outcome (Oc), and 4) the zero option, that is, implementing ‘no project’ (pz), thus retaining 
alternative options (Oa) for achieving alternative outcomes (Oz).  
 
Premises 1-4 are causal statements (→ = ‘causes’) asserting the relationship between projects, systems and outcomes as 
in Fig. 3. Premises 5-7 are normative statements (≻ = ‘is preferred to’) asserting the superiority of the chosen project 
over the three principal competing alternatives. The conclusion, proposition 8, is the endorsement of the chosen project 
(∴ = ‘therefore’). The remaining symbols ‘∧´, ‘∀’, and ‘∈’ meaning ‘and’, ‘for any’, and ‘member of’, respectively. 
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8.2.2 Properties of brittle and resilient projects 
From this view of the relationship between unexpected events and project performance, I turn now 

to the properties mediating this relationship, and which set brittle and resilient projects apart. The 

object of the thesis is to identify the shared properties allowing some projects to resist and recover 

from unexpected events, while others cannot (Chapter 1).  

In answer to RQ2, Table 33 synthesises the properties of brittle and resilient projects identified 

through the thesis. 

 

 

Adaptation (means) 

Irreversible 

 

The project is irreversible or has an early 

point-of-no-return 

The zero option can be restored in 

case of failure 

Reversible 

One-shot The project has a single attempt at 

achieving its end 

 

 

The project has multiple, sequential 

attempts at achieving its end 

Sequential 

The project has multiple parallel 

attempt at the achieving a its end* 

Redundant 

Definitive The project has a single attempt at 

achieving its end 

The result of a failed attempt can be 

subsequently modified and improved 

Modifiable 

Indivisible The project has a single indivisible 

attempt at achieving its ends 

Attempts can be divided into small 

cumulative increments 

Incremental 

Optimised The project is ‘just-in-time’ and has zero-

excess capacity 

The project has capacity in excess of 

expected need 

Buffered 

Acceptance (ends) 

High-pitched The project is aimed at high threshold of 

acceptable performance 

The project is aimed at initially low 

threshold of acceptable performance 

Understated 

Dedicated The project is aimed at achieving a 

singular end 

The project is aimed at multiple 

potential ends 

Multifunctional/ 

Compensatory 

Narrow The project is aimed at narrowly 

specified ends 

The project has broad scope for 

acceptable performance 

Ball-parked 

Mandatory 

 

The project is aimed at mandatory ends 

 

The project is aimed at revisable 

ends 

Revisable 

The project is aimed at optional ends Optional 

Positioning (circumstances) 

Compelled The time and place of the project is fixed The project is implemented when or 

where circumstances are favourable 

Opportunistic 

Pragmatic The circumstances of the project must be 

accepted as is 

The circumstances of the project can 

be proactively improved 

Cushioned 

Contested  

 

The project has strong competing 

alternatives  

The project is vastly superior to or 

have no competing alternatives 

Superior 

Exposed The project faces unique circumstances, 

not faced by competing alternatives 

Competing alternatives faces similar 

circumstances 

Equivalent 

Dependent The project is dependent on external 

circumstances 

The project is protected by sheltered 

circumstances 

Insulated 

Maximised The project cannot benefit further from 

changing circumstances  

The project can exploit changing 

circumstances 

Exploitative 

Table 33: Properties of brittle and resilient projects 

Table 33 shows the resilient properties identified through Papers B, C, and D, classified by means, 

ends and circumstances, following Paper D.  As shown, ‘left-column properties’ are characteristics of 

projects requiring planners to ‘be right’ about the future to succeed. Conversely, ‘right-column 

properties’ are characteristics of projects able to succeed, despite, or even because of, unexpected 

events. 

Brittle project properties Resilient project properties 
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In this light, the properties of resilient projects can be seen as 'super powers' of projects able to 

resist or recover from unexpected events. As we have seen, some projects are remarkably 

postponable; able to ride out unfavourable circumstances even over decades (Box 7, Chapter 6); 

some projects have multiple purposes and thus many ways to succeed (Box 9, Chapter 8); some 

projects are sequential, with built in ‘dress rehearsals’ of the hardest task they face (Box 8, Chapter 

7).  

The resilience view of complex engineering projects suggests a shift in emphasis of project 

management; from ‘quality-at-entry’ of project plans (Samset, 2010; Merrow, 2011), the capabilities 

of planners (Flyvbjerg et al., 2003; Flyvbjerg, 2014), and long-range planning (Paté-Cornell, 1996; 

Kalra et al., 2014). Rather, the thesis emphasises the properties of projects themselves. Through this 

lens, the aim of project management is not to eliminate unexpected events, but to promote 

resilience. With this in mind, I turn now to the third overarching research question of the thesis. 

8.3 Answering RQ3: Towards resilient project management 
Finally, turning to the third research question; how can complex engineering projects build resilience 

to unexpected events? This question is motivated by the practical problem faced by decision makers 

planning, selecting, and implementing complex engineering projects. With this in mind, the first part 

of the answer has already been touched upon in the answer to RQ1: The recognition that, in most 

complex engineering projects, action will likely precede information, and that the most important 

information about a complex engineering project typically surfaces during implementation or 

operation.  

In plain language, predictions of material costs, the economy, technological development, traffic 

flows, consumer behaviour, and military threats decades into the future should be treated with the 

same degree of scepticism as a weather forecast for Wednesday, two-month from now. As discussed 

in Chapter 3, given their track record, such predictions should be viewed as guesswork at best and as 

deceptive at worst. Further, there is little to suggest that the sophistication of predictive analysis, 

nor the credentials of their practitioners, has significant bearing on their accuracy (Sherden, 1999). 

Further, following Weick and Sutcliffe (2007, pp. 66–67), prediction comes with the little-recognised 

cost of reducing the number of things people notice, constraining improvisation, and instilling a false 

sense of security. In other words, from a resilience perspective, confident predictions may hamper 

the cultivation of Socratic humility about the future. 

From a project planning perspective, resilience thinking emphasises action rather than information, 

i.e. what we do rather than what we know. In this sense, Table 33 offers a menu of options for 

building project resilience: Could we start small? Could we install an ‘exit ramp’? Could do it twice, 

and pick the best? Could we make the project multifunctional? Conversely, the properties of brittle 

projects are often recognised in the literature, where complex engineering projects are described as 

‘indivisible’, ‘irreversible’, ‘dedicated’, or ‘sunk’ – primarily as impetus for improving up-front 

planning (Miller and Lessard, 2001; Flyvbjerg, 2014; Antunes and Gonzalez, 2015). However, as we 

saw in Paper C, experienced managers did not accept the characteristics of brittle projects as ‘given’. 

Rather, they deliberately redesigned their projects – shifting their characteristics from left to right in 

Table 33.  

From a project selection perspective, resilience thinking offers alternative criteria for evaluating 

project proposals. Departing from the traditional emphasis on value-for-money, quality of plan, and 

the track record of the consortia (Samset and Volden, 2016), Paper B emphasises the properties of 

projects themselves and the competing alternatives foregone by their implementation. As shown by 
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Samset and Volden (2016), the majority of project selection processes fails to seriously consider 

competing alternatives; often ‘anchoring’ early a ‘favourite concept’. Here, Paper B offers a strong 

warning against such early favouritism, and against underestimating competing alternatives. As we 

saw, discarded competitors often return to haunt projects later; the case for them now significantly 

strengthened by unexpected events. Special attention should be paid to the zero option (making do, 

or doing nothing); an often overlooked and highly competitive alternative, in hindsight. In this sense, 

resilience thinking raises important, but often unanswered, questions: What exactly would be the 

best competing alternative to the proposed project? Is the chosen project unambiguously superior 

to all competing alternatives? Is the zero option truly unworkable/intolerable? From a project 

selection perspective, the properties of brittle projects should be seen as diagnostic markers – 

warning signs of success-dependence on foresight (or luck). 

Turning to project implementation, Paper D, showed the role of unexpected events in falsifying 

initial mental models of complex projects, encouraging both initial Socratic humility about the 

future, and willingness to update managerial mental models along the way. This is perhaps best 

described by Simon (1976), as a shift from substantive rationality – the selection of the optimal 

option up front – to procedural rationality – the recognition that new information will unfold over 

time. Paper D showed the value of mediators – both improvised and planned – between project 

performance and unexpected events within all parts of the project, while cautioning against a 

‘Newtonian mindset’ (Chapter 2) of holding means, ends, and circumstances ‘constant’ in the minds 

of managers.  

8.3.3. Pathways to resistance and recoverability 
In answer to RQ3, Table 33 offers a menu of possibilities for building project resilience. Turning these 

into prescriptions, Table 34 gives an overview of options for building resilience, with references to 

the main papers of the thesis. 

 Property Prescription Thesis reference 

R
e

si
st

an
ce

 

Understating Reduce the initial threshold of acceptable performance Paper C, Section 6.3.9 

Multifunctionality Define multiple modes of acceptable performance Paper C, Section 6.3.8 

Ballparking Widen the scope of acceptable performance Paper C, Section 6.3.7 

Buffering Add capacity in excess of expected need Paper C, Section 6.3.6 

Cushioning Proactively improve project circumstances Paper C, Section 6.3.10 

Opportunism Proceed only when or where circumstances are favourable Paper C, Section 6.3.11 

Insulating Position the project under sheltered circumstances Paper D, Section 7.4.2 

Superiority Position the project where alternatives are few and unattractive Paper B, Section 5.4.2 

Equivalence Position the project under circumstances similar to alternatives Paper B, Section 5.4.2 

R
e

co
ve

ra
b

ili
ty

 

Sequentialism Include sequential re-tries at achieving acceptable ends Paper C, Section 6.3.3 

Redundancy Include parallel tries at achieving acceptable ends Paper C, Section 6.3.2 

Modifiability Allow for modification of the results of a failure Paper C, Section 6.3.1 

Incrementalism Start small and add only small marginal increments Paper C, Section 6.3.4 

Exploitability Position the project to exploit changing circumstances Paper D, Section 7.4.2 

Reversibility Retain the option of reverting to the zero option  Paper C, Section 6.3.5 

Optionality Make ends optional Paper D, Section 5.4.2 

Revisability Make ends revisable Paper D, Section 5.4.2 

Table 34: Building resistance and recoverability in complex engineering projects 

As shown, Table 34 distinguishes between efforts to increase resistance to failure and recoverability 

from failure, i.e. between avoiding failure and recovering from failure. These are, of course, not 

mutually exclusive. As discussed in Paper C, prescriptions from can be adopted in sequence or in 

combination, depending on the cost of one or more failed attempts at achieving project ends. In 
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general, unalterably failure-intolerant projects should emphasise resistance, while unalterably 

experimental projects should emphasise recoverability. 

Further, prescriptions for building resilience can be applied at various scopes and time scales, i.e. at 

the task level, the implementation phase, or over the entirety of the project life cycle. The broader 

the scope, the more general resilience is achieved, as discussed in Paper A. Thus, narrow application 

to a key task would build ‘task resilience’, while general application to a project concept across its 

life cycle would build ‘life cycle resilience’. 

Of course, not all prescriptions can be applied to all projects. As discussed in paper C, in practice, 

opportunities for developing resilience are constrained by project-specific, organisational and 

environmental factors. Thus, prescriptions should be adapted and applied with these in mind. For 

example, projects with unalterably ‘brittle’ ends, i.e. high-pitched, dedicated, narrow, and 

mandatory (Table 33), should look to build resilience within project means or circumstances. 

Further, where only a few or a single prescription is feasible, this should be applied at the widest 

scope and time horizon, giving the project the most general resilience possible, within the limited 

possibilities for building resilience. 

A common obstacle to building resilience is incompatibility with the need for specialisation and 

optimisation (Hamel and Välikangas, 2003). In the anticipatory paradigm (see above), the properties 

of brittle projects are highly valued: Efficient, single-shot projects, aimed at narrowly specified 

results (Table 33). Through this lens, resilience can be seen as wasteful. Why budget two parallel 

tries if a single success will do? Why spread a project between multiple independent purposes? Why 

keep an open schedule allowing for postponement when a completion date can, apparently, be 

settled early? Indeed, shifting project characteristics from left to right in Table 33 may well be 

unavoidably expensive, leading investors to opt for bolder (but more brittle) projects over more 

prudent (but resilient) ones. A further objection was raised in Paper C, where some managers 

adopting of resilience strategies were criticised for being non-committal, vague, insecure, or 

irresolute. Clearly, in some business environments, recognised ignorance about the future is not a 

sign of wisdom, prudence, and preparedness, but of incompetence.  

The strongest argument against these objections is the consistently poor track record of anticipatory 

planning of more than a century. In purely financial terms, given the cost of unexpected events, 

resilience prescriptions need neither be cheap, nor particularly effective to be worth the cost. In a 

world where the economics of complex engineering projects now routinely rival the GDP of medium-

sized nations (Flyvbjerg, 2014, pp. 7–8), and where both costs and benefits routinely deviate from 

expectations by 50-100 percent (Chapter 3), a performance improvement of, say, two percent would 

make even expensive prescriptions worthwhile investments in their own right. However, as we 

discuss in Paper B and C, many prescriptions may cheap or even free: Opt out of projects that offer 

only marginal improvements, postpone all irreversible actions for as long as possible (e.g. ribbon-

cutting and contract signing), make projects serve more than one independent purpose (Box 9), etc. 

Also, traditional anticipatory planning and risk management is itself neither cheap nor risk free. As 

Kutsch et al. (2014) pointed out, risk analysis often deteriorate into an expensive and time-

consuming ‘box-ticking’ and ‘compliance’ exercise, designed to justify, rather than falsify, risky plans. 

Similarly, Robust Decision Making involves years of iterative data collection and modelling (Kalra et 

al., 2014), risking ‘paralysis by analysis’ with no guarantee that unexpected events have been tamed. 

In addition, predictive analysis relegated to in-house specialists or to external consultants risk 

becoming ‘black boxes’ and ‘rubber stamps’ for decision makers, crowding out real-time situational 
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awareness and experienced-based intuition (Williams et al., 2012; Kutsch et al., 2016). As discussed 

in Paper B and D, sophisticated predictive analysis may cause over-preparedness for foreseen 

events, and under-preparedness for unforeseen ones. These findings line up with, Weick and 

Sutcliffe (2007, pp. 66–67), cautioning that detailed risk registers and contingency plans limits what 

planners prepare for and what they notice along the way. By contrast, many resilience prescriptions 

– being essentially modes of action – can be adopted with little or no formal predictive analysis. 

Indeed, some experienced managers do so intuitively, and go ahead with little or no hesitation 

(Paper C). 

In some cases, resilience may replace traditional risk management. Projects with predominantly 

‘right-column properties’ in Table 33, will likely do well, regardless of future events. In practice 

however, as Aven (2019) has pointed out, the anticipatory and non-anticipatory paradigms have 

important complementarities. Neither paradigm need apply to all projects or even to parts of any 

single project. As Lenfle and Loch (2010, p. 50) pointed out, no project consists exclusively of high-

uncertainty activities, and every project has parts that are relatively routine. Thus, the combined 

prescription of the two paradigms is to make the best plan possible, but to prepare for even the best 

laid plans to be wrong. The fundamental lesson to be learnt from resilience thinking is, that while 

nothing beats pure luck, we don't need to know the future to act wisely, but pretending to know the 

future when we don’t, makes us to act foolishly. 

8.4 Limitations and further research 
This section discusses the limitations of the research and outlines opportunities for further research. 

As the application of resilience theory to project management is a recent phenomenon, fundamental 

definitional questions are inevitable. Here, one important caveat is that no single definition of 

resilience is universally accepted across disciplines and domains of application (Paper A). Building on 

Holling (1973), in this research, resilience is defined as the ability resist and recover from unexpected 

events; either retaining or regaining an acceptable level of performance (Chapter 2). This 

immediately raises another definitional question upon which no universal consensus exists, i.e. that 

of ‘acceptable project performance’ (de Wit, 1988; Pinto and Slevin, 1988; Jugdev and Müller, 2005; 

Ika, 2009; Kreiner, 2014). As discussed in Paper B, I adopt a ‘subjective opportunity cost’ view of 

performance, and define ‘acceptable performance’ as superiority of a project over competing 

alternatives foregone by its implementation, in the eyes of its stakeholders. This definitional 

groundwork is necessary, but also means that the findings of the thesis hinges upon these 

definitional choices, and that adopting other definitions may affect findings. Given the nature of 

long-standing definitional debates – in both resilience research and project management – 

consensus on the definitions developed and deployed in this thesis is thus unlikely. 

A second limitation faced by the study of complex engineering projects, is small sample sizes. In 

general, in project management research, as the level of detail increases, the sample-size decreases. 

Paper D is based on a detailed study of a single project, while Papers B and C are based on data on 

some 20-30 projects each. Larger-scale, but less detailed, studies are typically based on samples of 

60-100 projects (Miller and Lessard, 2001; Flyvbjerg et al., 2003). Truly large sample sizes (1000+ 

projects) are typically focused narrowly on cost (Morris and Hough, 1991), with little detail on the 

idiosyncrasies of individual projects. Following Love et al. (2015), this raises a dilemma: One can 

attempt statistical generalization, accepting small samples and the loss of project-level detail, or one 

can attempt analytical generalization (Kvale, 1996; Yin, 2014), accepting possible over-generalising 

idiosyncrasies of individual projects. In this thesis, I have chosen the latter.  
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Accepting these limitations, following Cohen and Lefebvre (2005), any bottom-up classification of 

the properties of resilient projects is not definitive. Alternative classifications based on the same 

data – and at alternative levels of aggregation – are both possible and valid. Thus, referring back to 

the grounding assumptions of the thesis (Chapter 2), the properties of resilient projects identified 

herein is an approximation of truth, subject to further revision. Given this limitation, this thesis has 

followed a three-pronged strategy. First, following Gioia et al. (2013), I have attempted to leave an 

audit trail showing the connection from empirical observation to theoretical construct (as in paper B 

and C). Second, following Flyvbjerg (2006, p. 238), I have provided ‘thick’ case narratives that can be 

read independently of aggregated findings (as in Paper B, appendix, and in Paper D). Third, following 

Gibbert et al. (2008, p. 1466), I have attempted to make a logical case for the relationship between 

data and theory, grounded in explicit premises (as in Paper C). 

Given these limitations, the framework for understanding project resilience developed here is 

almost certainly incomplete and subject to future improvement, revision, and expansion. More 

properties doubtlessly exist. Further, at lower levels of abstraction, each property breaks down into 

families related sub-properties, while at higher levels of aggregation, they combine, potentially 

providing higher-level synergistic project capabilities. Further, beyond the results of this thesis, 

project resilience does not happen in an organisational vacuum. As organisational research on 

resilience has pointed out, some organisational cultures have greater recognition and acceptance of 

ignorance about the future than others (Loch et al., 2006; Weick and Sutcliffe, 2007; Kutsch et al., 

2016). Thus, as discussed in Paper C, organisational obstacles and enablers of project resilience are 

clearly important. Overall, in project management, resilience theory, is a nascent theory 

(Edmondson and McManus, 2007, p. 1158); it proposes tentative answers to novel questions of how 

and why, and suggests new connections among phenomena. Thus, the results of the thesis outlines 

multiple avenues of further research. 

In continuation of the present research, a productive focus for further research could be 

identification of a broader and more exhaustive repertoire of resilient properties, into which most or 

all resilient projects fall. Theoretically, the object of such research is a fuller understanding of the 

relationship between action and information – and of action as a prerequisite for information. 

Practically, this would provide a richer menu of possibilities for diagnosing brittleness and building 

project resilience.  

Opening another avenue of further research, resilience strategies are not used haphazardly, but are 

tailored to the specificities of each project and its environment. Such strategies are often deployed 

in combination or in sequences, providing tailored combinations of project capabilities in the face of 

unexpected events. These combinations are constrained by the experience of individual planners 

and managers and the organisational context in which they operate both enable and set boundaries 

on resilience action, sometimes seen as wisdom, and at other times as weakness. Clearly, more 

research is needed into the practical and organisational context constraining the adoption of 

particular combinations of resilience strategies.  

A final opportunity for further research is the value of resilience. It is challenging to know the value 

of ‘post surprise’ strategies like multi-functionality, redundancy, reversibility, incremental learning, 

modifiability and opportunism, before they are actually needed. In this sense, ‘value’ should be 

understood broadly as the factors affecting stakeholder opportunity cost (Paper B), and in terms of 

reduced anticipatory planning cost and time. Practically, a better understanding of the value of 

prudent action is doubtlessly a prerequisite for introducing resilience thinking into optimisation and 

specialisation-focused organisations. Following Aven (2019, p. 2), resilience analysis is a broad and 

largely undeveloped field. It includes ‘resilience assessment’, ‘resilience characterization’, ‘resilience 
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communication’, ‘resilience management’, and policy relating to resilience. All of these are topics for 

further research.  

8.5 Outro 
In essence, this thesis is about the relationship between what we do and what we know. This 

relationship, between capability and wisdom, is becoming more important as the stakes involved in 

our endeavours increase. But, are our growing capabilities paralleled by growing wisdom?  

The likely answer, is no. There is little reason to expect wisdom to keep up with capability. While 

wisdom accumulates only slowly, if at all, new capabilities are dime a dozen, compounding 

exponentially over time. Looking ahead, the gap between capability and wisdom will likely grow, 

even assuming – probably unreasonably – revolutions in human benevolence, insight, and far-sight. 

One response to this is stricter application of principles of precaution, prohibiting risky, large-scale, 

long-term endeavours. However, placing an often unliftable burden of evidence on action, may 

amount to little more than replacing errors of commission with errors of omission. After all, the 

problems prompting action has gone nowhere, and passivity often involves risks fully proportional to 

those of action. 

In a world where we cannot rely on human wisdom nor on inherent benefits of inaction, resilience 

thinking offers a third option – recognising both the inevitability of human folly and the need for 

action. Resilience thinking offers no cure for poor planning, inaccurate foresight, and Machiavellian 

power plays. Rather, it proposes abandoning the delusion of wisdom, recognising that folly is, for 

now, inextricably part of complex engineering projects. Counter-intuitively, its object of study is 

human endeavours succeeding despite, or even because of, such folly.  

Thus, resilience thinking favours action over inaction; being fundamentally permissive and 

experimentalist rather than prohibitive and passive. It favours prudent action over accurate 

information, placing emphasis what we do rather than what we know. Thus, resilience thinking 

distinguishes between ‘being foolish’, which we certainly are, and ‘acting foolishly’, which need not 

follow. The lesson of resilience thinking is that we do not need to be wise to act wisely, but 

pretending to be wise when we are not, makes us act foolishly. 

 



116 
 

  

References 
Aaltonen, K., Ahola, T. and Artto, K. (2017) ‘Something old, something new: Path dependence and 
path creation during the early stage of a project’, International Journal of Project Management. 
Elsevier Ltd, APM and IPMA, 35(5), pp. 749–762. doi: 10.1016/j.ijproman.2017.03.004. 

Aaltonen, K. and Kujala, J. (2010) ‘A project lifecycle perspective on stakeholder influence strategies 
in global projects’, Scandinavian Journal of Management, 26(4), pp. 381–397. 

Aass, T. and Welde, M. (2012) Evaluering av investeringen E18 Momarken - Sekkelsten. 

Abernathy, W. J. and Rosenbloom, R. S. (1968) ‘Parallel and Sequential R & D Strategies: Application 
of a Simple Model’, IEEE Transactions on Engineering Management, 15(1), pp. 2–10. 

Acerete, J. B. et al. (2009) ‘The Cost of Using Private Finance for Roads in Spain and the UK’, 
Australian Journal of Public Administration, 69(1), pp. 48-60. 

Ackoff, R. L. (1968) Fundamentals of operations research. Wiley & Sons, New York. 

Ackoff, R. L. (1978) The art of problem solving. Accompanied by Ackoff’s fables. Wiley & Sons, New 
York. Available at: 

https://findit.dtu.dk/en/catalog?utf8=✓&locale=en&q=%22the+art+of+problem+solving%22+and+a
ckoff%27s+fables (Accessed: 13 February 2018). 

Adams, M. K. et al. (2014) ‘Systems Theory as the Foundation for Understanding Systems’, Systems 
Engineering, 17(1), pp. 112–123. doi: 10.1002/sys.21255. 

Afgan, N. and Veziroglu, A. (2012) ‘Sustainable resilience of hydrogen energy system’, International 
Journal of Hydrogen Energy, 37(7), pp. 5461–5467. doi: 10.1016/j.ijhydene.2011.04.201. 

Aigner, R. and Weber, K. (2017) ‘The Fehmarn Belt duopoly – Can the ferry compete with a tunnel?’, 
Transportation Research Part A: Policy and Practice. Elsevier Ltd, 100, pp. 1–15. doi: 
10.1016/j.tra.2017.03.006. 

Alchian, A. A. and Kessel, R. A. (1954) ‘A Proper Role of Systems Analysis’, Rand Cooperation DOC., D-
2057. 

Aldridge, R. (2008) The Sinking of the Titanic. New York: Infobase Publishing. 

Alexander, D. E. (2013) ‘Resilience and disaster risk reduction: An etymological journey’, Natural 
Hazards and Earth System Sciences, 13(11), pp. 2707–2716. doi: 10.5194/nhess-13-2707-2013. 

Ali, A., Mahfouz, A. and Arisha, A. (2017) ‘Analysing supply chain resilience: integrating the 
constructs in a concept mapping framework via a systematic literature review’, Supply Chain 
Management: An International Journal, 22(1), pp. 16–39. doi: 10.1108/SCM-06-2016-0197. 

Andersen, P. D. and Rasmussen, B. (2014) Introduction to foresight and foresight processes in 
practice. 

Anscombe, G. E. M. (1957) Intention. First Harv. Cambridge, Massachusetts: First Harvard University 
Press. 

Antunes, R. and Gonzalez, V. (2015) ‘A Production Model for Construction: A Theoretical 
Framework’, Buildings, 5(1), pp. 209–228. doi: 10.3390/buildings5010209. 

Apostolakis, G. E. (2004) ‘How useful is quantitative risk assessment?’, Risk Analysis, 24(3), pp. 515–
520. doi: 10.1111/j.0272-4332.2004.00455.x. 



117 
 

Arge, K. (2005) ‘Adaptable office buildings: Theory and practice’, Facilities, 23(3–4), pp. 119–127. 
doi: 10.1108/02632770510578494. 

Arrow, K. (1955) ‘Economic Aspects of Military Research and Development’, Rand Corporation 
Document D-3142. 

Arrow, K. J. (1951) Social Choice and Individual Values. John Wiley & Sons, Inc. 

Arrow, K. J. (1955) ‘Economic Aspects of Military Research and Development’. RAND Cooperation 
Document D-3142, 1955. 

Åsgård, D. et al. (2017) Evaluering av E6 Østfold: Delprosjektene åsgård–halmstad og 
svingenskogen–åsgård, samt samlet utbygging. 

Aspers, P. (2001) ‘Crossing the Boundary of Economics and Sociology: The Case of Vilfredo Pareto’, 
American Journal of Economics and Sociology, 60(2), pp. 519–545. doi: 10.1111/1536-7150.00073. 

Aven, T. (2017) ‘How some types of risk assessments can support resilience analysis and 
management’, Reliability Engineering and System Safety. Elsevier Ltd, 167(August 2016), pp. 536–
543. doi: 10.1016/j.ress.2017.07.005. 

Aven, T. (2019) ‘The Call for a Shift from Risk to Resilience: What Does it Mean?’, Risk Analysis, 39(6), 
pp. 1196–1203. doi: 10.1111/risa.13247. 

Aven, T. and Thekdi, S. (2018) ‘The Importance of Resilience-Based Strategies in Risk Analysis, and 
Vice Versa’, IRGC resource guide on resilience: Domains of resilience for complex interconnected 
systems, 2, pp. 1–6. 

Ayal, S. and Zakay, D. (2009) ‘The perceived diversity heuristic: The case of pseudodiversity.’, Journal 
of Personality and Social Psychology, 96(3), pp. 559–573. doi: 10.1037/a0013906. 

Baccarini, D. (1996) ‘The concept of project complexity - A review’, International Journal of Project 
Management, 14(4), pp. 201–204. doi: 10.1016/0263-7863(95)00093-3. 

Bahrami, H. and Evans, S. (2005) Super-Flexibility for Knowledge Enterprises. Berlin Heidelberg: 
Springer. 

Bakkensen, L. A. et al. (2017) ‘Validating Resilience and Vulnerability Indices in the Context of 
Natural Disasters’, Risk Analysis, 37(5), pp. 982–1004. doi: 10.1111/risa.12677. 

de Bakker, K., Boonstra, A. and Wortmann, H. (2010) ‘Does risk management contribute to IT project 
success? A meta-analysis of empirical evidence’, International Journal of Project Management. 
Elsevier Ltd and IPMA, 28(5), pp. 493–503. doi: 10.1016/j.ijproman.2009.07.002. 

Barr, N. (2012) ‘Economics of the Welfare State Oxford University Press’, in. 

Beedle, M. et al. (2001) ‘Manifesto for Agile Software Development’, pp. 2–3. Available at: 
https://www.researchgate.net/file.PostFileLoader.html?id=57d055b593553b11467ddd59&assetKey
=AS%3A403742915612673%401473271220194. 

Bell, W. (2003) Foundations of Futures Studies: History, Purposes, and Knowledge. vol. 1. New Jersey: 
Transaction Publishers. 

Bennis, W. G. (1968) The Temporary Society. 1st. Harper Collins. 

Bertalanffy, L. Von (1969) General System Theory: Foundations, Development, Applications. Revised 
ed. George Braziller Inc. 

Bhamra, R., Dani, S. and Burnard, K. (2011) ‘Resilience: The concept, a literature review and future 



118 
 

directions’, International Journal of Production Research, 49(18), pp. 5375–5393. doi: 
10.1080/00207543.2011.563826. 

Bingham, C. B. and Eisenhardt, K. M. (2011) ‘Rational Heuristics: The “simple rules” that strategists 
learn from process experience’, Strategic Management Journal, 32(2), pp. 1437–1464. doi: 
10.1002/smj. 

Black, F. and Scholes, M. (1973) ‘The Pricing of Options and Corporate Liabilities’, The Journal of 
Political Economy, 81(3), pp. 637–654. 

Blanchard, F. L. (1990) Engineering project management. Dekker, New York. 

Bleakley, H. and Lin, J. (2010) ‘Portage: Path Dependence and Increasing Returns in U.S. History’, 
Quarterly Journal of Economics, May, pp. 587–644. doi: 10.1.1.364.4763. 

Body, O. H. S., Models, K. and April, S. (2012) Core Body of Knowledge for the Generalist OHS 
Professional. Models Causation: Safety, OHS Body of Knowledge. Tullamarine, Victoria, Australia: the 
Safety Institute of Australia Ltd. Available at: http://www.ohsbok.org.au/wp-
content/uploads/2013/12/32-Models-of-causation-Safety.pdf. 

Bogdanov, A. A. (1917) Bogdanov’s Tektology: Book 1. 1996 aditi. Edited by P. Dudley. Hull, UK: 
Centre for Systems Studies Press. 

Borup, M. et al. (2006) ‘The sociology of expectations in science and technology’, Technology 
Analysis and Strategic Management, 18(3–4), pp. 285–298. doi: 10.1080/09537320600777002. 

Brady, T. and Davies, A. (2004) ‘Building project capabilities: From exploratory to exploitative 
learning’, Organization Studies, 25(9), pp. 1601–1621. doi: 10.1177/0170840604048002. 

Braybrooke, D. and Lindblom, C. E. (1970) A Strategy of Decision: Policy Evaluation as a Social 
Process. Free Press. 

Brown, M. (2019) ‘SpaceX: Here’s the Timeline for Getting to Mars and Starting a Colony’, Inverse. 
Available at: https://www.inverse.com/article/51291-spacex-here-s-the-timeline-for-getting-to-
mars-and-starting-a-colony. 

Brown, S. L. and Eisenhardt, K. M. (1997) ‘The Art of Continuous Change: Linking Complexity Theory 
and Time-Paced Evolution in Relentlessly Shifting Organizations’, Administrative Science Quarterly, 
42(1), p. 1. doi: 10.2307/2393807. 

Browning, T. R. and Ramasesh, R. V. (2015) ‘Reducing Unwelcome Surprises in Project Management’, 
MIT Sloan management review, April(March 2015), pp. 53–62. 

de Bruijne, M. and van Eeten, M. (2007) ‘Systems that should have failed: Critical infrastructure 
protection in an institutionally fragmented environment’, Journal of Contingencies and Crisis 
Management, 15(1), pp. 18–29. doi: 10.1111/j.1468-5973.2007.00501.x. 

Bruneau, M. et al. (2003) ‘A Framework to Quantitatively Assess and Enhance the Seismic Resilience 
of Communities’, Earthquake Spectra, 19(4), pp. 733–752. doi: 10.1193/1.1623497. 

Burnard, K., Bhamra, R. and Tsinopoulos, C. (2018) ‘Building organizational resilience: Four 
configurations’, IEEE Transactions on Engineering Management. IEEE, 65(3), pp. 351–362. doi: 
10.1109/TEM.2018.2796181. 

Cantarelli, C. C. et al. (2010) ‘Cost overruns in large-scale transportation infrastructure projects: 
Explanations and their theoretical embeddedness’, European Journal of Transport and Infrastructure 
Research, 10(1), pp. 5–18. 



119 
 

Cantarelli, C. C. and Flyvbjerg, B. (2015) ‘Decision-making and major transport infrastructure 
projects: The role of project ownership’, Handbook on Transport and Development, pp. 380–393. 
doi: 10.4337/9780857937261.00032. 

Carlson, K. A. and Shu, S. B. (2007) ‘The rule of three: How the third event signals the emergence of a 
streak’, Organizational Behavior and Human Decision Processes, 104(1), pp. 113–121. doi: 
10.1016/j.obhdp.2007.03.004. 

Caron, F. (2013) Managing the Continuum: Certainty , Uncertainty , Unpredictability in Large 
Engineering Projects. Milan: Springer. 

Carpenter, S. et al. (2001) ‘From Metaphor to Measurement: Resilience of What to What?’, 
Ecosystems, 4(8), pp. 765–781. doi: 10.1007/s10021-001-0045-9. 

Carpenter, S. R. and Brock, W. A. (2008) ‘Adaptive capacity and traps’, Ecology and Society, 13(2). 
doi: 10.5751/es-02716-130240. 

Carpintero, S. and Petersen, O. H. (2014) ‘PPP projects in Spain: evidence from light railway projects 
in Spain’, Public Money & Management, 34(1), pp. 43–50. 

Cash, P. J. (2018) ‘Developing theory-driven design research’, Design Studies. Elsevier Ltd, 56, pp. 84–
119. doi: 10.1016/j.destud.2018.03.002. 

Casti, J. L. (1990) Searching for certainty : what scientists can know about the future. New York : W. 
Morrow, ©1990. 

Chaudhuri, D. J. and Chaudhuri, A. (2011) ‘AGILE Burndown Chart deviation - Predictive Analysis to 
Improve Iterative Planning’, in International Conference on Software Engineering Research and 
Practice, pp. 443–449. 

Cicmil, S. et al. (2006) ‘Rethinking Project Management: Researching the actuality of projects’, 
International Journal of Project Management, 24(8), pp. 675–686. doi: 
10.1016/j.ijproman.2006.08.006. 

Clarke, D. S. (1985) Practical Inferences. Routledge and Kegan Paul, London. 

Cohen, H. and Lefebvre, C. (2005) Handbook of Categorization in Cognitive Science. First edit, 
Handbook of Categorization in Cognitive Science. First edit. Elsevier. doi: 10.1016/B978-0-08-044612-
7.X5053-7. 

Colyvan, M. (2008) ‘Is probability the only coherent approach to uncertainty?’, Risk Analysis, 28(3), 
pp. 645–652. 

Connelly, E. B. et al. (2017) ‘Features of resilience’, Environment Systems and Decisions, 37(1), pp. 
46–50. doi: 10.1007/s10669-017-9634-9. 

Cox, J. C., Ross, S. A. and Rubinstein, M. (1979) ‘Option pricing: A simplified approach’, Journal of 
Financial Economics, 7(3), pp. 229–263. doi: 10.1016/0304-405X(79)90015-1. 

Crawford, L. and Pollack, J. (2004) ‘Hard and soft projects: A framework for analysis’, International 
Journal of Project Management, 22(8), pp. 645–653. doi: 10.1016/j.ijproman.2004.04.004. 

Crosby, P. (2012) ‘Building Resilience in Large High-Technology Projects : Front End Conditioning for 
Success’, Int. J. Information Technology and Project Management, 3(4). 

Crosby, P. (2014) ‘Success in large high-technology projects: What really works?’, Proceedings of SPIE 
- The International Society for Optical Engineering, 9150, pp. 1–14. doi: 10.1117/12.2057972. 

Currie, G. (2018) ‘Lies, Damnned Lies, AVs, Shared Mobility and Urban Transit Futures’, Journal of 



120 
 

Public Transportation, 21(1), pp. 19–30. doi: http//dx.doi.org/10.5038/2375-0901.21.1.3. 

Daneshgari, P. and Wilson, M. (2006) ‘The profitability of agile construction’, Building Profits, pp. 8–
16. 

Davies, A., Douglas, T. and Gann, D. (2009) ‘Innovation in Megaprojects: systems integration at 
London Heathrow Terminal 5’, California Management Review, 51(2), pp. 101–126. 

Davies, A. and Mackenzie, I. (2014) ‘Project complexity and systems integration: Constructing the 
London 2012 Olympics and Paralympics Games’, International Journal of Project Management. 
Elsevier Ltd, 32(5), pp. 773–790. doi: 10.1016/j.ijproman.2013.10.004. 

Davis, A. (2017) Projects: A very short introduction. First edit. Oxford: Oxford University Press. 

Davis, A. and Hobday, M. (2005) The business of projects: Managing innovation in complex products 
and systems. Cambridge University Press. doi: 10.1017/cbo9780511493294. 

Day, J. C. et al. (2013) ‘Engineering Resilient Space Systems’, Insight, 18(1), pp. 23–25. 

Devlin, H. (2018) ‘Nuclear fusion on brink of being realised, say MIT scientists’, The Guardian. 
Available at: https://www.theguardian.com/environment/2018/mar/09/nuclear-fusion-on-brink-of-
being-realised-say-mit-scientists. 

Dewar, J. A. et al. (1993) ‘Assumption-based planning: a planning tool for very uncertain times’, p. 
78. doi: 10.1017/CBO9780511606472. 

Dvir, D. and Lechler, T. (2004) ‘Plans are nothing, changing plans is everything: The impact of 
changes on project success’, Research Policy, 33(1), pp. 1–15. doi: 10.1016/j.respol.2003.04.001. 

Easterbrook, S. et al. (2008) ‘Selecting Empirical Methods for Software Engineering Research’, in 
Shull, F., Singer, J., and Sjøberg, D. I. K. (eds) Guide to Advanced Empirical Software Engineering. 
London: Springer, pp. 285–311. doi: https://doi.org/10.1007/978-1-84800-044-5_11. 

Easterby-Smith, M., Thorpe, R. and Jackson, P. R. (2008) Management Research. 3rd ed. London, UK: 
Sage. 

Eckert, C. et al. (2013) ‘Components Margins through the Product Lifecycle’, in Bernard, A., Rivest, L., 
and Dutte, D. (eds) Product Lifecycle Management for Society. Nantes: Springer, pp. 39–47. doi: 
10.1007/978-3-642-41501-2. 

ECPD (1947) Canons of ethics for engineers. New York: Engineers’ Council for Professional 
Development. 

Edmondson, A. C. and McManus, S. E. (2007) ‘Methodological fit in management field research’, 
Academy of Management Review, 32(4), pp. 1155–1179. 

Eisenhardt, K. M. (1989) ‘Building theories from case study research’, Academy of Management 
Review, 14(4), pp. 532–550. 

Eisenhardt and Sull (2001) ‘Strategy as Simple Rules’, Havard Business Review, 79(1). 

Englund, A. (2016) Etterevaluering av byggingen av Halden fengsel. 

Engwall, M. (2002) ‘The futile dream of the perfect goal’, in Beyond Project Management: New 
Perspectives on the Temporary-Permanent Dilemma. Copenhagen Business School Press., pp. 261–
277. 

Engwall, M. (2003) ‘No project is an island: Linking projects to history and context’, Research Policy, 
32(5), pp. 789–808. doi: 10.1016/S0048-7333(02)00088-4. 



121 
 

Eweje, J., Turner, R. and Müller, R. (2012) ‘Maximizing strategic value from megaprojects: The 
influence of information-feed on decision-making by the project manager.’, International Journal of 
Project Management, 30(6), pp. 639–651. 

Fahey, L. and Randall, R. M. (1998) Learning From the Future: Competitive Foresight Scenarios. John 
Wiley & Sons Ltd. 

Ferris, T. (2012) ‘Timothy Ferris on Voyagers’ Never-Ending Journey’, The Smithsonian Magazine. 

Finne, H., Lædre, O. and Volden, G. H. (2015) Studentliv i Halden sentrum, studiested i utkanten av 
byen, eller høyskole i en helt annen by? 

Finne, H., Samset, K. F. and Bull-Berg, H. (2012) Klarering , kontroll og kø på grensen: Evaluering av 
felles statlig kontrollområde for toll, vegvesen og politi på Svinesund. 

Florin, M. V. and Linkov, I. (2016) IRGC resource guide on resilience. EPFL International Risk 
Governance Center, 2016. doi: 10.5075/epfl-irgc-228206. 

Flyvbjerg (2006) ‘Five misunderstandings about case-study research’, Practice, 12(2), pp. 219–245. 

Flyvbjerg, B. (2007) ‘Policy and planning for large-infrastructure projects: Problems, causes, cures’, 
Environment and Planning B: Planning and Design, 34(4), pp. 578–597. doi: 10.1068/b32111. 

Flyvbjerg, B. (2014) ‘What You Should Know About Megaprojects and Why: An Overview’, Project 
Management Journal, 45(2), pp. 6–19. doi: 10.1002/pmj. 

Flyvbjerg, B., Bruzelius, N. and Rothengatter, W. (2003) Megaprojects and risk: An anatomy of 
ambition. Cambridge University Press. 

Flyvbjerg, B., Garbuio, M. and Lovallo, D. (2009) ‘Delusion and Deception in Large Infrastructure 
Projects: Two Models for Explaining and Preventing Executive Disaster’, California Management 
Review, 51(2), pp. 170–193. doi: 10.1225/CMR423. 

Flyvbjerg, B., Holm, M. K. S. and Buhl, S. L. (2003) ‘How common and how large are cost overruns in 
transport infrastructure projects?’, Transport Reviews, 23(1), pp. 71–88. doi: 
10.1080/01441640309904. 

Flyvbjerg, B., Holm, M. S. and Buhl, S. (2002) ‘Underestimating costs in public works projects: Error 
or lie?’, Journal of the American Planning Association, 68(3), pp. 279–295. doi: 
10.1080/01944360208976273. 

Flyvbjerg, B., Hon, C. and Fok, W. H. (2016) ‘Reference Class Forecasting for Hong Kong’s Major 
Roadworks Projects’, in Proceedings of the Institution of Civil Engineers 169, pp. 17–24. doi: 
https://doi.org/10.1680/jcien.15.00075. 

Flyvbjerg, B., Skamris, Holm, M. and Buhl, S. L. (2005) ‘How (In)accurate AreDemand Forecasts in 
Public Works Projects? The Case of Transportation’, Journal of the American Planning Association, 
71(2), pp. 131-146. 

Flyvbjerg, B., Skamris Holm, M. K. and Buhl, Sø. L. (2004) ‘What causes cost overrun in transport 
infrastructure projects?’, Transport Reviews, 24(1), pp. 3–18. doi: 10.1080/0144164032000080494a. 

Francis, R. and Bekera, B. (2014) ‘A metric and frameworks for resilience analysis of engineered and 
infrastructure systems’, Reliability Engineering and System Safety. Elsevier, 121, pp. 90–103. doi: 
10.1016/j.ress.2013.07.004. 

Fricke, E. and Schulz, A. P. (2005) ‘Design for changeability (DfC): Principles to enable changes in 
systems throughout their entire lifecycle’, Systems Engineering, 8(4), pp. 342–359. doi: 



122 
 

10.1002/sys.20039. 

GAO (2010) Defence Acqusitions: Managing Risk to Achieve Better Outcomes. GAO-10-374. United 
States Government Accountability Office, Washington, D.C. 

Geraldi, J. (2010) ‘The Titanic sunk, so what? Project manager response to unexpected events’, 
International Journal of Project Management, 28, pp. 547–558. doi: 10.1108/sd.2011.05627aad.002. 

Geraldi, J., Maylor, H. and Williams, T. (2011) ‘Now, let’s make it really complex (complicated): A 
systematic review of the complexities of projects’, International Journal of Operations and 
Production Management, 31(9), pp. 966–990. doi: 10.1108/01443571111165848. 

Geraldi, J. and Söderlund, J. (2018) ‘Project studies: What it is, where it is going’, International 
Journal of Project Management, 36(1), pp. 55–70. 

Geraldi, J. and Stingl, V. (2016) ‘From visions of grandeur to grand failure: Alternative schools of 
descriptive decision theories to explain the Berlin Brandenburg’, in Proceedings of the European 
Academy of Management. Paris, France.: EURAM 2016. 

Gesner, G. A. and Jardim, J. (1998) ‘Bridge Within a Bridge.’, Civil Engineering (08857024)., 68(10). 
doi: 10.1108/00251741211266697. 

Gibbert, M., Ruigrok, W. and Wicki, B. (2008) ‘What Passes as a Rigorous Case Stidy?’, Strategic 
Management Journal, 29, pp. 1465–1474. doi: 10.1002/smj. 

Gilad, B. (2004) Early Warning: Using Competitive Intellingence to Anticipate Market Shifts, Control 
Risk, and Create Powerful Strategies. New York, USA: American Management Association. 

Gioia, D. A., Corley, K. G. and Hamilton, A. L. (2013) ‘Seeking Qualitative Rigor in Inductive Research: 
Notes on the Gioia Methodology’, Organizational Research Methods, 16(1), pp. 15–31. doi: 
10.1177/1094428112452151. 

Glaser, B. G. and Strauss, A. L. (1967) The discovery of grounded theory: Strategies for qualitative 
research, Social Forces. Chicago: Aldine Publishing Company. doi: 10.1093/sf/46.4.555. 

Goldratt, E. M. (1997) Critical Chain. North River Press, New York. 

Grun, O. (2004) Taming giant projects. Management of multi-organization enterprises. Berlin: 
Springer-Verlag. 

Gunderson, L. H. and Holling, C. S. (2002) Panarchy: Understanding Transformations in Human and 
Natural Systems. Washington, Covelo, London: Island Presse. 

Gusdorf, F., Hallegatte, S. and Lahellec, A. (2008) ‘Time and space matter: How urban transitions 
create inequality’, Global Environmental Change, 18(4), pp. 708–719. doi: 
10.1016/j.gloenvcha.2008.06.005. 

Gutierrez, G. J. and Kouvelis, P. (1991) ‘Parkinson’s Law and Its Implications for Project 
Management’, Management Science, 37(8), pp. 990–1001. doi: 10.1287/mnsc.37.8.990. 

Hacking, I. (1975) The Emergence of Probability. Cambridge. UK: Cambridge University Press. 

Hall, P. (1980) Great Planning Disasters. Harmondsworth: Penguin Books. 

Hällgren, M. and Wilson, T. L. (2008) ‘The nature and management of crises in construction projects: 
Projects-as-practice observations’, International Journal of Project Management, 26(8), pp. 830–838. 
doi: 10.1016/j.ijproman.2007.10.005. 

Hamel, G. and Välikangas, L. (2003) ‘The Quest for Resilience’, Harvard business review, 81(9), pp. 



123 
 

52–63. 

Hartung, A. (1997) ‘Tunnel på trods’, Ingeniøren. Available at: https://ing.dk/artikel/tunnel-pa-trods-
17089. 

Hayek, F. A. (1945) ‘The use of knowledge in society’, The American Economic Review, 35(4), pp. 
519–530. doi: 10.4324/9780080509839-7. 

Henderson, R. M. and Clark, K. B. (1990) ‘Architectural Innovation: The Reconfiguration of Existing 
Product Technologies and the Failure of Established Firms’, Administrative Science Quarterly, 35(1), 
p. 9. doi: 10.2307/2393549. 

Henry, D. and Ramirez-Marquez, J. E. (2016) ‘On the Impacts of Power Outages during Hurricane 
Sandy—A Resilience-Based Analysis’, Systems Engineering, 19(1), pp. 59–75. doi: 10.1002/sys.21338. 

Hevner, A. R. and March, S. T. (2004) ‘Design Science in Information Systems Research’, Information 
Systems Research, 28(1), pp. 75–106. 

Hirschman, A. O. (1967) Development Projects Observed. Washington: The Brookings Institution. 

Hoffman, F. O. and Hammonds, J. S. (1994) ‘Propagation of Uncertainty in Risk Assessments: The 
Need to Distinguish Between Uncertainty Due to Lack of Knowledge and Uncertainty Due to 
Variability’, Risk Analysis, 14(5), pp. 707–712. doi: 10.1111/j.1539-6924.1994.tb00281.x. 

Holling, C. S. (1973) ‘Resilience and stability of ecological systems’, Annu.Rev.Ecol.Syst., 4, pp. 1–23. 
doi: 10.1146/annurev.es.04.110173.000245. 

Hollnagel, E., Woods, D. D. and Leveson, N. (2006) Resilience engineering : concepts and precepts, 
Resilience Engineering: Concepts and Precepts. Ashgate. 

Hosseini, S., Barker, K. and Ramirez-Marquez, J. E. (2016) ‘A review of definitions and measures of 
system resilience’, Reliability Engineering and System Safety, 145, pp. 47–61. doi: 
10.1016/j.ress.2015.08.006. 

Hubbard, D. W. (2007) How to measure anything: Finding the Value of ‘Intangibles’ in Business. 
Hoboken, NJ, USA: Wiley & Sons Inc. 

Hubbard, D. W. (2009) The Failure of Risk Management : Why It’s Broken and How to Fix It. John 
Wiley & Sons, Inc. 

Hume, D. (1739) A Treatise of Human Nature. London: John Noon. 

Ifejika, C. S., Wiesmann, U. and Rist, S. (2014) ‘An indicator framework for assessing livelihood 
resilience in the context of social-ecological dynamics’, Global Environmental Change. Elsevier Ltd, 
28(1), pp. 109–119. doi: 10.1016/j.gloenvcha.2014.06.005. 

Ika, L. A. (2009) ‘Project Success as a Topic in Project Management Journals’, Project Management 
Journal, 40(4), pp. 6–19. doi: DOI: 10.1002/pmj.20137. 

ISO (2018) ISO 31000:2018: Risk management – Guidelines. Second edd. International Organization 
for Standardization (ISO). 

Jackson, S. and Ferris, T. L. J. (2013) ‘Resilience principles for engineered systems’, Systems 
Engineering, 16(2), pp. 152–164. doi: 10.1002/sys.21228. 

Jensen, A., Thuesen, C. and Geraldi, J. (2016) ‘The Projectification of Everything: Projects as a Human 
Condition’, Project Management Journal, 47(3), pp. 21–34. doi: 10.1177/875697281604700303. 

Johansen, A. et al. (2019) Project Risk and Opportunity Management. New York: Routledge. 



124 
 

Johansen, S. and Skålnes, S. (2014) Etterevaluering av NAV IKT Basis. 

Johnson, G. and Scholes, K. (2002) Exploring Corporate Strategy. 6th. Pearson Education Limited. 

Johnson, P. and Duberley, J. (2000) Understanding Management Research. London, U.K.: Sage. 

Jugdev, K. and Müller, R. (2005) ‘A Retrospective Look At Our Evolving For Project Success’, Project 
Management Journal, 36, pp. 19–32. doi: 10.1109/EMR.2006.261387. 

Kahn, H. and Wiener, A. J. (1967) The Year 2000: A Framework for Speculation on the Next Thirty-
Three Years. The Hudson Institute, Inc, USA. 

Kahneman, D. (2011) Thinking, Fast and Slow. MacMillan. 

Kalra, N. et al. (2014) ‘Agreeing on Robust Decisions New Processes for Decision Making Under Deep 
Uncertainty’, World Bank Policy Research Working Paper, No. 6906(June). doi: doi:10.1596/1813-
9450-6906. 

Kamalahmadi, M. and Parast, M. M. (2016) ‘A review of the literature on the principles of enterprise 
and supply chain resilience: Major findings and directions for future research’, International Journal 
of Production Economics. Elsevier, 171, pp. 116–133. doi: 10.1016/j.ijpe.2015.10.023. 

Kaplan, B. S. and Garrick, J. (1981) ‘On the quantitative definition of risk’, Risk Analysis, 1(1), pp. 11–
27. doi: 10.1111/j.1539-6924.1981.tb01350.x. 

Kaplan, S. (2008) ‘Framing Contests: Strategy Making Under Uncertainty’, Organization Science, 
19(5), pp. 729–752. doi: 10.1287/orsc.1070.0340. 

Klakegg, O. J. (2015) ‘In Pursuit of Relevance and Sustainability’, Open Economics and Management 
Journal, 2(Suppl 1: M3), pp. 10–20. 

Klein, B. and Meckling, W. (1958) ‘Application of Operations Research to Development Decisions’, 
Operations Research, pp. 352–363. doi: 10.1111/j.1539-6924.1981.tb01350.x. 

Knight, F. H. (1921) Risk, Uncertainty, and Profit. Sentry Press, New York, N. Y. 100 I 9. 

Kolb, F. (2007) Protest and Opportunities: The Political Outcomes of Social Movements. Frankfurt am 
Main: Campus Verlag. 

Komatsu, L. K. (1992) ‘Recent views of conceptual structure’, Psychological Bulletin, 112(3), pp. 500–
526. doi: 10.1037//0033-2909.112.3.500. 

Koopman, P. and Wagner, M. (2016) ‘Challenges in Autonomous Vehicle Testing and Validation’, SAE 
International Journal of Transportation Safety, 4(1), pp. 15–24. doi: 10.4271/2016-01-0128. 

Koskela, L. and Howell, G. (2008) ‘The underlying theory of project management is obsolete’, IEEE 
Engineering Management Review, 36(2), pp. 22–34. doi: 10.1109/EMR.2008.4534317. 

Kozin, I. . and Petersen, K. E. (1996) ‘Obtaining Reliability and Safety Assessments on the Basis of 
Non-Probabilistic Methods. In Intelligent Systems and Soft Computing for Nuclear Science and 
Industry’, in 2 International FLINS Workshop. 

KPMG (2015) ‘Climbing the curve, 2015 Global Construction Project Owner’s Survey’, Kpmg, pp. 1–
36. Available at: kpmg.com/building. 

KPMG (2017) ‘Foresight: A global infrastructure perspective - Ten emerging trends in 2017’, Special 
ed(January). 

Kreiner, K. (1996) ‘In search of relevance: Project management in drifting environments’, Scand. J. 
Manage, 11(4), pp. 335–346. 



125 
 

Kreiner, K. (2014) ‘Restoring project success as phenomenon’, in Lundin, R. A. and Hällgren, M. (eds) 
Advancing Research on Projects and Temporary Organizations. Copenhagen Business School Press., 
pp. 19–38. 

Kutsch, E. et al. (2011) ‘Performers, trackers, lemmings and the lost: Sustained false optimism in 
forecasting project outcomes – Evidence from a quasi-experiment’, International Journal of Project 
Management;, 29(8), pp. 1070–1081. 

Kutsch, E., Browning, T. R. and Hall, M. (2014) ‘Bridging the Risk Gap: The Failure of Risk 
Management in Information Systems Projects’, Research Technology Management, 57(2), pp. 26–32. 
doi: 10.5437/08956308X5702133. 

Kutsch, E. and Hall, M. (2010) ‘Deliberate ignorance in project risk management’, International 
Journal of Project Management. Elsevier Ltd and IPMA, 28(3), pp. 245–255. doi: 
10.1016/j.ijproman.2009.05.003. 

Kutsch, E., Hall, M. and Turner, N. (2016) Project Resilience: The Art of Noticing, Interpreting, 
Preparing, Containing and Recovering. New York, USA: Routledge. 

Kvale, S. (1996) Interviews : an introduction to qualitative research interviewing. Sage Publications. 
doi: 10.1016/S1098-2140(99)80208-2. 

Latham, M. (2005) ‘Improving Public Services through Better Construction. National Audit Office’, 
(March). 

Lawrence, P. R. and Lorsch, J. W. (1967) ‘Differentiation and integration in complex organizations’, 
Administrative Science Quarterly, 12(1), pp. 1–47. 

Lederman, L. M. and Teresi, D. (1993) The God Particle. Dell Publishing. 

Lempert, R. J., Popper, S. W. and Bankes, S. C. (2003) Shaping the Next One Hundred Years: New 
Methods for Quantitative, Long-Term Policy Analysis, Technological Forecasting and Social Change. 
RAND. doi: 10.1016/j.techfore.2003.09.006. 

Lenfle, S. (2014) ‘Toward a genealogy of project management: Sidewinder and the management of 
exploratory projects’, International Journal of Project Management. Elsevier Ltd and IPMA, 32(6), pp. 
921–931. doi: 10.1016/j.ijproman.2013.10.017. 

Lenfle, S. (2016) ‘Floating in Space? On the Strangeness of Exploratory Projects’, Project 
Management Journal, 47(2). doi: 10.1002/pmj.21584. 

Lenfle, S. and Loch, C. (2010) ‘Lost Roots: How Project Management Came to Emphasize Control over 
Flexibility and Novelty’, California Management Review, 53(1), pp. 32–55. doi: 
10.1525/cmr.2010.53.1.32. 

Leveson, N. (1995) Safeware: System safety and computers. Addison-Wesley Publishing Company, 
Inc, USA. 

Leveson, N. G. (2011) Engineering a safer world: Systems thinking applied to safety. Boston: 
Massachusettes Institute of Technology. 

Levi, D. S. (2000) ‘Bickenbach’s and Davies’s Good Reasons for Better Arguments’, Informal Logic, 
20(1). doi: 10.22329/il.v20i1.2256. 

Li, Y., Guohui, S. and Eppler, M. J. (2008) Making Strategy Work: A Literature Review on the Factors 
Influencing Strategy Implementation, ICA Working Paper 2/2008 Making. ICA, Università della 
Svizzera italiana. doi: 10.4337/9781849807289. 



126 
 

Lichtenberg, S. (2000) Proactive Management of Uncertainty using the Successive Principle: A 
practical way to manage opportunities and risk. Polyteknisk Forlag. 

Linkov, I. et al. (2013) ‘Resilience metrics for cyber systems’, Environment Systems and Decisions, 
33(4), pp. 471–476. doi: 10.1007/s10669-013-9485-y. 

Linkov, I. et al. (2014) ‘Changing the resilience paradigm’, Nature Climate Change. Nature Publishing 
Group, 4(6), pp. 407–409. doi: 10.1038/nclimate2227. 

Linkov, I. and Palma-Oliveira, J. M. (2016) ‘Resilience and risk’, in Nato Advanced Research Workshop 
on Resilience-Based Approaches to Critical Infrastructure. Springer. doi: 10.1007/978-94-024-1123-2. 

Locatelli, G. (2018) ‘Why are Megaprojects, Including Nuclear Power Plants, Delivered Overbudget 
and Late? Reasons and Remedies’, Center for Advanced Nuclear Energy Systems (CANES), 
Massachusetts Institute of Technology, 2018, pp. 1–28. 

Loch, C. H., DeMeyer, A. and Pich, M. T. (2006) Managing the Unknown: A New Approach to 
Managing High Uncertainty and Risk in Projects. John Wiley & Sons, Inc. 

Loosemore, M. (1998) ‘The three ironies of crisis management in construction projects’, 
International Journal of Project Management, 16(3), pp. 139–144. doi: 10.1016/S0263-
7863(97)00041-0. 

Lorenz, E. N. (1963) ‘Deterministic Nonperiodic Flow’, Journal of the Atmospheric Sciences, pp. 130–
141. doi: 10.1175/1520-0469(1963)020<0130:DNF>2.0.CO;2. 

Lovallo, D. and Kahneman, D. (2003) ‘Delusions of success: How optimism undermines executives’ 
decisions’, Harvard Business Review, 81(7), pp. 56–63. 

Love, P. E. D. et al. (2015) ‘Understanding the landscape of overruns in transport infrastructure 
projects’, Environment and Planning B: Planning and Design, 42(3), pp. 490–509. doi: 
10.1068/b130102p. 

Lundin, R. and Söderholm, A. (1995) ‘A theory of the temporary organizaiton’, Scand. Mgmt, 11(4), 
pp. 437–455. 

Lynn, G. S., Morone, J. G. and Paulson, A. S. (1996) ‘Marketing and Discontinuous Innovation: The 
Probe and Learn Process’, California Management Review, 38(3), pp. 8–37. doi: 10.2307/41165841. 

MacDonald, M. (2002) Review of large public procurement in the UK. London, U.K. Available at: 
https://www.parliament.vic.gov.au/images/stories/committees/paec/2010-
11_Budget_Estimates/Extra_bits/Mott_McDonald_Flyvberg_Blake_Dawson_Waldron_studies.pdf. 

Magee, T. (2015) ‘Shadow-free skyscrapers would redirect the sun’s rays to public plazas’, dezeen. 
Available at: https://www.dezeen.com/2015/03/23/shadow-free-skyscraper-concept-nbbj-redirect-
sun-public-plaza/. 

Mak, J. (2017) ‘Towards an assessment of resilience in telecom infrastructure projects using real 
options’, Proceedings of the 21st International Conference on Engineering Design (ICED17), 
2(August), pp. 487–496. 

March, J. G. . and Olsen, J. P. (1976) Ambiguity and Choice in Organizations. Universitetsforlaget. 

Martin-Breen, P. and Anderies, J. M. (2011) ‘Resilience: A Literature Review’, The Bellagio Initiative 
background paper, (November), p. 67. doi: 02/03/2017. 

Matarrita-Cascante, D. et al. (2017) ‘Conceptualizing community resilience: Revisiting conceptual 
distinctions’, Community Development. Routledge, 48(1), pp. 105–123. doi: 



127 
 

10.1080/15575330.2016.1248458. 

Maylor, H. (2010) Project Management. Fourh Edit. Financial Times Prentice Hall. 

McAdam, D. et al. (2011) ‘“Site fights”: explaining opposition to pipeline projects in the developing 
world’, in Scott, W. R., Levitt, R. E., and Orr, R. J. (eds) Global Projects: Institutional and Political 
Challenges. Cambridge: Cambridge University Press, pp. 279–309. doi: 
10.1017/CBO9780511792533.010. 

McAdam, D. (2011) ‘Social movements and the growth in opposition to global projects’, in Scott, W. 
R., Levitt, R. E., and Orr, R. J. (eds) Global Projects: Institutional and Political Challenges. Cambridge: 
Cambridge University Press, pp. 86–110. doi: 10.1017/CBO9780511792533.005. 

Meerow, S. and Newell, J. P. (2015) ‘Resilience and Complexity: A Bibliometric Review and Prospects 
for Industrial Ecology’, Journal of Industrial Ecology, 19(2), pp. 236–251. doi: 10.1111/jiec.12252. 

Meerow, S., Newell, J. P. and Stults, M. (2016) ‘Defining urban resilience: A review’, Landscape and 
Urban Planning. Elsevier B.V., 147, pp. 38–49. doi: 10.1016/j.landurbplan.2015.11.011. 

Meerow, S. and Stults, M. (2016) ‘Comparing conceptualizations of urban climate resilience in theory 
and practice’, Sustainability (Switzerland), 8(7), pp. 1–16. doi: 10.3390/su8070701. 

Menger, C. (1871) Principles of economics. Auburn: Ludwig von Mises Institute. Available at: 
www.mises.org. 

Merrow, E. W. (2011) Industrial Megaprojects: Concepts, Strategies, and Practices for Success. Wiley. 

Merrow, E. W. and Nandurdikar, N. (2018) Leading Complex Projects: A Data-Driven Approach to 
Mastering the Human Side of Project Management. John Wiley & Sons Inc. 

Merrow, E. W., Phillips, K. E. and Myers, C. W. (1981) ‘Understanding Cost Growth and Performance 
Shortfalls in Pioneer Process Plants’. Santa Monica, USA: RAND Corporation. 

de Meyer, A., Loch, C. H. and Pich, M. T. (2002) ‘Managing Project Uncertainty: From Variation to 
Chaos’, MIT Sloan Management Review, 43(Winter), pp. 60–67. doi: 10.1109/EMR.2002.1032403. 

Miller, G. J. (2013) ‘Agile problems, challenges, & failures’, in PMI Global Congress 2013. New 
Orleans: Project Management Institute. 

Miller, Katherine (2007) Communication theories : perspectives, processes, and contexts. 2nd editio. 
Beijing: Peking University Press. 

Miller, K. (2007) Communication theories: Perspectives, processes, and contexts. 2nd ed. Beijing: 
Peking University Press. 

Miller, R. and Lessard, D. (2001) The strategic management of large engineering projects. 1st edn. 
The MIT Press. 

Mingers, J. and Rosenhead, J. (2001) Rational analysis for a problematic world revisited: problem 
structuring methods for complexity, uncertainty and conflict. 2nd editio. Edited by J. Mingers and J. 
Rosenhead. Chichester, UK; New York: John Wiley & Sons. 

von Mises, L. (1998) Human Action: A Treatise on Economics. The schola. Auburn, Alabama. Available 
at: http://www.jstor.org/stable/2145453?origin=crossref. 

Mitchell, P. J. (1985) ‘Holding down the cost of change’, in Del Re, R. and McKittrick, H. V. (eds) The 
Role of the Resident Engineer. American Society of Civil Engineers, pp. 128–137. 

Modica, M. and Reggiani, A. (2015) ‘Spatial Economic Resilience: Overview and Perspectives’, 



128 
 

Networks and Spatial Economics, 15(2), pp. 211–233. doi: 10.1007/s11067-014-9261-7. 

Montanari, L. and Querzoni, L. (2014) ‘Critical Infrastructure Protection : Threats , Attacks and 
Countermeasures’, Tenace, (March), pp. 1–164. 

Morra, L. G. and Thumm, U. R. W. (1997) Evaluation Results 1995, The International Bank for 
Reconstruction and Development. Washington DC. 

Morris, P. W. G. (2012) ‘A Brief History of Project Management’, in Morris, P. W. G., Pinto, J. K., and 
Söderlund, J. (eds) The Oxford Handbook of Project Management. Oxford University Press, pp. 15–
36. 

Morris, P. W. G. and Hough, G. H. (1991) The Anatomy of Major Projects: A Study of the Reality of 
Project Management. Chichester: John Wiley & Sons, Inc. 

Müller, R. and Klein, G. (2018) ‘What Constitutes a Contemporary Contribution to Project 
Management Journal?’, Project Management Journal, 49(5), pp. 3–4. doi: 
10.1177/8756972818791650. 

Naderpajouh, N. et al. (2020) ‘Resilience and Projects: An Interdisciplinary Crossroad’, Project 
Leadership and Society. Elsevier Ltd, 1(1). doi: 10.1016/j.plas.2020.100001. 

NASA (1975) Apollo program summary report. Huston, Texas. 

National Academy of Sciences (2012) Disaster Resilience: A National Imperative. THE NATIONAL 
ACADEMIES PRESS. doi: 10.17226/13457. 

Nelson, R. R. (1959) ‘The Economics of Parallel R&D Efforts: A Sequential Decision Analysis’, U.S. Air 
Force Project Rand Research Memorandum RM-2482 The Rand Corporation. 

Neuman, L. W. (2000) Social Research Methods: Qualitative and Quantitative Approaches. 4th editio. 
Pearson Education Company. 

Neumann, J. von and Morgenstern, O. (1944) Theory of Games and Economic Behavior. (60th anni. 
Princeton University Press. doi: 10.1515/9781400829460. 

Nicholas, J. M. (2004) Project Management for Business and Engineering: Principles and Practice. A 
Butterwo. Elsevier Butterworth-Heinemann, UK. 

Nijkamp, P. and Ubbels, B. (1999) ‘How reliable are estimates of infrastructure costs? A comparative 
analysis.’, International Journal of Transport Economics —, 26(1), pp. 23–53. 

Nilsson, J., Nyström, J. and Pyddoke, R. (2012) Före och efter – uppföljning av en järnvägsinvestering 
i Oslo. 

Oboni, F. and Oboni, C. (2016) ‘Military-Grade Risk Application for Projects’ Defence, Resilience and 
Optimization’, Proceedings of the 3Rd International Conference on Project Evaluation (Icopev 2016), 
pp. 163–168. 

Obstfeld, D. (2012) ‘Creative Projects: A Less Routine Approach Toward Getting New Things Done’, 
Organization Science, 23(6), pp. 1571–1592. doi: 10.1287/orsc.1110.0706. 

Oehmen, J. et al. (2012) The guide to lean enablers for managing engineering programs, MIT-PMI-
INCOSE Community of Practice on Lean Program Management. Edited by Josef Oehmen. John Wiley 
& Sons, Inc. doi: 10.1017/CBO9781107415324.004. 

Oehmen, J. et al. (2015) Complexity Management for Projects, Programmes, and Portfolios: An 
Engineering Systems Perspective. Available at: Project Management Institute, PMI. 



129 
 

Olsson, L. et al. (2015) ‘Why resilience is unappealing to social sciences’, Sci. Adv., 1(4)(May), pp. 1–
11. doi: 10.1126/sciadv.1400217. 

Olsson, N. et al. (2004) ‘Ensuring quality-at-entry: challenges in front-end management of projects.’, 
Project Perspect, 27(1), pp. 36–40. 

Olsson, N. O. E. (2006) ‘Management of flexibility in projects’, International Journal of Project 
Management, 24(1), pp. 66–74. doi: 10.1016/j.ijproman.2005.06.010. 

Olsson, N. O. E. (2008) ‘External and internal flexibility - aligning projects with the business strategy 
and executing projects efficiently’, International Journal of Project Organisation and Management, 
1(1), pp. 47–64. doi: 10.1504/IJPOM.2008.020028. 

Olsson, N. O. E. (2016) ‘Reduction lists as tool for cost control in public building projects’, Journal of 
Facilities Management, 14(1), pp. 84–100. doi: 10.1108/JFM-06-2015-0022. 

Owen, R. et al. (2006) ‘Is agile project management applicable to construction?’, in Salford Centre for 
Research and Innovation. Proceedings IGLC-14, July 2006, Santiago, Chile, pp. 51–66. doi: 
10.1111/j.1467-9302.2008.00617.x. 

Packendorff, J. (1995) ‘Inquiring into the temporary organization: New directions for project 
management research’, Scandinavian Journal of Management, 11(4), pp. 319–333. 

Pareto, V. (1906) Manuale di economia politica, con una introduzione alla scienza sociale. Book on 
Demand. 

Paté-Cornell, M. E. (1996) ‘Uncertainties in risk analysis: Six levels of treatment’, Reliability 
Engineering & System Safety, 54(2), pp. 95–111. doi: 10.1016/S0951-8320(96)00067-1. 

Patriarca, R. et al. (2018) ‘Resilience engineering: Current status of the research and future 
challenges’, Safety Science. Elsevier, 102(August 2017), pp. 79–100. doi: 10.1016/j.ssci.2017.10.005. 

Pender, S. (2001) ‘Managing incomplete knowledge : Why risk management is not suffcient’, 
International journal of project management, 19, pp. 79–87. 

Perrow, C. (1984) Normal Accidents: Living with High-Risk Technologies. New York: Basic Books. 

Petrenj, B. and Trucco, P. (2014) ‘Simulation-based characterisation of critical infrastructure system 
resilience’, International Journal of Critical Infrastructures, (10), pp. 347–374. 

Pich, M. T., Loch, C. H. and de Meyer, A. (2002) ‘On Uncertainty, Ambiguity, and Complexity in 
Project Management’, Management Science, 48(8), pp. 1008–1023. doi: 
10.1287/mnsc.48.8.1008.163. 

Pich, M. T., Loch, C. H. and Meyer, A. De (2002) ‘On Uncertainty, Ambiguity, and Complexity in 
Project Management’, Management Science, 48(8), pp. 1008–1023. doi: 
10.1287/mnsc.48.8.1008.163. 

Pimm, S. L. (1991) The balance of nature? University of Chicago Press, Chicago, Illinois, USA. 

Pinto, J. K. (2013) ‘Lies, damned lies, and project plans: Recurring human errors that can ruin the 
project planning process’, Business Horizons. ‘Kelley School of Business, Indiana University’, 56(5), 
pp. 643–653. doi: 10.1016/j.bushor.2013.05.006. 

Pinto, J. K. and Slevin, D. P. (1988) ‘Project Success : Definitions and Measurement Techniques’, 
Project Management Journal, 19(1), pp. 67–72. doi: 10.1016/j.emj.2004.09.011. 

PMI (2013) Project Management Body of Knowledge: A Guide to the Project Management Body of 
Knowledge. doi: 10.1002/pmj.20125. 



130 
 

PMI (2016) The high cost of low performance, Pulse of the Profession. 

Pohl, R. F. (2007) ‘Ways to Assess Hindsight Bias’, Social Cognition, 25(1), pp. 14–31. doi: 
10.1521/soco.2007.25.1.14. 

Ponis, S. T. and Koronis, E. (2012) ‘Supply Chain Resilience : Definition of concept And Its Formative 
Elements’, 28(5), pp. 921–930. 

Popper, K. (1959) The Logic of Scientific Discovery. London: Routledge. 

Popper, K. (1963) Conjectures and Refutations: The Growth of Scientific Knowledge. London; 
Routledge. 

Project Management Institute (2017) ‘Success Rates Rise 2017 9th Global Project Management 
Survey’, PMI’s Pulse of the Profession, p. 32. Available at: http://www.pmi.org/-
/media/pmi/documents/public/pdf/learning/thought-leadership/pulse/pulse-of-the-profession-
2017.pdf. 

Rajat, A., Chandrasekaran, S. and Mukund, S. (2016) ‘Imagining construction’s digital future’, 
McKinsey & Company. Available at: https://www.mckinsey.com/industries/capital-projects-and-
infrastructure/our-insights/imagining-constructions-digital-future#. 

Rausand, M. (2011) Risk Assessment: Theory, Methods, and Applications. New Jersey: Wiley & Sons 
Inc. 

Reyes, R. L. and Nof, S. Y. (2017) ‘Resilience in supply networks: Definition, dimensions, and levels’, 
Annual Reviews in Control. Elsevier Ltd, 43, pp. 224–236. doi: 10.1016/j.arcontrol.2017.02.003. 

Rhodes, R. (1986) The Making of the Atomic Bomb. Reprint ed. New York: Simon & Schuster; 
Anniversary. 

Righi, A. W., Saurin, T. A. and Wachs, P. (2015) ‘A systematic literature review of resilience 
engineering: Research areas and a research agenda proposal’, Reliability Engineering and System 
Safety. Elsevier, 141, pp. 142–152. doi: 10.1016/j.ress.2015.03.007. 

Rittel, H. W. J. and Webber, M. M. (1973) ‘Dilemmas in a General Theory of Planning’, Policy 
Sciences, 4(2), pp. 155–169. doi: 10.1007/BF01405730. 

Roberta, C. R., Christopher, M. and Lago Da Silva, A. (2014) ‘Achieving supply chain resilience: the 
role of procurement’, Supply Chain Management: An International Journal, 19(5/6), pp. 626–642. 
doi: 10.1108/SCM-09-2013-0346. 

Roberts, K. H. (1984) ‘New challenges in organizational research: high reliability organizations’, 
Organization & Environment, 2(2). doi: https://doi.org/10.1177/108602668900300202. 

Robson, C. (2011) Real World Research - A Resource for Users of Social Research Methods in Applied 
Settings. 3rd ed. Edited by J. W. & S. Ltd. Chichesteer, UK. 

Rolstadås, A. et al. (2011) Risk Navigation Strategies for Major Capital Projects: Beyond the Myth of 
Predictability, Springer Series in Reliability Engineering. London: Springer. doi: 10.1007/978-0-85729-
594-1. 

Rose, A. (2017) Defining and Measuring Economic Resilience from a Societal, Environmental and 
Security Perspective. Springer. doi: 10.1007/978-981-10-1533-5. 

Rothbard, M. N. (2004) Man, Economy and State: A treatese on economic principles. 2nd ed. Ludwig 
von Mises Institute. 

Roumboutsos, A., Voordjik, H. and Pantelias, A. (2017) Funding and financing transport 



131 
 

infrastructure: Business Models to Enhance and Enable Financing of Infrastructure in Transport. 
Longon & New York: Routledge. 

Russell, R. S. and Taylor III, B. W. (2000) Operations Management: Focusing in Quality and 
Competitiveness. 3rd editio. Upper Saddle River, N.J.: Prentice-Hall, Inc. 

Samset, K. (2003) Project evaluation. Making investments succeed. Trondheim, Norway: 
Fagbokforlaget. 

Samset, K. (2010) Early Project Appraisal. New York: Palgrave Maximillian. 

Samset, K. F. and Volden, G. H. (2014) ‘The impact of external quality assurance up front to improve 
governance of major public investment projects’, in Paper presented at Project Management 
Institute Research and Education Conference, Phoenix, AZ. Newtown Square, PA: Project 
Management Institute. 

Samset, K. and Volden, G. H. (2016) ‘Front-end definition of projects: Ten paradoxes and some 
reflections regarding project management and project governance’, International Journal of Project 
Management. Elsevier Ltd and Association for Project Management and the International Project 
Management Association, 34(2), pp. 297–313. doi: 10.1016/j.ijproman.2015.01.014. 

Samset, Strand, A. and Hendricks, V. (2009) Sykehus, fregatter og skipstunnel: Logisk minimalisme, 
rasjonalitet – og de avgjørende valg. Trondheim. 

Sanchez, J. M. et al. (2017) ‘Research on the phenomenon of supply chain resilience: A systematic 
review and paths for further investigation’, International Journal of Physical Distribution & Logistics 
Management Article information, 45(1/2), pp. 90–117. 

Sansavini, G. (2017) ‘Engineering Resilience in Critical Infrastructures’, in Nato Science for Peace and 
Security Series C: Environmental Security, pp. 189–203. doi: 10.1007/978-94-024-1123-2_6. 

Saunders, M. N. K., Lewis, P. and Thornhill, A. (2012) Research Methods for Business Students. 6th 
ed. Harlow, UK: Financial Times Prentice Hall. 

Sauser, B. J., Reilly, R. R. and Shenhar, A. J. (2009) ‘Why projects fail? How contingency theory can 
provide new insights - A comparative analysis of NASA’s Mars Climate Orbiter loss’, International 
Journal of Project Management, 27(7), pp. 665–679. doi: 10.1016/j.ijproman.2009.01.004. 

Savage, L. J. (1951) ‘The theory of statistical decision’, Journal of the American Statistical Association, 
46, pp. 55–67. 

Schaffer, J. (2015) ‘What Not to Multiply Without Necessity’, Australasian Journal of Philosophy, 
93(4), pp. 644–664. doi: 10.1080/00048402.2014.992447. 

Schelling, T. C. (1980) The Strategy of Conflict. (Reprint,. Harvard University Press. 

Schwaber, K. and Beedle, M. (2002) Agile software development with Scrum. Prentice Hall. 

Sebastian, S. T. (2017) ‘Agile development and the constraints of physicality: A network theory-based 
cause-andeffect analysis’, Proceedings of the International Conference on Engineering Design, Iced, 
4(87–4). 

Sessions, R. (2009) ‘IT Complexity Crisis; Danger and Opportunity’, White paper, Object Watch, (c), 
pp. 1–37. Available at: http://sqm2010.sig.eu/Presentations/Sessions.pdf. 

Shackle, G. L. S. (1968) Expectations, Investment and Income. Oxford: Clarendon P. 

Sheffi, Y. and Rice, J. B. (2005) ‘A Supply Chain View of the Resilient Enterprise.’, MIT Sloan 
Management Review, 47(1), pp. 41–48. doi: 10.1007/978-0-387-79933-9. 



132 
 

Shelling, Thomas, C. (1982) ‘Ethics, Law, and the Exercise of Self-Control’. Michigan, USA: The Tanner 
Lectures on Human Values. 

Shenhar, A. J. and Dvir, D. (1996) ‘Toward a typological theory of project management’, Research 
Policy, 25(4), pp. 607–632. doi: 10.1016/0048-7333(95)00877-2. 

Shenhar, A. J. and Dvir, D. (2007) Reinventing project management: The diamond approach to 
successful growth and innovation. Boston: Harvard Business School Press. 

Sherden, W. A. (1999) The Fortune Sellers: The Big Business of Buying and Selling Predictions. Wiley. 

Shore, B. (2008) ‘Systematic Biases and Culture in Project Failures’, Project Management Journal, 
39(4), pp. 5–16. doi: http://doi.org/10.1002/pmj.20082. 

Shrady, N. (2003) Tilt: a skewed history of the Tower of Pisa. First Edit. Simon & Schuster. 

Simon, H. A. (1957) Models of Man: Social and Rational. Mathematical Essays on Rational Human 
Behavior in a Social Setting. 1st editio. New York: Wiley & Sons Inc. 

Simon, H. A. (1976) ‘From substantive to procedural rationality’, in Method and Appraisal in 
Economics. Cambridge: Cambridge University Press, pp. 129-148. 

Simon, H. A. (1991) ‘Bounded Rationality and Organizational Learning’, Organization Science, 2(1), 
pp. 125–134. doi: 10.1287/orsc.2.1.125. 

Simon, H. A. (1997) The sciences of the artificial, (third edition), Computers & Mathematics with 
Applications. doi: 10.1016/S0898-1221(97)82941-0. 

Simons, R. L. (1998) ‘A Note on Identifying Strategic Risk’. Harvard Business School, note # 9-199-
031, 1998. 

Söderlund, J. (2004) ‘On the broadening scope of the research on projects: A review and a model for 
analysis’, International Journal of Project Management, 22(8), pp. 655–667. doi: 
10.1016/j.ijproman.2004.05.011. 

Söderlund, J. (2011) ‘Pluralism in Project Management: Navigating the Crossroads of Specialization 
and Fragmentation’, International Journal of Management Reviews, 13(2), pp. 153–176. doi: 
10.1111/j.1468-2370.2010.00290.x. 

Søiland, H. and Samstad, H. (2014) Evaluering av svinesundforbindelsen: E6 Riksgrensen - 
Svingenskogen. 

Solli, H. and Betanzo, M. (2015) Etterevaluering av E16 Kløfta-Nybakk. 

Solvoll, G. et al. (2014) Lofotens fastlandsforbindelse (LOFAST): Erfaringer etter 6 års drift. 

Sommer, S. C. and Loch, C. H. (2004) ‘Selectionism and Learning in Projects with Complexity and 
Unforeseeable Uncertainty’, Management Science, 50(10), pp. 1334–1347. doi: 
10.1287/mnsc.1040.0274. 

Sterman, J. D. (2000) Business Dynamics: Systems Thinking and Modeling for a Complex World. 
McGraw-Hill, New York. 

Stingl, V. and Geraldi, J. (2017) ‘Errors, lies and misunderstandings: Systematic review on behavioural 
decision making in projects’, International Journal of Project Management. Elsevier Ltd and 
Association for Project Management and the International Project Management Association, 35(2), 
pp. 121–135. doi: 10.1016/j.ijproman.2016.10.009. 

Sverre, R. (2015) Evaluering av dobbeltspor Sandnes - Stavanger. 



133 
 

T.S. (2018) ‘Why Uber’s self-driving car killed a pedestrian’, The economist. Available at: 
https://www.economist.com/the-economist-explains/2018/05/29/why-ubers-self-driving-car-killed-
a-pedestrian. 

Taleb, N. N. (2005) Fooled by Randomness: The Hidden Role of Chance in Life and in the Markets. 
Random House Trade Paperbacks; Updated edition (August 23, 2005). 

Taleb, N. N. (2007) The Black Swan: Second Edition: The Impact of the Highly Improbable. New York: 
Random House. 

Taleb, N. N. (2013) Antifragile: Things that Gain from Disorder. Penguin. 

Tauranac, J. (2014) The Empire State Building: The Making of a Landmark. New York: Scribner. 

Taysom, E. and Crilly, N. (2017) ‘Resilience in Sociotechnical Systems: The Perspectives of Multiple 
Stakeholders’, She Ji: The Journal of Design, Economics, and Innovation, 3(3), pp. 165–182. doi: 
10.1016/j.sheji.2017.10.011. 

Teece, D. and Leih, S. (2016) ‘Uncertainty, Innovation, and Dynamic Capabilities: An Introduction’, 
California Management Review, 58(4), pp. 5–12. doi: 10.1525/cmr.2016.58.4.5. 

The Concept Research Programme (2015) Etterevaluering av statlige investeringsprosjekter i regi av 
Concept-programmet. Retningslinjer for evaluator. 

Thompson, J. D. (1967) Organizations in action: Social science bases of administrative theory. 1 
edition. Transaction Publishers. 

Tolkien, J. R. R. (1984) ‘On Fairy Stories’, in Tolkien, C. (ed.) Monsters and the Critics, and Other 
Essays. Houghton Miffin. 

Tranfield, D., Denyer, D. and Smart, P. (2003) ‘Towards a Methodology for Developing Evidence-
Informed Management Knowledge by Means of Systematic Review’, British Journal of Management, 
14(3), pp. 207–222. doi: 10.1111/1467-8551.00375. 

Tukamuhabwa, B. R. et al. (2015) ‘Supply chain resilience: Definition, review and theoretical 
foundations for further study’, International Journal of Production Research. Taylor & Francis, 53(18), 
pp. 5592–5623. doi: 10.1080/00207543.2015.1037934. 

TUPPAC (2017) ‘Application for Urban Innovative Actions, submitted April 2017’. Confidential, 
unpublished. 

Turner, J. R. (1993) The Handbook of Project-Based Management. New York, USA: McGraw-Hill, New 
York. 

Tversky, A. and Kahneman, D. (1974) ‘Judgment under Uncertainty: Heuristics and Biases’, Science, 
185(4157), pp. 1124–1131. doi: 10.1126/science.185.4157.1124. 

Uday, P. and Maralis, K. (2015) ‘Designing Resilient Systems-of-Systems: A Survey of Metrics, 
Methods, and Challenges’, Systems Engineering, 18(5), pp. 491–510. doi: 10.1002/sys.21325. 

Ulstein, A. H. et al. (2015) Evaluering av PERFORM-prosjektet. 

Ulstein, H. et al. (2014) Etterevaluering av Rv 653 Eiksundsambandet. 

Ulstein, H. et al. (2015) Evaluering av Rv . 519 Finnfast. 

Utterback, J. M. and Abernathy, W. J. (1975) ‘A Dynamic Model of Process and Product Innovation’, 
International Journal of Management Science, 3(3), pp. 639–656. 

Veenvliet, K. T., Broenink, J. F. and Bonnema, G. M. (2011) Systems Design and Engineering: 



134 
 

Facilitating Multidisciplinary Development Projects. CRC Press. 

Volden, G. H. and Samset, K. (2017) A Close-up on Public Investment Cases. Lessons from Ex-post 
Evaluations of 20 Major Norwegian Projects. Trondheim, Norway. 

Wack, P. (1985) ‘Scenarios: Uncharted Waters Ahead’, Harvard Business Review, (September). 

Wacker, J. G. (2008) ‘A conceptual understanding of requirements for theory-building research: 
Guidelines for scientific theory building’, Journal of Supply Chain Management, 44(3), pp. 5–15. doi: 
10.1111/j.1745-493X.2008.00062.x. 

Wald, A. (1943) ‘A method of estimating plane vulnerability based on damage of survivors’. 
Statistical Research Group, Columbia University., p. 96. Available at: 
http://gymportalen.dk/sites/lru.dk/files/lru/docs/A_method_of_estimating_plane_vulnerability_bas
ed_upon_damage.pdf. 

Walker, B. et al. (2004) ‘Resilience, Adaptability and Transformability in Socio-ecological Systems’, 
Ecology and Society, 9(2), pp. 3053–3062. doi: 10.1103/PhysRevLett.95.258101. 

Walker, W. E., Lempert, R. and Kwakkel, J. H. (2013) ‘Deep Uncertainty’, Encyclopedia of Oper. Res. 
and Management Science. Springer: Berlin, Germany. 

Walley, P. (1999) ‘Towards a unified theory of imprecise probability’, International Journal of 
Approximate Reasoning, 24(2–3), pp. 125–148. doi: http://doi.org/10.1016/S0888-613X(00)00031-1. 

Walton, D. (1990) Practical Reasoning: Goal-Driven, Knowledge-Based, Action-Guiding 
Argumentation. Savage, Maryland, Rowman and Littlefield. 

Wang, T., Neufville, R. De and Division, E. S. (2004) ‘Building Real Options into Physical Systems with 
Stochastic Mixed-Integer Programming’, in 8th Real Options Annual International Conference in 
Montreal Canada, pp. 1–35. Available at: 
https://www.google.com/%5Cnpapers2://publication/uuid/A1C7162C-83A7-4827-9743-
5935374624B3. 

de Weck, O., Magee, C. L. and Roos, D. (2011) Engineering Systems: Meeting Human Needs in a 
Complex Technological World. Cambridge, Massachusetts: The MIT Press. 

Weick, K. E. and Sutcliffe, K. M. (2007) Managing the unexpected: Sustained Performance in a 
Complex World. Second edi. Wiley & Sons Inc. 

Welde, M., Bull-berg, H. and Olsson, N. (2017) Gevingåsen tunnel og dobbeltspor Barkåker- 
Tønsberg: En etterevaluering av to jernbaneprosjekter. Trondheim. 

Wheelwright, S. C. and Clark, K. B. (1992) ‘Creating project plans to focus product development’, 
Harvard Business Review, 70(2), pp. 70–82. doi: 10.16373/j.cnki.ahr.150049. 

Whist, E. et al. (2014) Svalbard Forskningspark: Etterevaluering, desember 2014. 

Whist, E. et al. (2015) Regionfelt Østlandet: Etterevaluering, desember 2015. 

Whist, E., Aass, T. and Andersen, B. (2012) Evaluering prosjekt 6300 Skjold-klassen MTBer. 

Whist, E., Kalhagen, K. O. and Henningsen, E. (2016) Nytt operahus: Etterevaluering, desember 2016 
Erik Whist, prosjektleder Kjell Ove Kalhagen Erik Henningsen Foto: 

Whitt, R. S. (2009) ‘Adaptive Policymaking : Evolving and Applying Emergent Solutions for U . S . 
Communications Policy’, Federal Communications Law Journal, 61(3), pp. 483–590. 

Wied, M. et al. (2020) ‘Managing exploratory projects: A repertoire of approaches and their shared 



135 
 

underpinnings’, International Journal of Project Management, 38(2), pp. 75–84. 

Wied, M., Oehmen, J. and Welo, T. (2020) ‘Conceptualising resilience in engineering systems: An 
analysis of the literature’, Systems Engineering, 23(1), pp. 3–13. doi: 
https://doi.org/10.1002/sys.21491. 

Wieser, F. von (1889) Natural Value. Edited by W. Smart. London: MacMillan. 

Williams, I., Falch, M. and Tadayoni, R. (2018) ‘Institutional Legitimacy and Digital PublicCross-Border 
Service Delivery BetweenDenmark/Sweden and Denmark/Germany’, Nordic and Baltic Journal of 
Information and Communications Technologies. doi: 10.13052/nbjict1902-097x.2018.8. 

Williams, T. (2004) ‘Identifying the hard lessons from projects – easily’, International Journal of 
Project Management, 22, pp. 273–279. 

Williams, T. (2005) ‘Assessing and moving on from the dominant project management discourse in 
the light of project overruns’, IEEE Transactions on Engineering Management, 52(4), pp. 497–508. 
doi: 10.1109/TEM.2005.856572. 

Williams, T. et al. (2012) ‘Identifying and acting on early warning signs in complex projects’, Project 
Management Journal, 43(2), pp. 37–53. doi: 10.1002/pmj.21259. 

Williams, T. (2017) ‘The Nature Of Risk In Complex Projects’, Project Management Journal, 48(4), pp. 
55–66. 

Wilt, B. and Long, S. (2016) ‘Defining Resilience: A preliminary integrative literature review’, in 
International annual conference for the Americal Society for Engineering Management. 

Winch, G. M. and Maytorena, E. (2012) ‘Managing risk and uncertainty on projects’, in Oxford 
Handbook of Project Management. Oxford: Oxford University Press, pp. 345–365. 

de Wit, A. (1988) ‘Measurement of project success’, International Journal of Project Management, 
6(3), pp. 164–170. doi: 10.1016/0263-7863(88)90043-9. 

Wood, N. (2007) Perspectives on Argument. 5th ed. New York: Pearson. 

Woods, D. (2006) ‘Engineering Organizational Resilience to Enhance Safety: A Progress Report on the 
Emerging Field of Resilience Engineering’, in Proceedings of the Human Factors and Ergonomics 
Society Annual Meeting, pp. 2237–2241. doi: 10.1177/154193120605001910. 

Woods, D. D. (2015) ‘Four concepts for resilience and the implications for the future of resilience 
engineering’, Reliability Engineering and System Safety. Elsevier, 141, pp. 5–9. doi: 
10.1016/j.ress.2015.03.018. 

Wright, T. P. (1936) ‘Factors Affecting the Cost of Airplanes’, Journal of the Aeronautical Sciences, 
3(February), pp. 122–128. 

Xu, L., Marinova, D. and Guo, X. (2015) ‘Resilience thinking: a renewed system approach for 
sustainability science’, Sustainability Science, 10(1), pp. 123–138. doi: 10.1007/s11625-014-0274-4. 

Yeo, K. T. and Qiu, F. (2003) ‘The value of management flexibility-a real option approach to 
investment evaluation’, International Journal of Project Management, 21(4), pp. 243–250. doi: 
10.1016/S0263-7863(02)00025-X. 

Yin, R. K. (2014) Case Study Research Design and Methods. 5th editio. Thousand Oaks, CA: Sage. doi: 
10.3138/cjpe.30.1.108. 

Zahra, S. A. and Newey, L. R. (2009) ‘Maximizing the impact of organization science: Theory-building 
at the intersection of disciplines and/or fields’, Journal of Management Studies, 46(6), pp. 1059–



136 
 

1075. doi: 10.1111/j.1467-6486.2009.00848.x. 

Zhang, H. et al. (2011) ‘Two schools of risk analysis : A review of past research on project risk.’, 
Project Management Journal, 42(4), pp. 5–18. 

  



137 
 

Appendix I: Resilient design properties of a driverless transport system 
 

This conference paper is published in the proceedings of the DESIGN 2018, 15th International Design 

Conference, and explores early ideas for Paper C and D.  Authors: M. Wied, T. Welo, and J. Oehmen. 

The author accepted manuscript (AAM) is presented here.  

Abstract 
From its origin in ecology, resilient system properties have attracted wider interest for their 

applications to man-made systems. Previous research has shown that a simple conceptual model 

(the PCR Model) seems to capture much resilience thinking across disciplines and system types. In 

this paper, we apply that model to study resilient properties in the design of an autonomous public 

transport system, attempting to circumvent the problem of commitment under uncertainty. We 

identify a number of resilient system properties and classify them by function into six distinct 

categories. 

1. Introduction 
Many important events in a system’s life cycle cannot be known in advance. Nonetheless, 

irreversible up-front design commitments have to be made. Addressing the problem of commitment 

under uncertainty, this paper argues that systems should generally be designed to perform under a 

wider range of conditions, than traditionally considered. In other words, systems should be more 

resilient to changing conditions. This problem is part of the wider challenge of implementing design 

strategy under uncertainty. 

Originally conceptualised for understanding natural systems, resilient system properties have 

recently gained wider interest for their application to the design of man-made systems. A literature 

review (Wied et al., under review) has shown that much resilience thinking, currently fragmented 

across disciplines and system types, is captured by a relatively simple conceptual model. This paper 

applies those concepts to study resilient properties in the development of a real-world system, 

asking the research question: How do resilient properties modify the relationship between the 

performance and condition variables in the design of an early-stage driverless transport system? In 

doing to, we aim to better understand what resilient properties, are and how they can be practically 

applied to the design of man-made systems. 

The remainder of this paper is organised as follows: Section 2 outlines the fundamental design 

problem of commitment under uncertainty. Section 3 introduces and defines resilient system 

properties, while Section 4 applies these concepts to identify resilient system properties in a case 

study of a real-world system under design. Finally, Section 5 proposes a classification of resilient 

properties in systems design. 

2. A fundamental design problem 
According to Simon (1997: 111), “Everyone designs who devises courses of action aimed at changing 

existing situations into preferred ones”. However, many important events in a system’s life cycle 

cannot be known in advance. Nonetheless, design commitments have to be made. Following 

Hubbard (2009: 80) uncertainty is defined as “the lack of complete certainty – that is, the existence 

of more than one possibility. The “true” outcome/state/result/value is not known”. 

The problem of commitment under uncertainty has been studied extensively in many fields, 

including game theory (Neumann and Morgenstern, 1944), problem solving (Rittel and Webber, 

1973), strategy (Schelling, 1980), policy planning (Lempert, Popper and Bankes, 2003), and 
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elsewhere. The problem arises when both uncertainty and commitment are present. Uncertainty 

without commitment holds open the option of correction when uncertainties are resolved. 

Conversely, commitment without uncertainty enables designing for certain conditions, without the 

possibility of error. 

The combination of uncertainty and commitment is widely recognised in the literature on systems 

design. Veenvliet, Broenink and Bonnema (2011) consider the problem of commitment under 

uncertainty inherent to the design of all engineering systems: Early commitments are made under 

uncertainty, which subsequently decreases throughout the system's life cycle. In parallel, 

commitment increases as irreversible decisions compound. This fundamental problem is illustrated 

in Figure 1.  

 

Figure 1. Commitment and uncertainty through a system's life cycle 

The basic plot of the upward-sloping commitment curve and the downward-sloping uncertainty 

curve is featured in many design, engineering, and management models. The uncertainty curve is 

reflected in the ‘cone of uncertainty’, describing decreasing uncertainty over the system's life cycle 

as sources of variability are eliminated (Antunes & Gonzalez, 2015). Early work by (Merrow, Phillips, 

& Myers, 1981: 32) draw a similar cone when studying the increasing accuracy of cost estimates 

through the progression of the design process. Earlier still, Arrow (1955: 3) observed that in military 

R&D projects “[…] the a priori probability distribution of the state of nature […] is relatively flat to 

begin with. On the other hand the successive posteriori distributions after more and more studies 

have been conducted are more and more sharply peaked or concentrated in a more limited range, 

and therefore we have better and better information for deciding what the next step shall be”. More 

recently, declining uncertainty curves are used as a measure of risk reduction in ‘risk burn-down 

charts’ (Chaudhuri and Chaudhuri, 2011).  

Turning to the upward-sloping commitment curve, this phenomenon is also treated widely in the 

literature. It is captured by the ‘cost of change’ curve, i.e. the cost of undoing earlier decisions 

(Mitchell, 1985). Other authors draw a similar curve by plotting cumulative expenditure against time 

(Maylor, 2010: 34). Aaltonen, Ahola and Artto (2017) investigated ‘path dependence’ in decisions, 

showing how early decisions constrained the scope of later ones. The phenomenon of commitment 

is likewise captured in the ‘constraints of physicality’ emphasised by iterative design paradigms 

(Sebastian, 2017). Here, a distinction is made between material and non-material systems. It is 

argued that the former is subject to the laws of physical matter, and are less malleable than non-

material systems e.g. information, organisational, or service systems, etc. In the following, resilient 

system properties are introduced as a possible solution to the design problem of commitment under 

uncertainty. 

3. Resilient system properties 
Etymologically meaning to ‘rebound’ (Rose, 2017), the concept of resilience was first introduced by 

Holling (1973) in the field of ecology, and has now been applied in many other fields (Hosseini, 

Barker, and Ramirez-Marquez, 2016). In  engineering, the application of resilient properties is 

Uncertainty

Commitment
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relatively new compared to other domains (Hosseini, Barker and Ramirez-Marquez, 2016), and was 

introduced by the safety engineering community (Woods, 2006). However, as noted by (Martin-

Breen and Anderies, 2011: 13), “there remains a considerable amount of work before resilience in 

systems will be a useful off-the-shelf concept for practitioners”. 

To this end, based on the work of Carpenter et al. (2001) in the field of ecology, Wied et al. (under 

review) proposed a simple conceptual model for understanding resilience in engineering systems. 

This model seems to underpin much thinking on resilience across disciplines and system types in the 

literature. 

The model distinguishes between performance variables, condition variables, and resilient 

properties in any system. Performance variables are the set of value variables defining the 

performance of a system. These are output variables, whose attributes are to be preserved, 

minimised, or maximised. Conditions are variables that influence the system’s performance, and 

which may change over the lifetime of the system. Finally, resilient properties are variables 

modifying the relationship between performance and conditions. Figure 2 summarises the three 

variable types and the relationships between in a conceptual model (hereafter termed the PCR 

Model). 

 

Figure 2. The PCR Model: A model for understanding resilient systems (Wied et al., 

under review) 

 

Here, a system's performance (P) is determined by the conditions (C) under which it operates, and 

its resilient properties (R). The three sets of variables and their relationships can be expressed as a 

function: 

P = f(C, R)  

In which, 

 P is the set of value variables defining the performance of the system; 

 C is the set of condition variables affecting P; 

 R is the set of mediating variables, which, together with C, determine P; and, 

 f is the relationship between P, C, and R. 
 

Taking this view, the resilience of a system depends on the relationship between its performance 

and condition variables. The defining behavioural characteristic of a resilient system is its ability to 

modify this relationship, as illustrated in Figure 3. 

Performance (P)Conditions (C)
Engineering 

system

Resilient system 
properties (R)
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Figure 3. Resilient systems behaviour (Wied et al., under review) 

 

As shown, a resilient system is able to sustain its level of performance under deteriorating conditions 

and improve its performance under favourable conditions. In doing so, a resilient system achieves an 

avoidance advantage and an exploitation advantage, denoted (a) and (b), respectively. The two 

types of advantage is sometimes called ‘bounce back’ and ‘bounce forward’, in the resilience 

literature (Meerow and Stults, 2016: 6). It follows, that the advantages granted by a system's 

resilient properties depends on the volatility of the conditions under which it operates, i.e. under 

certain and stable conditions, resilient system properties offer no performance advantage.  

Armed with these concepts, we are now in a position to study resilient properties in a real-world 

system. 

4. Resilient design properties in a driverless transport system 
In the following, the PCR Model is applied to identifying resilient properties in the design of a real-

world system, seeking to answer the research question: How do resilient properties modify the 

relationship between performance and condition variables in the design of an early-stage driverless 

transport system? 

4.1 The case 
The selected case under study is titled 'Transforming Urban Planning Providing Autonomous 

Collective Mobility' (abbreviated TUPPAC). The project is a three-year development effort 

(November 1st, 2017 to October 31st, 2020). The project aims to develop and demonstrate 

intelligent 'first and last mile' services, investigate user interaction and behaviour with driverless 

busses, and develop plans for integrating the system with a light rail transport system in Greater 

Copenhagen (to be completed: 2023-2024). The project is funded by Urban Innovative Actions (UIA), 

with a budget of DKK 31.4 million. The project is a collaboration between eight partners: Albertslund 

(municipality), Gladsaxe (municipality), Nobina a/s (commercial bus operator), IBM Denmark ApS 

(commercial technology supplier), Roskilde University (transport researchers), The Technical 

University of Denmark (DTU) (transport researchers), Gate 21, (a partnership between 

municipalities, research institutions and businesses in Greater Copenhagen), and Loop City (an 

association of ten urban municipalities) (TUPPAC, 2017). 

4.2 Methodology 
Following Yin (2014, p. 51), the present study is a single descriptive case study, employed to confirm, 

challenge and extend theory. This approach was chosen, first, because the model of resilient system 

properties is in its early stages of the research cycle (theory development), and neither the content 

of the categories, nor the relationships between them are clear in advance. Second, the aim of this 

study is to identify and classify variable types. Hence, there is no need to remove the system from its 

natural setting to control variables. Third, the case methodology lends itself well to the ‘how’ format 

of the research question, and the unit of analysis - the contemporary design phase of one system 

Time

Favourability of conditions
System performance

a

b
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(Yin, 2014, p. 9). This unit of analysis includes the project itself as well as its relationships to the 

subsequent phases of the system's life cycle. 

Choosing a case system in the design phase of its life cycle (de Weck, Magee and Roos, 2011, p. 36) 

minimises the scope for after-the-fact rationalisation about resilient properties. At the time of the 

case study, the eventual fate of the system remains unknown. Third, the system studied faces the 

problem of commitment under uncertainty, and it has a clear need to address the fundamental 

design problems involved. Fourth, in choosing a case illustrative of resilient system properties, the 

experience of the development team was likewise a factor. In particular, Nobina, IBM, Gate 21, and 

Loop City manage extensive portfolios of development projects, and are expected to bring a range of 

solutions to bear on the problems involved.  

The system variables were identified and classified on the basis of the definitions of performance, 

conditions and resilient properties in the PCR Model. Variables were identified from two sources: 1) 

The project description, as detailed in the application for funding for UIA (TUPPAC, 2017) (TUPPAC, 

2017) (submitted April 14th, 2017), and 2) interviews with representatives of each of the eight 

project partner organisations mentioned above (through November 2017). The separation in time 

between the two sources represents the time from submission of the project application until 

notification of funding (November 1st. 2017). Representatives with the closest involvement in the 

project from all involved project partners were selected as interviewees. Interviews were conducted 

from November 17th to 30th. 

The semi-structured interviews followed (Kvale, 1996, p. 145), and were conducted on the basis of 

shared interview guide, moving from open questions about the assumptions underpinning the 

project (introducing questions), followed by probing, follow-up, interpreting, and specifying 

questions, before concluding with structuring questions. To encourage openness, interviewees were 

guaranteed anonymity, and that no direct quotes would be published. Interviews were conducted 

in-person or over the phone/Skype. The interview duration was about one hour. Interviews were 

recorded and transcribed. Transcriptions were subsequently coded by variable type, and statements 

were triangulated for consistency and accuracy against the project description and against the 

responses given by other interviewees. 

5. Results 
Table 1 gives an overview of the identified performance and condition variables, and the resilient 

properties of the system. As described in Section 3, performance variables were defined as any value 

variable defining the performance of a system. Conditions are defined as variables that affect the 

system’s performance, and which may change over the lifetime of the system. Finally, resilient 

properties are defined as variables modifying the relationship between performance and conditions. 

The categorisation of performance variables in the first column follows the structure of the 

implementation work packages of the project. Anonymised references to interviewees are noted in 

parenthesis. Resilient properties are numbered for subsequent reference. 

Table 1. Performance, conditions and resilient properties 

Performance Conditions Resilient properties 

Obtain legislative approval: As 
its first objective, the project 
must obtain legislative approval 
from The Danish Transport 
Authorities for activities involving 
testing driverless technology on 
public roads (TUPPAC, 2017, p. 

Will the system be 
approved? 
Legislative approval 
is not guaranteed, 
and will be 
conditioned by 
safety 

1) Postponement: At the time of applying for UIA-funding, 
the legislative framework for testing driverless vehicles on 
public roads was still underway through Parliament. Project 
launch was scheduled after legislation was expected to be 
passed. Should the legislative process have been delayed, 
the project was prepared for further postponement 
(TUPPAC, 2017, p. 64) (h). Should the legislation have been 
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64). The format of the 
application and the requirements 
developed through the 
application process are 
themselves deliverables of the 
project, setting precedence for 
further development of the 
system (h). 

requirements, with 
which the system 
must comply. These 
requirements will 
not be fully known 
before the end of 
the approval 
process (h, f). 
Testing 
autonomous on-
demand service 
outside 
predetermined 
routes, is an 
especially 
controversial 
activity, which 
could be limited by 
legal safety 
requirements (h). 

rejected by Parliament or proved prohibitively restrictive, 
the project could have been aborted before major costs 
were sunk (TUPPAC, 2017, p. 64). 
 
2) Modifiability: During project design, meetings were held 
with transport authorities to obtain early indications about 
the likely legal requirements, then underway. These 
meetings were used to avoid legislative show-stoppers in 
the project specifications. Other activities were kept 
deliberately vague to allow for later modification (h, e). 
Legislation was passed July 1st, and project activities can 
now be designed with a high probability of approval (h). 
Rather than seeking legislative approval for all project 
activities in a single application, the application process is 
divided into parallel applications. This is done to make 
approval of the less controversial activities independent of 
the more controversial ones, both in terms of time-to-
approval, risk of rejection, and added requirements (h).  

Demonstrate operational safety: 
The number of accidents is to 
reduce to zero during the project 
period (TUPPAC, 2017, p. 21). In 
addition, the project is to 
produce safety guidelines for 
subsequent developments 
(TUPPAC, 2017, p. 30). A severe 
accident involving fatalities could 
cause authorities to call a halt to 
public road testing, pending a 
review (e). This risk is 
compounded by parallel 
development projects, any of 
which could be the cause (f).  

Will it be safe? The 
operational safety 
of the system 
depends on a range 
of issues. These 
include, issues with 
the system itself, 
interactions with 
other road users, as 
well as deliberate 
disruption, 
sabotage, hacking, 
hijacking, etc. (f, e, 
a, h). 

3) Postponement: On the basis of experiments abroad, this 
project was launched at a time when the core technology 
was judged sufficiently mature to achieve an acceptable 
safety record (h, f, d).  
 
4) Control: The system will be developed through a series of 
increasingly complex, controlled environments, from pre-
tests in enclosed areas, over user tests in simple 
environments, to full operational service in open complex 
environments. Only when operational safety and reliability 
has been demonstrated on in one best bed will the system 
advance to the next one (TUPPAC, 2017, pp. 22, 40). 
 
5) Trial and error: On both the hardware and the software 
side, the project allows for a number of trial-and-error 
cycles through which the system is incrementally modified 
and improved (TUPPAC, 2017, p. 37). On the software side, 
'white hat' hackers will attempt to identify IT-security 
weaknesses (TUPPAC, 2017, p. 39).  

Demonstrate practical 
applicability: The project is to 
develop, test, and demonstrate 
practical solutions to the 
principal problems of integrating 
driverless bus transport into the 
public mobility chain (TUPPAC, 
2017, p. 20). According to project 
partners, this objective entails a 
number of developmental 
objectives, including 
demonstrating flexible routing (h, 
f), virtual stops/on-demand 
service (h, f, a), increasing the 
speed of the vehicles to normal 
traffic speeds (f, a, e), 
demonstrating integration with 
other modes of transport in the 
public mobility chain (TUPPAC, 
2017, p. 50), (f, g), and 
demonstrate integration with 
other road users (TUPPAC, 2017, 
p. 37), (f, e). 

Will the system 
prove practical? 
Demonstrating the 
practical 
applicability of the 
system hinges on 
whether the system 
can operate under 
the full range of 
seasonal weather 
conditions (f), 
whether safety 
standards are 
compatible with 
normal traffic 
speeds (f, a, e), how 
well the system 
synchronises with 
the public mobility 
chain, (f, e), if the 
time-loss involved 
in on demand 
service is 
acceptable (f), and 

6) Redundancy: For all initial tests, a human steward will 
be on-board, or have the option of remotely taking control 
of the vehicles (TUPPAC, 2017, p. 37). 
Even if the technology proves unable to handle some 
complex situations initially, the human steward can bridge 
the gap. This allows user data on e.g. on-demand service to 
be gathered before the system is fully developed (f, a). 
Eventually eliminating need for an on-board steward is 
necessary for realising the economic advantages of the 
technology. The cost of the driver is estimated at two thirds 
of the operational cost of traditional bus transport (f). 
 
7) Influence: The results of the system tests (if successful) 
will influence the design of the LRT stations (a, e), ensuring 
access and guidance infrastructure. In addition, as part of 
the project, bus lanes will be fitted with guidance 
equipment and signs for other road users, reducing the 
complexity of the environment (e, f). 
 
8) Flexible goals: The project is to “develop, test and 
demonstrate practical solutions to the principal problems of 
integrated, driverless bus transport” (TUPPAC, 2017, p. 20),. 
There are many ways to achieve that goal (f), and some 
deliverables of the project are kept deliberately vague, 
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the behaviour of 
other road users (f, 
e).  

hedging against uncertainties in the system's capabilities 
and requirements (a, f, h). Experience, requirements, and 
data guiding subsequent developments are project outputs 
in themselves (TUPPAC, 2017, p. 18). This project thus 
influences the scope and the direction of subsequent 
development efforts in the field (e, f).  
 
9) Multi-functionality: Driverless technology has broader 
applications than the ‘first and last mile problem’ (f). 
Therefore, given positive results, the success of the system 
is only partially dependent on solving this problem (and by 
extension the parallel development of the LRT system). The 
option of alternative applications, e.g. as stand-alone 
system, is, at least in principle, retained (e, h). 

Demonstrate positive user 
response: The project is to 
investigate and solve the 
principal problems of user 
interaction with the system  
(TUPPAC, 2017, p. 43). This 
entails several achievements, 
including ease and comfort of 
use, ease of transfer to other 
traffic nodes, affordability, and at 
least partial superiority over 
competing alternatives (f, e, a, g). 
The system is to be a practical 
improvement of users' everyday 
life, beyond the expected initial 
excitement by the novelty of the 
technology (a, b, g).  

How will users 
respond to the 
system? The user 
response to the 
system depends on 
a number of 
factors, including 
whether users like 
the service (a, f), 
whether enough 
users will demand it 
(e), whether users 
will accept 
transitions between 
modes of transport 
(f), as well as the 
attractiveness of 
competing 
substitutes (f). 

10) Pre-emption: Because of the possibilities for reducing 
the complexity of the operation, through special lanes and 
dedicated guidance infrastructure, the advent of driverless 
public bus transport is expected to be ahead of autonomous 
cars in complex urban areas (TUPPAC, 2017, p. 18), perhaps 
by as much as a decade (f). This allows the project to pre-
empt what may prove to be a significant competing 
substitute (f, g). 
 
11) Influence: The project is able to selectively recruit early 
users. Early users include students at the Technical 
University of Denmark, whom are expected to be both 
physically fit and curious (e). Later users will be commuters 
to an industrial area with a high expected demand (a). In 
addition, the project includes an awareness campaign 
aimed at shaping the attitudes of potential users of the 
system (TUPPAC, 2017, p. 20). 
 
12) Modifiability: Through the project, the system is to be 
developed and modified to meet user requirements, and 
off-set perceived disadvantages of the technology. These 
include lower cost, more frequent service, and the 
possibility of on-demand and flexible routing (f). 
 
13) Flexible goals: It is not a requirement that the 
technology appeals to all user groups, only that the project 
identifies the relevant users (e, a). 

Insure further development: The 
project is to be part of a 
development chain, bridging the 
final technology readiness levels, 
and the resulting technology is to 
be scalable and transferable 
(TUPPAC, 2017, p. 18). This 
entails making the technology 
ready for commercial use (f). In 
addition, the project is to attract 
funding for parallel and 
subsequent projects for the next 
phases of development (e, a, e, 
c), and ensuring political backing 
for subsequent efforts (a, e). 

Will development 
continue? Further 
development of the 
system efforts 
depends on positive 
results of this 
project (f, c), on 
continued political 
backing, and on 
obtaining funding 
for further 
developments (a, e, 
g). 

14) Influence: Project partners are already involved in 
parallel development projects in the area, and expect to use 
the results of this project to leverage funding for 
subsequent development efforts, directed at system 
problems identified, but not solved, in this project (c, f, a, g). 
 
15) Influence: As a channel of influence, several project 
partners report directly to political decision-makers 
(TUPPAC, 2017, p. 19). This allows the project to increase 
political awareness and to shape political attitudes to the 
system (a, e, g). 

 

6. Discussion 
As described, in the case study conducted herein, designers face the problem of commitment under 

uncertainty. The performance of the system they are building are influenced by a large number of 
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conditions, many of which are both unknown and beyond their direct control. Designers are 

nonetheless forced to make irreversible design commitments. As shown, attempting to circumvent 

this problem, designers resort to a range of resilient design properties, seeking modify the 

relationship between performance and conditions. The resilient properties identified can be 

classified into six categories, as illustrated in Figure 5: 

 

Figure 4. A classification scheme for resilient properties 

This classification is derived by asking: What is adapting, and what is being adapted to? As shown, 

this yields six classes of resilient properties. Thus, a) contains resilient properties that fit conditions 

to a given system. Following this scheme, Table 2 classifies the resilient properties identified in Table 

1. 

Table 2. Classification of resilient properties 

Classification of resilient properties Identified resilient properties 

a) Fit conditions to the system: These 
properties modify conditions to fit a given 
system.  

1) Postponement to fit legislation to the system  

4) Control to fit test conditions to the system 

7) Influence to fit operating conditions to the system 

10) Pre-emption to fit the competitive situation to the system 

14) Influence to fit further developments to the system  

15) Influence to fit political attitudes to the system 

b) Fit the system to conditions: These 
properties modify a system to fit given 
conditions. 

2) Modifiability to fit the system to legislative conditions 

c) Fit performance to the system: These 
properties modify performance 
requirements to fit a given system. 

8) Flexible goals to fit performance standards to the system 

d) Fit the system to performance: These 
properties modify a system to fit given 
performance requirements. 

5) Trial and error to fit the system to safety requirements 

6) Redundancy to fit early performance to requirements 

12) Modifiability to fit performance to user preferences  

e) Fit conditions to performance: These 
properties modify conditions to fit given 
performance requirements. 

3) Postponement to fit the technology to safety requirements 

11) Influence to fit early users to the system's performance  

f) Fit performance to conditions: These 
properties modify performance 
requirements to fit given conditions. 

9) Multi-functionality to fit performance to alt. applications 

13) Flexible goals to fit users to the system's performance 

 

As shown, the resilient properties cluster around fitting conditions to the system. At this stage, 

designers are 'setting the scene' for their creation, and are working to set up the legislative, physical, 

competitive, and political conditions in which their system is to operate. To this end, resilient 

properties exploiting timing to fit conditions to the system predominate. Postponement is used to 

ensure sufficient technological maturity. Conversely, pre-emption is employed to get ahead of 

potential competitors. Properties seeking to internalise conditions into the system are also 

employed to fit conditions to the system. Through control measures, conditions are modified, or the 

odds of fit are stacked in the system's favour by influencing conditions. 

Conditions Performance

System

a c

f

e

b d
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As shown in Table 1, resilient properties are identified right along the task sequence of the project, 

from legal approval to hand-over to the next stage of the system's life cycle. Along this sequence, 

the performance of the later tasks are themselves conditioned by the preceding ones. It is also 

observed, that, while some resilient properties address specific conditions, e.g. legislative approval, 

others are generic, addressing whole clusters of conditions at once, e.g. trial and error. As an 

additional observation, some resilient design properties seems to form a 'ladder of escalation', 

ensuring that if one resilient property proves insufficient to modify the relationship between 

performance and conditions, another resilient property can take over. As an example, in 

demonstrating the practical applicability of the system, resilient properties 6 through 9 form 

escalating attempts to modify the relationship between this performance variable and the 

conditions upon which it depends. 

Finally, the resilient properties identified here are merely those currently under consideration by the 

system's designers. This is not an exhaustive list, and it is not clear that the properties identified are 

the most relevant ones. These may be fertile questions for further research. 

7. Conclusions  
Using the conceptual model of resilient systems as a framework, a number of performance and 

condition variables were identified, along with the resilient properties modifying the relationship 

between them. On this basis, it is possible to answer the research question: How do resilient 

properties modify the relationship between the performance and condition variables in the design of 

an early-stage driverless transport system? 

The resilient properties of the system modify the relationship between performance and conditions 

in six distinct ways. Resilient properties seek to attain a three-way 'fit' between a system, its 

performance, and the conditions under which it operates. By doing so, resilient properties allow 

circumvention of the problem of commitment under uncertainty. Resilient properties have both 

offensive and defensive aspects, allowing the system to 'bounce back' under adverse conditions and 

to 'bounce forward' under favourable conditions.  

Theoretically, the approach to resilient systems taken here cuts across many aspects of systems 

design, touching upon aspects of robust decision making, muddling through, operations research, 

risk management, and other schools of thought. Practically, this study takes steps to making resilient 

systems thinking a practical field, applicable to the problems faced by designers of real-world 

systems.  
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Appendix II: Risk, Uncertainty, Ignorance and Myopia: Their Managerial 

Implications for B2B firms 
 

This paper is published in Journal of Industrial Marketing Management, 2020, Authors: J. Oehmen, 

G. Locatelli, M. Wied, P. Willumsen. The author accepted manuscript (AAM) is presented here. 

Abstract 
Rare events are common: Even though any particular type of ‘rare event’ - a world war, global 

economic collapse, or pandemic for that matter - should only occur once every 100 years, there are 

enough of those types of ‘rare events’ that overall, they commonly occur about once every 10 years. 

As we are currently experiencing with the COVID-19 pandemic, we do not sufficiently leverage the 

rich toolset that risk management offers to prepare for and mitigate the resulting uncertainty. This 

article highlights four aspects of risk management, and their practical and theatrical implications. 

They are: 1) Risk (in the narrower sense), where possible future outcomes can be captured through 

probability distributions. 2) A situation of uncertainty, where there is transparency regarding what is 

not known, but probability distributions are unknown, as well as causal relationships influencing the 

outcome in question. 3) A situation of ignorance, where there is no understanding that certain 

possible future developments are even relevant. And finally: 4) The emergence of organizational and 

inter-organizational myopia as an effect of risk, uncertainty and ignorance on collective human 

behaviour. 

1. Introduction 
The outbreak of the current COVID-19 pandemic was not a practically unforeseeable ‘Black Swan 

Event’, as regularly claimed by media and online pundits (Bloomberg TV, 2020). Not only is a general 

pandemic preparedness (typically for a much more severe pandemic influenza) part of standard 

government's emergency planning, but it has been communicated as a practical near-future 

certainty in expert forums and the general public alike (Gates, 2015). Even a scenario worryingly 

close to what is currently unfolding (though with much higher mortality rates) was role-played by an 

international team of health experts in the fall of 2019 at the Center for Health Security at Johns 

Hopkins University. Their resulting recommendations (Center for Health Security, 2019) mirror 

precisely the shortcomings we are experiencing today. Sadly, their findings and those of earlier 

similar exercises collected dust in various drawers around the world. 

Taking a step back, disruptive global events are not as rare as they may seem. The world is exposed 

to a significant amount of “1 in a 100 year” events, so that they occur with some regularity. They 

include for example: World War I (1914), Spanish Flu (1918), The Great Depression (1929), World 

War II (1939), The Cuban Missile Crisis (1962), OPEC Oil Embargo (1973), US-on-Soviet Union nuclear 

attack false alarm (1983), Collapse of the Soviet Union and the Iron Curtain (1989), 9–11 Terrorist 

Attacks in the U.S. (2001), Subprime Mortgage Financial Crisis (2008), and finally the COVID-19 

Pandemic (2020). 

Several events, such as the Cuban Missile Crisis of 1962, the false alarm regarding a nuclear attack in 

1983, or the global near-collapse of the financial system in 2007/2008, were near-misses that could 

have just as easily rewritten the social and economic history of the world. The collapse of the Soviet 

Union in 1989 did change history, and in hindsight we easily forget the tensions that existed when 

the cold war status-quo was changing to some unknown future state. More generally speaking, the 

management of risk is an acknowledged challenge in managing business partnerships (Zhang & 

Banerji, 2017). 
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Organizations (governments, companies and even universities) have little influence on the 

occurrence of these “exogenous shocks” (Hartmann & Lussier, 2020), nor can the occurrence of any 

one specific event be pinpointed to an exact point in time in the future. Nevertheless, there exists a 

rich toolbox of risk management practices to support decision-makers across organizations. As the 

economic impact of the current COVID-19 disruption demonstrates, these tools are not leveraged 

effectively. 

One fundamental barrier to successful use of risk management practices is that risk and risk 

management is a highly diverse field, and for better or worse, under constant debate and 

development. Moreover, decision-makers do not think in terms of risk, mostly because they have 

not been educated in those terms. They think in terms of cost-benefit analysis, a mental framework 

that is appropriated for simple short-term decisions but can lead to “organizational myopia” to long 

term, more complex decisions. 

This article briefly illuminates the broader field of risk management and highlights practical and 

theoretical research challenges. We believe that all of them are relevant for businesses today during 

the COVID-19 crisis. We can broadly discern four contexts where organizations and decision makers 

face risk. 

Contexts 1–3 are characterized by decreasing level of knowledge regarding the future: 

1) Risk (in the narrower sense), where possible future outcomes can be captured through 

probability distributions. A typical response is risk management (Section 2). 

2) A situation of uncertainty, where there is transparency regarding what is not known, but 

probability distributions are unknown, as well as causal relationships influencing the 

outcome in question. Robust Decision Making is a possible response (Section 3). 

3) A situation of ignorance, where there is no understanding that certain possible future 

developments are even relevant. We discuss resilience as an organizational response 

(Section 4). 

The fourth managerial context emphasizes not just the level of available knowledge, but how 

organizations culturally react to the resulting uncertainty: 

4) The emergence of ‘organizational myopia’ (including inter-organizational myopia) as an 

effect of risk, uncertainty and ignorance on collective human behaviour. As a possible 

response, we discuss organizational mindfulness (Section 5). 

In this article, we consider situations of ‘practical’ risk, uncertainty, and ignorance, i.e. we do not 

discuss if certain information would have theoretically been knowable at a certain point in time, but 

if it was practically known by decision makers. In that sense, the current pandemic falls into the 

category of “ignorance” for many organizations, although technically, it was a well understood, 

described and quantified risk. Lastly, the discussion of organizational myopia illuminates the 

practical effects on the organizational level. Table 1 summarizes the key theoretical and practice 

challenges. 
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Managerial context Theoretical challenges Practice challenges 

1. Management of risk (Section 2)  

 Risk: Possible outcomes with 
known probabilities (Knight, 
1921)  

 Risk management: Coordinated 
activities to direct and control an 
organization regarding its risks 
(ISO, 2018) 

 Conflicting definitions of ‘risk’ 
and ‘risk management’ (Aven, 
2012, 2016; Aven & Renn, 2019)  

 Articulation of organizational 
value of risk management 
(Willumsen, Oehmen, Stingl, & 
Geraldi, 2019) 

 One-size-fits-all expectation of 
risk management standards vs. 
need for customization 
(Oehmen, Olechowski, Robert 
Kenley, & Ben-Daya, 2014)  

 Idealized formal risk 
management neglects actual risk 
management (including its 
informal aspects) (Ahlemann, El 
Arbi, Kaiser, & Heck, 2013; Elmar 
Kutsch & Hall, 2010)  

 Choice of appropriate risk 
management methods for given 
decision context and data quality 
(Tegeltija, 2018) 

2. Management of uncertainty 
(Section 3)  

 Uncertainty: Possible outcomes 
with unknown probabilities 
(Knight, 1921)  

 Robust Decision Making: 
Assessing performance across a 
broad range of possible futures 
to minimize regret (Walker, 
Haasnoot, & Kwakkel, 2013) 

 Delineation of uncertainty and 
risk (Aven, 2012; Flage, Aven, 
Zio, & Baraldi, 2014)  

 Development of some 
mathematically very advanced 
reasoning into actionable 
methods, while maintaining rigor 
(Tegeltija, 2018) 

 Incorporation and 
communication of uncertainty in 
decision making (Funtowicz & 
Ravetz, 1990) 

 Implementing and 
operationalizing novel 
uncertainty management 
methods (Tegeltija, 2018) 

3. Management of ignorance (Section 
4)  

 Ignorance: Unknown outcomes 
with unknown probabilities 
(Michael Smithson, 1989)  

 Resilience: The ability to resist or 
recover from unexpected events 
without foresight (Holling, 1973) 

 Theoretically sound  
operationalization of resilience 
concepts into organizational 
practice (Wied, Koch-Ørvad, 
Welo, & Oehmen, 2020)  

 Reconciliation of expectation of 
productivity with need for 
resilience (R. L. Martin, 2019) 

 Articulation of specific and 
explicit resilience strategies for 
organizations (Wied et al., 2020) 

 Orchestrate cultural shift from 
‘predict and plan’ to ‘monitor 
and react’ (Hall, Turner, & 
Kutsch, 2015; Rolstadås, 
Hetland, Jergeas, & Westney, 
2011) 

4. Individual and collective human 
behaviour under risk, uncertainty and 
ignorance (Section 5)  

 Myopia: An effect of risk, 
uncertainty and ignorance on 
collective human behaviour, 
limiting organizational sense-
making (Chikudate, 2002) 

 Organizational Mindfulness: 
Learning from High Reliability 
Organizations (Sutcliffe, Vogus, 
& Dane, 2016) 

 A large amount of individual 
‘cognitive biases’ are currently 
discussed literature, without 
unifying framework, or clear 
differentiation between 
individual and organizational 
behaviour (McCray, Purvis, & 
McCray, 2002; Stingl & Geraldi, 
2017) 

 Accommodating our 
understanding of ‘true’ decision 
making under uncertainty in our 
formalized structures that 
expect rational actors (Stingl & 
Geraldi, 2017) 

Table 1: Summary of theoretical and practice challenges in risk management 
 

2. Risk management: dealing with probabilities 
There are a multitude of competing definitions on what ‘risk’ is (Aven, 2012, Aven, 2016). A 

definition following Knight (1921) understands risk as uncertainty that can be modelled and 

quantified monetarily: risk is uncertainty that can for example be expressed as a probability 

distribution. As such, risk can be effectively insured against, or be weight and traded off against 

other risks and opportunities. To what extent this category is truly relevant in managerial practice is 

debated (Aven, 2012, Aven, 2017; Ward & Chapman, 2003), but it is firmly established in 

organizational practice. Examples include the already mentioned insurances, resource allocation, or 
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the design and optimization of investment portfolios. The ISO 31000 standard (ISO, 2018) defines 

risk more broadly as the ‘effect of uncertainties on objectives’, generalizing from financial impacts to 

impacts on any type of stakeholder value (including, for example, well-being or reputation). This 

general definition and understanding of risk promotes professionalization of risk management 

practice (Olechowski, Oehmen, Seering, & Ben-Daya, 2016) and underpins many existing practitioner 

standards for risk management – from domains such as systems engineering (Incose, 2015), to 

finance (Allen, 2012), to supply chain management (de Oliveira, Marins, Rocha, & Salomon, 2017; 

Zsidisin & Ritchie, 2008), to project management (PMI, 2019) and of course data analytics (Jaynes, 

Edwin, & Bretthorst, 2003). Despite multiple established standards in the field, there remain 

considerable foundational challenges. Very simply, for example, consider situations with unclear or 

conflicting objectives– what are ‘risks’ under those circumstances (Aven, 2012). It is an interesting 

paradox that risk management focusses on uncertainty and its potential impact, yet the 

prescriptions found in the risk management literature can be shrouded in uncertainty and hidden 

assumptions (Willumsen, Oehmen, Stingl, & Geraldi, 2019). In practice, risk management ranges 

from gut-feeling-based risk matrices with ill-defined (or undefined) evaluation scales for probability 

and impact (Cox Jr., 2009), to highly sophisticated quantitative models (Allen, 2012; Jaynes et al., 

2003). 

These foundational issues in risk management create challenges for practitioners. For example, risk 

management should be customized (ISO, 2018; Oehmen et al., 2014) as different risk management 

practices vary in their ability to create value in different contexts (Willumsen, Oehmen, Stingl, & 

Geraldi, 2019). The clear implication for the current COVID-19 crisis (that arguably affects all 

companies), there will be no ‘one size fits all’ risk management solution. One such difference relates 

to the availability and quality of data, which heavy influences if a method is applicable (Tegeltija, 

2018). Hubbard, (2009) has shown that using inappropriate risk management methods can be worse 

than doing nothing, as it leads decision makers towards a false sense of certainty. 

A common challenge is using expert judgement in the assessment of probability distributions of 

outcomes, or in simpler applications, in the estimation of probability-impact pairs for the occurrence 

of specific events. Expert judgement can provide valuable insight in situations where available data is 

lacking (Cooke, 1991; Renn, 1998; Zio, 2009). However, careful consideration of multiple factors such 

as level of expertise, confidence and subjective bias is needed (Cooke, 1991; Fortin & Gagnon, 2006). 

Given the current scarcity of ‘hard facts’ during the COVID-19 pandemic, expert judgement plays a 

significant role in decision making. 

The challenge of operationalizing risk management in practise extends to determining the maturity 

of such systems in their context (Chapman, 2019). Having ‘more’ risk management does not 

necessarily improve the management of risk (Oehmen et al., 2014). Rather, the contextual fit of risk 

management systems is of such importance that traditional process maturity scales falls short 

(Tegeltija, 2018). 

A number of challenges exist regarding risk management theory. As mentioned, the definition of risk 

itself is an ongoing debate, and no consensus has been reached. Similarly multiple 

conceptualizations and interpretations of uncertainty exist, as discussed in the following sections. 

The different conceptualizations of uncertainty require different approaches in terms of modelling 

and management, and research into these foundational challenges is ongoing (Aven, 2012, Aven, 

2016; Tegeltija, 2018). When studying the empirical research it becomes clear that the management 

of uncertainty and risk stretches beyond the risk management process in a narrow sense. For 

example, other processes in a company might serve to manage risk, such as stakeholder or 

knowledge management (Neves, da Silva, Salomon, da Silva, & Sotomonte, 2014; Xia, Zou, Griffin, 
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Wang, & Zhong, 2018), making it challenging to understand how risks are actually managed 

(Szczepański & Światowiec-Szczepańska, 2012). There are reports of a discrepancy between theory 

and practice (Ahlemann et al., 2013; Kutsch & Hall, 2010). According to Kutsch and Hall (2009); 

Kutsch, Browning, and Hall (2014) there is limited research about how risks are managed or not 

managed in practice, and why. 

3. Imprecision, ambiguity, robustness: dealing with uncertainty beyond 

probabilities 
The strict probabilistic interpretation of uncertainty discussed above as ‘risk’ makes several 

axiomatic and practical assumptions that are easily violated in application. These include the 

fundamental assumption of measurability of uncertainty (Bernardo & Smith, 1994), the identification 

and quantification of causal links influencing uncertainty (Renn, Klinke, & van Asselt, 2011), the 

availability of data (including quantitative data, expert judgement and experience) to evaluate 

uncertainty (Klinke & Renn, 2002; Lough, Stone, & Tumer, 2009), an infinite mental capacity to 

process information and draw factual conclusions (Simon, 1990), and an absence of ambiguity, i.e. 

divergence in the interpretation of identical factual information by different stakeholders (Klinke & 

Renn, 2002). 

This is an area of significant ongoing research and debate (Aven & Cox, 2015; Aven & Zio, 2011; 

Flage, Aven, Zio, & Baraldi, 2014; Zio, 2009). For simplicities sake, we refer to ‘uncertainty’ as 

opposed to ‘risk’ for situations where we do not have a probabilistic quantification of the 

uncertainty, but we are aware that (not probabilistically quantified) uncertainty exists. 

This is a common challenge when dealing with novel situations such as the COVID-19 pandemic: We 

know that there are a lot of factors in play, and we are aware of some relationships and some of the 

data – but we also know that we do not fully understand their interact, or how reliable our data is, 

or how to model the future with some sufficient quality. Currently, significant resources are 

expended to better understand what impact what combination of non-pharmaceutical interventions 

has on reproduction numbers, or what the medium- and long-term economic effect of these actions 

is going to be for what part of the economy. This continues to the firm level, where we know that we 

are facing some supply chain disruptions and demand changes, but when, and where, and how bad, 

and with what exact consequences is difficult to pinpoint. 

A host of methods and approaches exist to deal with this wide range of limitations: Bayesian 

Statistics builds a bridge between ‘risk’ and ‘uncertainty’ by explicitly modelling both aleatoric (i.e. 

stochastic) uncertainty, as well as epistemological uncertainty, i.e. uncertainty due to a lack of 

knowledge. Both are expressed in the language of probabilities (Bernardo & Smith, 1994). The 

domain of Imprecise Probability (Walley, 1991) extends the treatment of epistemic uncertainty, e.g. 

Coherent Upper and Lower Boundaries (Colyvan, 2008; Kozin, 1996) that relaxes one of the central 

assumptions of Bayesian Statistics by not requiring a single additive probability measure. It has 

found technical applications in the field of Artificial Intelligence and safety risk assessment. The 

Dempster-Shafer Theory of Evidence (Beynon, Curry, & Morgan, 2000; Dempster, 1967) allows to 

also model ambiguity by accounting for the weight of evidence. Again, applications are mostly in 

technical domains such as facial recognition or medical diagnosis (Yen, 1989). 

There are specific risk communication approaches that extend classic probabilistic methods, e.g. the 

NUSAP Scheme (Funtowicz & Ravetz, 1990). The NUSAP Scheme was originally developed to 

facilitate the communication of probabilistic models in climate science to a non-expert audience. It 

addresses the question of how to communicate the complexities that underly a risk or uncertainty 
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assessment by not only communicating the (N)umber, (U)nit and (S)pread (i.e. the basic probabilistic 

information), but also qualitative information through the (A)ssessment, describing quality of the 

underlying the information (i.e. epistemic uncertainty), and the (P)edigree, i.e. an overall assessment 

of the quality of the applied method and result. While currently not in wide-spread use, descriptive 

schemes like NUSAP are very promising to better communicate the quality (and inherent 

uncertainty) of assessments. This richer communication helps resolve latent issues that decision 

makers face when they need to decide what information to trust or consider in a decision. This is a 

common occurrence in the current COVID-19 situation, as executives are evaluating projections of 

spread of infection, associated government action, market reactions, and supply chain impact. 

Finally, there is a class of methods based on the concept of Exploratory Modelling, where 

computational experiments are used to develop plausible future scenarios, and evaluate current 

decision options against those scenarios. The core idea is not to identify the ‘optimum’ solution to 

address uncertainties, as that solution may be very sensitive to assumptions (that had to be made 

due to a lack of knowledge). Instead, they seek to ‘minimize regret’, i.e. ensure that a decision avoids 

unacceptable outcomes under all plausible future scenarios, thus limiting the worse case scenario. 

All acceptable options can then for example be evaluated regarding their cost. A prominent example 

of such a method is Robust Decision Making (RDM) (Dewar, Builder, Hix, & Levin, 1993; Lempert, 

2002; Walker, Haasnoot, & Kwakkel, 2013). RDM has been used to decide on climate change 

adaptation actions (Lempert, 1996) or economic policy (Seong, Popper, & Zheng, 2005). The possible 

benefits of such a method for business decisions are obvious: Instead of attempting to ‘maximize 

value’ with little more than educated guesses, an approach of ‘minimizing regret’ emphasizes the 

survival of the organization under all plausible circumstances, while explicitly acknowledging the 

uncertainties surrounding the decision. 

Approaches such Imprecise Probabilities or Exploratory Modelling require new quantitative 

modelling capabilities and corresponding maturity in the decision making processes. However, if 

organizations honestly want to address the novelty, uniqueness, and first-of-a-kind challenges that 

COVID-19 entails, they cannot rely on classic probabilistic approaches alone (Gidel, Gautier, & 

Duchamp, 2005). 

On the academic side, work remains to apply and validate these more advanced methods of 

uncertainty modelling in business practice (Tegeltija, 2018; Tegeltija, Oehmen, & Kozin, 2017). At the 

same time, foundational discussions continue on the nature of risk and uncertainty, and how to 

coherently conceptualize them in the field of risk management (Flage, Aven, Zio, & Baraldi, 2014). 

4. Resilience: preparation, resistance and recovery without the use of foresight 
We are ignorant about the future when we do not know possible future outcomes (including their 

probabilities of occurring). As Knight (1921) already pointed out, that is the common state of affairs 

in most real-world situations. Typically, the number of possible outcomes (and combinations of 

them) is vast and practically infeasible to enumerate, and there is no historical basis for assigning 

statistical probabilities to all of them, and have them sum neatly to 1. Under ignorance, Rolstadås et 

al. (2011) likened navigating the future to crossing an eight-lane city street packed with vehicles of 

all kinds, moving at varying speeds, and in both directions. Here, any detailed plan of crossing would 

likely be obsolete before making it across the first lane. Instead, all we can do is to broadly outline a 

general direction, try one lane at the time, and respond to whatever unfolds (see Wied et al. (2020) 

for an in-depth discussion of the relevant literature). 

Resilience is an organization's ability to manage ignorance. Holling (1973) first used the term to 

describe the ability to resist or recover from unexpected events, without the necessity of foresight. 
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From a resilience perspective, ignorance is not the problem. Rather, the problem is unrecognised, 

unpopular, or wilfully denied ignorance. This is when we think we know the future (or pretend to), 

but we really do not (Taleb, 2007). When this happens, we irreversibly commit to over-specialized 

plans and businesses models (specialized for an expected future), and over-confidently head out into 

oncoming traffic. This may be a sentiment that managers can relate to in the current COVID-19 

situation. In the words of Holling (1973), specialization is an adaptive response to a stable 

environment, whereas resilience is an adaptive response to a dynamic environment. 

While risk management, and to some lesser extent, management approaches focused on 

uncertainty, rely on a ‘predict and plan’ mindset (e.g. Van Poucke, Matthyssens, van Weele, & Van 

Bockhaven, 2019), resilience builds capabilities to ‘monitor and react’ (Hall et al., 2015): This 

includes building capabilities in four areas: 1) Preparation, financially and operationally, for 

unexpected disruption (Sheffi, 2017); 2) Resistance, the immediate crisis management that moves 

the organization out of its denial and complacency, and minimizes the negative impact without delay 

(Henry & Ramirez-Marquez, 2016); 3) Recovery, when the organization works to regain pre-crisis 

performance by repairing damage, improvising, and making do; and 4) Learning, implementing new 

solutions refining them than possibly surpassing pre-crisis performance (Taleb, 2013). Or to 

paraphrase the intrepid explorer Roald Amundsen: Preparation is called ‘luck’, whereas lack of 

necessary precautions is called ‘bad luck’. During the COVID-19 pandemic, we have to give our 

organizations a chance to ‘be lucky’ during and after a disruption. As the COVID-19 situation evolves, 

disruptions will keep emerging across the value chain, and resilience will remain a core necessity. 

Looking at instances of ‘luck’ during the COVID-19 epidemic, this is a virtual manifesto against over-

specialization and towards local adaptation. In the first days of the crisis, long outmoded ventilators 

were brought out of storage (and dumpsters), and animal hospital ventilators were rapidly adapted 

for human patients. A range of medical professionals were brought in and retrained in their use 

(Hersher, 2020). Whiskey manufacturers switched to distilling batches hand sanitizer (C. Levenson, 

2020). 3D printer hobbyists churned out face masks (Brooks, 2020). Super markets and drug stores 

became door-to-door delivery services overnight despite the health risks (Randle, 2020). Public and 

private spaces were re-organized for social distancing (Tavares & Stevens, 2020). Churches, schools, 

and concert halls became online-only entities within a few weeks (Freedman, 2020). There is much 

to learn from these creative outbursts, outlining both practical and theoretical challenges for 

businesses. 

In the past, crises were followed by complacency (Ayotte, Gerberding, & Morrison, 2019). When 

normality returns, resilience thinking will, once again, be swimming against the steady current of 

specialization and optimization. At no point are uncertainty and ignorance harder to imagine than in 

predictable times (Taleb, 2005). Already, detailed ‘post-crisis’ plans are potentially obscuring the 

view to a future that is, essentially, no less surprising than before (Weick & Sutcliffe, 2007). Denial, 

nostalgia and arrogance of past successes quickly reassert themselves (Hamel & Välikangas, 2003), 

now amplified by survivorship and hindsight bias. Preserving and harnessing the creative, flexible, 

imaginative, engaged, ‘one-day-at-a-time’ state of alertness (Hall et al., 2015) will be a major 

challenge for businesses. Preparing for the next surprise will involve remaining in the sweet spot 

between complacency and panic (Henderson, 2020). 

Theoretically, the challenge is to move beyond a probabilistic and ‘event-specific’ understanding of 

risk, and towards a paradigm of ‘general preparedness’ (Aven, 2017b). In this respect, there is some 

way to go to reconcile Holling's attitude of Socratic humility about the future (Holling, 1973) with the 

necessity of specialization, optimization and regular risk management. It is challenging to appreciate 

the value of ‘post surprise’ strategies like multi-functionality, redundancy, reversibility, incremental 
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learning, modifiability and opportunism (Wied et al., 2020), before they are actually needed. 

Importantly, resilience thinking does not preclude sophisticated anticipatory planning, but 

encourages us to prepare for even our best-laid plans to be wrong. 

5. Why risk may not be the biggest issue: our inability to act even if presented 

with near-certainties 
Despite all guidelines, mathematical models and software, risk management remains a human-

centric activity. It is people deciding if and which risk management perspective and process to adopt, 

which scenarios or inputs to analyses, and what to with the results (discussed for example by Cui, Su, 

Feng, & Hertz, 2019 in the context of servitization). These human-centric activities are subject to 

several limitations, that can be analysed at two different levels: individual and organizational. 

At the individual level, humans dealing with risk, suffer from the so-called “cognitive bias”. The term 

cognitive bias was popularized by the work of Tversky and Kahneman (1974) which identified 

cognitive biases as errors in thinking stemming from heuristics. These heuristics are principles which 

are used to reduce the complexity of decision making leading to errors in an individuals thoughts. 

Pohl (2004) imagines cognitive biases as illusions that can cause an individual's thoughts, memories 

or judgements to deviate from reality. Cognitive biases usually tend to affect complex decisions and 

individuals are not usually aware of the presence of such biases in their decision making. According 

to Reyna, Chick, Corbin, and Hsia (2014) experienced individuals were more likely to display 

cognitive biases in their decision making when compared to the group of inexperienced people. As 

the COVID-19 situation unfolds, we can individually reflect on our own thinking and decision making 

biases, particularly in the early phases of the pandemic. 

Cognitive biases, such as optimism bias, have been popularized in project and risk management 

literature by Flyvbjerg's books and papers claiming that cognitive biases are key reasons why for 

example large-scale projects are often delivered over budget and late (Flyvbjerg, 2006, Flyvbjerg, 

Garbuio, & Lovallo, 2009). However, the idea of cognitive biases in project and risk management is at 

least 20 years old. McCray et al. (2002) highlight the significant effect that cognitive biases may have 

on complex projects where project managers tend to rely on prior experience or rules of thumb 

(heuristics) that they have created over the years in order to deal with project complexity. 

The number of cognitive biases described in the literature is in the order of 100. One bias that is 

relatively infrequently discussed, but very relevant for our discussion, is the Dunning-Kruger effect. 

The term was first coined in 1999 when David Dunning and Justin Kruger first observed the effects of 

incompetence on self-judgement (Kruger & Dunning, 1999); in addition to making wrong decisions, 

incompetent people are also unable to realize their incompetence. Kruger and Dunning (Kruger & 

Dunning, 1999) called this the “dual burden of incompetence”. This poses a particular challenge in 

the COVID-19 pandemic: In order to recognize the competence of other people in a specific domain, 

an individual should possess a certain level of competence in that domain as well; since an 

incompetent person will not be able to judge their performance correctly, that person will tend to 

overestimate their ability, e.g. in performing an appropriate risk analysis. 

Advancing to the organizational level, humans dealing with risk suffer from “Collective myopia”, also 

called organizational and inter-organizational myopia (Chikudate, 2002). Organizational myopia 

received less attention and research than cognitive bias but is no less important. “Collective myopia 

is a […] condition where the sense-making capabilities among the members in collectivities are 

limited to their contexts. Emerging orders or patterns are like the flocks of sheep that are nicely 

organized. Each sheep knows how to behave and watch out for each other in a collectivity. But none 
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observes their collective behaviours as a whole. […] The sense-making of these members is, thus, 

confined to the limited context of their own concerns in certain organizations or communities.” 

(Chikudate, 2015, p16). 

The concept of collective myopia has been associated with the studies of ethics in organizational 

practices (Chikudate, 2002), where the ethical judgement of the individuals are suppressed by an 

overarching perspective from the organization. In this “Ethical Blindness” individuals, as part of an 

organization, might act unethically without being aware of it. They become ethically blind (Palazzo, 

Krings, & Hoffrage, 2012). This blindness has implications for risk management and decision making, 

like in the emblematic cases of the Ford Pinto (Gioia, 1992) and Fukushima Daiichi (Chikudate, 2015) 

where misjudged risk analyses had dramatic consequence on people, business and the environment. 

It is starting to become evident in the context of COVID-19, when for example certain groups start 

discussing very matter-of-factly how we should deliberately sacrifice vulnerable populations for the 

greater good, completely oblivious of their ethical transgressions and proximity to eugenics (Jones, 

2020). 

At individual level cognitive bias and, at an organizational level, collective myopia can at least in part 

explain how educated and intelligent people consistently failed to appreciate and take actions to 

mitigate a pandemic risk its implications. The risk management models reflected the bias and 

myopia of the people preparing them, and miserably failed. 

Myopia, and ethical blindness, are major barriers in developing successful interorganisational 

relationships, as they push the organization to develop a tunnel vision. The organization loses its 

ability to develop empathetic relationship with its stakeholders, including understanding what 

represents “value” for them, greatly diminishing their ability to address the various forms of risk. The 

organization might even fail to recognize key stakeholders that can support the organization in 

achieving its objectives and responding to risk, uncertainty and ignorance. 

A way for addressing organizational myopia is “organizational mindfulness” (Sutcliffe et al., 2016). 

Organizations can address the issues organizational myopia by closely monitoring failures (own 

failures and failures from other organizations), paying attentions to frontline operations, resist the 

temptation to oversimplifying the interpretations of events and situation privileging expertise over 

hierarchy (Catino, 2013). 

The Case of the UK government failing to procure Personal Protective Equipment (PPE) for its 

healthcare system is an exemplar case of how myopia undermined the interorganisational 

relationships, and it is discussed in the following section. 
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6. Risk, uncertainty, ignorance and myopia in interorganisational relationships – 

the illustrative example of the NHS PPE shortage during COVID-19 

6.1. The National Health Service in the UK 
On April 28, 2020, the BBC opened with a dramatic headline “The government failed to buy crucial 

protective equipment to cope with a pandemic” (BBC, 2020d). For the BBC, this news article was 

quite unique, as it showed two rare characteristics: (i) an almost alarmist tone, reminiscent of a 

tabloid, in stark contrast with the BBC's usually softer tone; and (ii) the headline being a direct attack 

on the UK government. However the situation was dramatic: “The consequence of not planning; not 

ordering kit; not having stockpiles is that we are sending into the front line doctors, nurses, other 

health workers and social care workers without the equipment to keep them safe”. According to the 

Government minister Victoria Atkins, “Like every other country in the world, [the virus] is 

unprecedented and the requirements for [Personal protection equipment] PPE have risen 

exponentially and we are doing our absolute best to address those needs and will continue to do so 

throughout this crisis” (BBC, 2020d). 

The NHS is the UK's national health care system. The NHS offers medical care across the UK to all 

those who reside there, including first aid, short and long-term hospital stay, and specialist services 

such as dental services. It came into operation on July 5, 1948. Most of the services are tax financed, 

and as such, free of direct cost for patients. 

6.2. Conditions of ignorance 
The issues related to the provision of PPE originated even before the COVID-19 was recognised by 

the World Health Organization (WHO). A BBC report “found that vital items were left out of the 

stockpile when it was set up in 2009 and that the government subsequently ignored a warning from 

its own advisers to buy missing equipment. […] The expert committee that advises the government 

on pandemics, the New and Emerging Respiratory Virus Threats Advisory Group (Nervtag), 

recommended the purchase of gowns last June. Gowns are currently one of the items in shortest 

supply in the UK and they are now difficult to source because of the global shortage of PPE. Doctors 

and nurses have complained that there are also shortages of the life-saving FFP3 respirator masks. 

Panorama has discovered that millions of FFP3 respirator masks are unaccounted for. There were 33 

million on the original 2009 procurement list for the stockpile, but only 12 million have been handed 

out. The government refuses to explain where the other masks have gone.” (BBC, 2020d). 

While many of these facts were knowable (or known to someone), the central decision makers were 

largely in positions of ignorance. What caused the later escalation of the situation is that the general 

level of resilience – a sufficient capability of preparation and ability to resist, recover and learn from 

an incident, in our case specifically escalation PPE demand – was very low. Even the easiest option, 

stockpiling of cheap but critical items such as PPE, had not been realized. 

6.3. Conditions of uncertainty 
During the early phase of the outbreak, very little statistically relevant information was available that 

could have informed classic probabilistic risk assessments, but it was known that a novel virus was 

spreading. Decision makers were no longer operating under conditions of ignorance, but significant 

uncertainty: According to WHO (2020c), on the 31st of December 2019 Chinese authorities reported 

a group of cases of pneumonia in Wuhan. A new coronavirus was recognised. Shortly thereafter, on 

the 4th of January 2020, the WHO reported the news about a cluster of pneumonia cases with no 

deaths in Wuhan. 
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The following day the WHO distributed the first Disease Outbreak News about the virus. This type of 

announcement, intended for media, scientific and public health community, includes a risk 

assessment section, concluding that “there is limited information to determine the overall risk” 

(WHO, 2020a) – summarizing that decision makers are indeed operating under conditions of 

uncertainty, not risk. 

We can observe several actions taken under these conditions to ‘minimize regret’, i.e. actions 

minimizing the impact of a worst-case scenario. For example, on the 10th of January, the WHO 

issued a comprehensive package of technical guidance online with advice to all countries on how to 

detect, test and manage potential cases, based on what was known about the virus at the time. This 

guidance was shared with WHO's regional emergency directors to be shared with WHO 

representatives in countries. It is reasonable to assume that by the 10th of January, UK authorities 

were informed about the new virus, but it is not obvious that aggressive actions were taken to 

strengthen national capabilities. By January 12, China had publicly shared the genetic sequence of 

COVID-19 to facilitate scientific endeavours for diagnosis, treatment and vaccination. 

On the 22nd of January, the Department of Health and Social Care and Public Health England 

published the first government statement. After another 9 days (31st of January), there are the first 

two cases of COVID-19 confirmed in the UK. A few days later (3rd of February), the WHO releases 

the 28 page ‘Strategic Preparedness and Response Plan’ (WHO, 2020b) to support states with 

weaker health systems. It includes an updated risk assessment, now being based on over 10′000 

confirmed cases globally, confirmed human-to-human transmission, and robust quarantine and 

lockdown measures being taken in China. 

6.4. Conditions of risk 
Arguably, the situation evolved into a scenario where larger amounts of data are becoming available, 

enabling probabilistic risk assessments. It is accompanied by increasingly aggressive EU-level 

activities to procure critical PPE. On the 31st of January Four UK countries (not including the UK) 

suggest a need for PPE “in case of an expanding situation in the EU”. (The Guardian, 2020b). 

On the 28th of February The EU launches its first joint procurement of £1.2 m worth of gloves and 

gowns/overalls. The procurement fails due to a lack of suitable suppliers. It is relaunched on 15 

March - the UK was not involved in either (The Guardian, 2020b). 

One very visible turning point in the engagement with risk-based models was the publication of the 

so-called ‘Imperial Model’ by a research group from Imperial College London on March 16 (Ferguson 

et al., 2020). Based on some of the most detailed modelling to-date and the latest known 

characteristics of the COVID-19 spread, it projected mortality figures for the UK and the US, which 

triggered the first significant actions in both countries in the following days regarding non-

pharmaceutical interventions. 

6.5. Instances of myopia 
As the COVID-19 situation evolved, instances of organizational myopia became more and more 

apparent: For example, by the 11 of February there were eight confirmed COVID-19 cases in the UK, 

but Steve Oldfield, chief commercial officer at the Department of Health and Social Care, reassured 

staff that the “NHS and wider health system are extremely well prepared for these types of 

outbreaks” (Financial Times, 2020). Only two days later UK dentists started to discuss the potential 

lacking of PPE (Express, 2020). 

In another instance, on the 24th of February (two days after the first major lockdowns in Italy 

occurred), a meeting of officials, to which the UK was invited, hears an update from the European 
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commission on the joint procurement of PPE. Commission officials call on countries to confirm “their 

exact needs latest today … to move forward with next steps”. No representative from the UK attends 

the meeting (The Guardian, 2020b). Two days later Emergency units in the UK start to be 

overcrowded and patients have to be looked after in hospital corridors (The Guardian, 2020a). 

On the 4th of March there is the 100 officially recognised victims in Italy, and the following day there 

is the first victim of coronavirus in the UK (BBC, 2020a). Over the next two weeks the number of 

victims in Italy increases to more than 3000 and the Italian healthcare system is, in the most affected 

zone, collapsing. However, still on the 18th of March (two days after the publication of the ‘Imperial 

Model’), the UK Prime Minister Boris Johns declared “We have stockpiles of PPE equipment and 

we're proceeding in accordance with the best scientific advice.” (BBC, 2020c). The UK is still largely 

operating ‘business as usual’ with children going to schools and pubs and restaurants opened 

(almost one month after the first lockdowns Italy). 

On the 19th of March the UK eventually takes up an invitation to join the EU joint procurement 

agreement steering committee, which makes decisions on mass purchases. The UK does not join a 

procurement for laboratory supplies that is put out to tender on the same day (The Guardian, 

2020b). The following day, in a unique historic escalation of the UK's response to the outbreak, the 

UK prime minister Boris Johnson orders all gym, restaurants, pubs, churches and other social venues 

across the UK to stay closed indefinitely (The Independent, 2020). On the 23rd of March, almost 

three months after the outbreak in China became public knowledge, the health secretary, Matt 

Hancock, confesses there have been “challenges” with suppling PPE after complaints by NHS staff 

(including doctors and nurse) from across the country. The UK army is drafted into the effort to 

support the distribution (The Guardian, 2020b). 

6.6. Commentary on the NHS case of PPE shortage 
While the presented case presents a rough progression from conditions of ignorance to those of 

uncertainty and risk, this cannot be generally assumed. As is the case in the example, this 

progression is also specific to each issue at hand. Furthermore, the role that organizational myopia 

plays as the behavioural reaction to risk, uncertainty and ignorance evolved as the situation evolved. 

It is important to distinguish between ignorance and myopia, which are two distinct, yet 

complementary phenomena. At the beginning the government displayed prevalently ignorance. 

Before the crisis started there was already a shortage of PPE. The government ignored the warning 

coming from Nervtag, Bill Gate's now-famous TED Talk (Gates, 2015) and more generally the various 

expert assessments of possible future pandemics. At the time, the UK government was focused on 

the issues related to the exit of the UK from the European Union (‘Brexit’). Although these insights 

were technically knowable by UK Department of Health and Social Care (and most likely known by 

some), they were not considered for or implemented in the design of the healthcare and broader 

response system. 

However, after the WHO alerts and the first deaths in Italy and Spain, the situation progresses from 

ignorance to uncertainty. The UK government ‘knows’ about COVID-19 but, for a long time, was 

refusing to acknowledge its relevance, that the system was poorly prepared, and the need for taking 

appropriate actions. Instead, it propagated an increasingly untenable narrative that the NHS was 

well prepared to face the pandemic, ignoring available facts. Myopia reduces the number of options 

assessed by decision makers making them rely on their own bounded rationality. The “big picture” is 

lost and future opportunities are missed (Czakon & Kawa, 2018). In March, organizational myopia 

reaches a level where the government pretends to have PPE that does not exist. Still in May, the NHS 

is struggling to access basic PPE (BBC, 2020b). 
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Arguably, organizational myopia was a moderating factor that negatively influenced UK government 

capability to adequately address all three conditions – risk, uncertainty and ignorance. As a result, 

prudent preparation where not taken, the lack of those preparations was ignored, timely steps to 

‘minimize regret’ were not taken, and ultimately, even the increasing amount of scientific evidence 

and more advanced models only led to tangible action after significant delay. 

7. Conclusion 
We can draw a number of managerial implications from the previous discussion (see Fig. 1): 

 

Figure 1: Context and responses to different levels of certainty 

First, it is important to note that the most widely used approach, risk management, is typically not 

geared towards providing meaningful responses to high-impact, low-probability events, such as the 

current COVID-19 pandemic. These events in the ‘fat tail’ of the probability distribution typically do 

not meet threshold criteria for taking substantial action, as standard cost-benefit tradeoffs fail to 

appropriately capture low likelihood events, or events expected to occur in the 10+ year future. An 

obvious task is to revise risk management procedures to adequately prioritize mitigation actions for 

this type of event. 

Second, we have to acknowledge that rare events are characterized – by their nature – by less 

available data. Our approaches to characterize those events must be chosen appropriately. If a 

quantitative risk assessment is not meaningful, organizations must employ methods that are 

appropriate for these situations, such as Robust Decision Making, or Resilience Thinking. 

Third, related to the previous point, decision makers have to reflect on the level of (practically) 

available knowledge, and actively discuss their current decision making context. In situations of 

significant uncertainty, or where we can reasonably expect a large degree of ignorance regarding 

future developments, managers should again emphasize resilience (i.e. general preparedness for 

noticing, resisting, recovering, and learning from distruptions), and Robust Decision Making-type 

actions (e.g. minimizing regret under plausible future scenarios). 

Fourth, the factual basis that is available to decision makers is only part of the equation. Equally, if 

not more, important are the cultural and behavioural actions at the individual and organizational 

level. These have to be understood and reflected in the way that decisions are made and 

communicated. 

These implications are broadly supported by the ongoing discussions in the risk management 

domain, specifically regarding the need to tailor our responses to specific contexts (Tegeltija, 2018), 

as well as the discussions surrounding the relationship and integration of various models of and 

responses to uncertainty (Aven, 2018). 
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The UK National Risk Register of Civil Emergencies was last updated in 2017. In contains a detailed 

description of what would happen during a pandemic, the impact on the UK, and what actions would 

need to be taken. It was ranked as the highest risk in the catalogue (National Risk Register of Civil 

Emergencies, 2017), with a near-certain probability of occurrence during our lifetimes. Reports of 

that kind existed for practically all governments. The failure to take action to mitigate an obvious risk 

is not just the failure of our governments, it is also the failure of (most) major corporations, and us 

as individuals. 

We are paying a very high price for having neglected risk management in all its facets, as briefly laid 

out in this article. Even articulating what we mean by ‘risk management’ is difficult. We suggest to 

use resilience – for example as ‘resilient organizations’ and ‘resilient inter-organizational 

relationships’ – as a shorthand to summarize the goal of the much needed transformation. If 

interpreted in a wider sense, the preparation phase inherent in resilience can accommodate all 

necessary risk and uncertainty management activities. Additionally, the capabilities to resist, 

recover, and learn provide a framework to discuss other desirable attributes, such as flexibility, 

adaptability, or robustness. 

For over 200 years, we have embraced productivity as the guiding star of our societal development. 

It took us more than 50 years to start taking serious actions regarding sustainability. Now is the time 

to embrace the third column that modern societies rest on: resilience. 
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Abstract 
Recent and ongoing cross-border megaprojects have faced increasingly significant and well-

organised social resistance. With two distinct cultural and political communities scrutinizing such 

projects, asymmetries of support for the project emerge, rooted in different perceptions of 

legitimacy across the border. In this paper, we ask how diverging perceptions of legitimacy develop 

across stakeholders of cross-border megaprojects. We conduct a multi-site ethnography at the 

biggest contemporary cross-border transport megaproject in the world – the Danish/German 

Fehmarnbelt Fixed Link. Tying together three streams of the legitimacy literature in a new analytical 

approach, we suggest three main sources of project legitimacy: trust, majority, and morality. In 

doing so, we provide a new integrative explanatory model of legitimacy in cross-border 

megaprojects. We demonstrate the ‘lowest-common-denominator’-dependence of project 

legitimacy and discuss implications for building cross-border megaproject legitimacy. 

1. Introduction 
The purpose of cross-border megaprojects is to create connections across boundaries of cultural, 

administrative, or economic regions (Rietveld, 2012). Yet, this crossing of political and mental 

borders amplifies a fundamental challenge of megaprojects and their governance: managing a 

multitude of diverse stakeholder groups to secure and maintain support for the project (Mok et al., 

2015; Olander & Landin, 2005; Vuorinen & Martinsuo, 2018). van den Ende and van Marrewijk state 

that megaprojects are in “constant struggle for legitimacy” (2019, p. 343), and authors have thus 

called for increased local embeddedness of projects to secure legitimacy (McAdam et al., 2010; Scott 

et al., 2011; Scott & Levitt, 2017) .  

Yet, where project legitimacy draws from the adherence to “socially constructed systems of norms, 

values, beliefs and definitions” (Suchman, 1995, p. 574), this call for local embeddedness becomes 

thorny. To form and sustain legitimacy, cross-border projects need embeddedness in multiple loci 

with diverging cultural and social norms, institutions, and relations. Consequently, the perceived 

legitimacy of a project can diverge substantially across the border, resulting in asymmetries of local 

social support for the project. To understand these asymmetries and thus create true local 

embeddedness, we need to comprehend the modes in which legitimacy, as a socially perceived 

concept, emerges and is shaped by the project and its institutional context.  

Despite acknowledging legitimacy as a central resource for megaprojects (Flyvbjerg et al., 2014; 

Scott et al., 2011; Scott & Levitt, 2017), the project literature has long been scant on this topic 

(Aaltonen, 2013). Most attention has been placed on how project teams actively shape and 

influence the stakeholders’ perception of project legitimacy through e.g. institutional work (Ende & 

Marrewijk, 2019), governance (Brunet & Aubry, 2016; Brunet, 2019), rhetoric (Gil, 2010; Yitmen, 

2015), or stakeholder management (Aaltonen, 2013; Valentin et al., 2017). 

Yet, this prior research – legitimacy as a property or a (managed) process – retains stakeholders as a 

passive and monolithic audience (Suddaby et al., 2017), disregarding the question how legitimacy 

perception is formed at the level of the stakeholder. Suddaby et al. (2017) suggest that viewing 
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legitimacy as a stakeholder perception that dynamically interacts with legitimacy management 

strategies, is essential for understanding the complex, multi-layered phenomenon of legitimacy. Our 

research follows their call, studying the idiosyncratic perceptions of legitimacy by various 

stakeholders, and their formation at different locations. Specifically, we investigate: How do 

diverging perceptions of legitimacy develop across cross-border megaproject stakeholders?  

We study this question through an abductive ethnographic study of the largest cross-border 

megaproject currently under construction: the Danish/German Fehmarnbelt Fixed Link. Kicked-off by 

a German-Danish treaty in 2008, the Danish driven and financed construction has been stalled 

repeatedly by German opposition. Thus, it is a revelatory and prototypical case of asymmetric 

perceptions of legitimacy across different stakeholders and cultures. Building on Suddaby et al.’s 

(2017) model of legitimacy thinking – legitimacy-as-property, legitimacy-as-process, and legitimacy-

as-perception – we analyse the formation of legitimacy across stakeholder groups, across borders, 

and across time. 

Our findings contribute to the theoretical debate on megaproject legitimacy as a complex, multilevel 

phenomenon, by offering a novel analytical framework of seven types of recurring “legitimacy 

tests”. This framework provides insights on the dynamic formation of legitimacy perception and 

allows for further theorizing on how governance can actively shape the legitimacy and trust 

resources of megaprojects across stakeholders. Moreover, this framework contributes to project 

practice by offering project managers a tool to identify, structure, and assess legitimacy challenges 

in their projects, and devise adequate measures to prevent legitimacy controversies or lapses.  

In the next section, we explore the wider context of social acceptance of megaprojects, linking the 

emerging controversies to a lack of project legitimacy. We follow with a review of the literature on 

project legitimacy. Subsequently, we describe our methodological approach before turning to the 

findings of our case. We then discuss those findings in detail and conclude with reflections on the 

implications for project practice and megaproject legitimacy theory. 

2. Background: Social support and opposition in cross-border megaprojects 
Social resistance is an increasing challenge for many recent or ongoing cross-border projects. 

Megaprojects, even if developed in only a single national context, rarely go uncontested, due to 

their high costs and potential impact on local communities (Ende & Marrewijk, 2019; Ende et al., 

2015).  Inevitably, megaprojects will create negative impacts for some stakeholders. Those 

stakeholders may perceive megaprojects as intruders causing disruption, lasting damage, or misery, 

and may in consequence take active measures to oppose the project. Both the perception of 

megaprojects as intrusion and the subsequent stakeholder action have been studied from various 

angles, including isolationism and protectionism (Turner & Johnson, 2017), environmentalism 

(Hoffman, 1999), or not-in-my-Backyard mentality (NIMBYism; Esaiasson, 2014). From the 

governance side, rise of such social resistance has been attributed to poor planning or politicking 

(Acerete et al., 2010; Flyvbjerg et al., 2014; Watkins et al., 2017). 

Cross-border projects see these challenges of social resistance amplified. They must build support 

across disparate political, economic, and cultural regions. While the European Union had pushed for 

reducing the significance of borders, they remain dividing lines between ‘familiar and unfamiliar’ 

societies in people’s perception (Hopkins et al., 2006; Hopkins & Dixon, 2006). Thus, borders create 

social distance and the perception of them varies amongst the population (Knowles & Matthiessen, 

2009). Moreover, in urgent situations, such as the 2015 spike in refugee migration, or the current 

COVID-19 pandemic, nations quickly resort to protecting or even closing their borders. Thus, where 
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borders and boundaries represent an established institution in people’s minds (Rietveld, 2012), 

weakening borders becomes potentially controversial. 

Besides their idiosyncratic cultural context, cross-border infrastructure projects meet a second 

particular challenge: their embeddedness in two or more national infrastructure programmes. To 

capture its full value, cross-border infrastructure requires suitable connection to the existing 

national network. For example, a 2018 report by the European Court of Auditors  (European Court of 

Auditors, 2018) noted that the Brenner Base Tunnel, a centrepiece of the European high-speed 

railway plan, would fail to capture its intended value for lack of infrastructure development at its 

Northern, German end. They note that “[Germany] has not made a priority of constructing the 

northern access route […] This means that it will take more than half a century before the 

investments are actually used.” (p. 25). This embeddedness in multi-national infrastructure 

programmes creates a two-fold challenge: the dependence on external actors, increasing 

uncertainty associated with realizing the project’s value, and the possibility for local opposition 

targeting the megaproject through adjacent infrastructure projects needed to ’hook up’ the project. 

This embeddedness in both distinct cultural/political contexts and differing infrastructure 

programmes results in a unique setting that creates an interesting context for research. This setting 

distinguishes cross-border infrastructure projects from other megaprojects, with which – as objects 

of study – they nevertheless are often lumped. Yet, not all cross-border infrastructure projects face 

the same level of social resistance and controversy. Some projects such as the French/Italian Turin-

Lyon tunnel (Messaggero, 2019), or the Nordstream II pipeline in the Baltic Sea have seen violent 

protest on at least one side of the borders. Other projects such as the Danish/Swedish Øresund 

Bridge (Knowles & Matthiessen, 2009), or the British/French Channel Fixed Link, did not meet 

substantial levels of stakeholder criticism or open resistance (Redford, 2014). 

The answer to this puzzling disparity lies in the dynamics of people’s reaction to change. Individual 

or communal decisions to support or oppose the change brought on by the megaproject is directly 

related to their legitimacy judgements (Tost, 2011). Any change of the status quo thus raises the 

question of its legitimacy. Cross-border elements adds more sensitivity to a change due to the 

inherent conflict between global integration, and national or individual aspirations (Vaara & Tienari, 

2011). Following this notion, we argue that controversies around megaprojects crossing boundaries 

or borders boil down to the underlying question of legitimacy.  

3. Literature review: Legitimacy in projects 
The project literature has recognized organizational legitimacy – of either the project or the 

organization driving the project – as an important factor in successful project implementation (Di 

Maddaloni & Davis, 2018; Flyvbjerg et al., 2014; Orr & Scott, 2008; Scott et al., 2011; Scott & Levitt, 

2017). Specifically, authors have claimed that project risks increase when the issue of legitimacy gets 

neglected by failing to address stakeholders’ legitimate concerns (Alarcn et al., 2011; Chinowsky et 

al., 2008; Valentin et al., 2017). Yet, despite this concession, Aaltonen (2013) has found research on 

project legitimacy wanting. The influx since has remained scarce, and the construct of legitimacy 

elusive.  

To gain conceptual clarity, we therefore follow Suddaby et al.’s (2017) model of legitimacy research 

in organizational studies. As project legitimacy research draws mainly from the wider organizational 

literature and stakeholder theory (Deephouse & Suchman, 2012; Suchman, 1995; Tost, 2011; T. 

Tyler, 2006; T. R. Tyler & Jackson, 2014), Suddaby et al.’s model provides a useful structure to 

organize knowledge on project legitimacy.  
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Most organizational legitimacy research builds on Suchmann’s definition of legitimacy as a 

“perception or assumption that the actions of an entity are desirable, proper or appropriate within 

some socially constructed system of norms, values, beliefs and definitions” (1995, p. 574). Yet, 

Suddaby et al. (2017) found that organizational scholars had approached questions of legitimacy 

following three distinct streams or views: legitimacy as property (to be possessed, gained, or lost), 

legitimacy as process (to be built from the ground and managed), and legitimacy as perception (in 

the eye of the beholder). They argue that while these streams may provide complementary insights 

to study the complex and multi-levelled concept of legitimacy, their onto-epistemological separation 

has led to a tendency to “talk past each other”. Mapping the literature on project legitimacy against 

these distinct streams, we can observe the same conceptual separations, with a strong lean toward 

the legitimacy-as-property stream. In the following, we will provide a brief overview of the three 

streams in the project literature. Thereafter, we will follow Suddaby et al.’s (2017) recommendation 

to integrate the views for novel, multi-levelled research on megaproject legitimacy.  

The legitimacy-as-property stream conceptualized legitimacy as an asset or characteristic that an 

organization, entity, or project possesses, can gain, or lose. Legitimacy here is understood through a 

contingency view, where legitimacy emerges from a fit of the organization’s features with 

expectations of its environment. Aiming to differentiate distinct types of legitimacy, this view grants 

that an organization may be on some levels (e.g. legally) legitimate, while it might be on others (e.g. 

morally) illegitimate. Moreover, this view concedes that different stakeholder groups with diverging 

expectations may result in different ‘fit’, thus legitimacy may or may not be generated equally across 

all stakeholders. In a search for fit, organizations therefore adapt their behaviour or external 

appearance to the expectations from the environment.  

As stated before, most of the project legitimacy literature follows this stream, researching legitimacy 

as a property that a project actor or the project possesses. Questions of this stream relate to the 

relative or absolute legitimacy ‘possessed’ by stakeholders (Bahadorestani et al. (2019) building on 

Mitchell et al. (1997)). Other works investigate legitimacy types (Lobo & Abid, 2020), how legitimacy 

is contingent for project success (Sillars & Kangari, 2004) or project support (Hooge & Dalmasso, 

2016; Melé & Armengou, 2016), or practices chosen to increase the project’s fit with external 

expectations increase (Brunet & Aubry, 2016; Meissonier et al., 2015).  

Moreover, Aaltonen and colleagues (2013; Aaltonen et al., 2008) investigated the strategies through 

which project stakeholders increased their own legitimacy. While the publication from 2008 still was 

firmly set in the legitimacy-as-property view, looking for strategies that increase contingent fit, the 

2013 work introduced the notion of strategies that actively foster social construction of legitimacy.  

Suddaby et al. (2017) categorize such research on agentic social construction of legitimacy as the 

legitimacy-as-process view. This view assumes that legitimacy is “built from the ground” through a 

change agent, who influences the evaluation of the organization’s legitimacy by others through 

persuasion, rhetoric, or framing to shift the audience’s perception. In this view, both the object (the 

organization) and the evaluator (audience/stakeholders) are relatively passive. The legitimacy-as-

process view thus places strong emphasis on the actions of a “hypermuscular” actor (Suddaby, 2010) 

that shapes the perceptions of the monolithic audience. 

Besides Aaltonen’s (2013) research on narrative strategies of stakeholders to shape their own 

legitimacy, a few other project authors adopted the agentic legitimacy-as-process view. For example, 

van den Ende and van Marrewijk (2019) adopted a neo-institutional view to analyse the ‘institutional 

work’ done to the create legitimacy for Amsterdam subway projects. Similarly, Lindkvist and Hjort 

(2015) analysed the role and actions of a cultural entrepreneur in shaping legitimacy for a cultural 
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project in Sweden. On a more detailed level, Gil (2010) took a linguistic turn, studying how project 

managers use language in their stakeholder communication to establish project legitimacy    

The third legitimacy research stream identified by Suddaby et al. (2017) relates to legitimacy-as-

perception. This view concedes that legitimacy “resides in the eye of the beholder” (Ashforth & 

Gibbs, 1990, p. 177), where legitimacy is the result of an individual or collective sensemaking 

process, evaluating or judging an object or organization. Thus, other than in the legitimacy-as-

process view, the audience or evaluator is not a monolithic and passive entity, but assumes an active 

role in shaping its own judgement or evaluation of the object’s legitimacy.   

In the project literature, only one recent publication by Derakhsan et al. (2019) has explicitly taken 

this stance, investigating the formation of legitimacy perception in local communities in response to 

oil extraction projects. Besides this, Teo and Loosemore (2017) have explored the social dynamics of 

stakeholder perception in contested projects, however did not connect their findings back to the 

legitimacy literature or to questions of social construction.  

Overall, in line with Suddaby et al.’s (2017) observations on research on organizational legitimacy, 

we see that research on project legitimacy is fragmented and provides only spotlights on a complex 

and dynamic phenomenon. In particular, while project research concedes the importance of projects 

to have and acquire legitimacy, these works do not go into details of where legitimacy comes from 

and how it works. In addition, while the project literature is preoccupied with the need to secure 

legitimacy for the project, it mostly fails to emphasise that the project opposition similarly requires 

legitimacy to succeed. In our view, legitimacy of projects and legitimacy of opposition work as 

connecting vessels and therefore should be analysed in parallel. Such an approach helps to bridge 

boundaries between the different legitimacy approaches merging the analytical standpoints and, at 

the same time, enables practitioners to objectively assess legitimacy of megaprojects and devise 

appropriate measures to prevent legitimacy controversies or lapses.  

Thus, our question is: How do diverging perceptions of legitimacy develop across cross-border 

megaproject stakeholders? Specifically, we want to investigate the dynamics through which the 

perception of a project or its opposition as legitimate or illegitimate gain traction within specific 

stakeholder communities.  

4. Methods 
Our research follows an embedded single case study approach  (Eisenhardt & Graebner, 2007; Yin, 

2009), with the project in its institutional and social context as the single case, and the actors and 

stakeholder groups considered as embedded units of analysis. The Fehmarnbelt project is a 

prototypical ‘extreme case’ (Siggelkow, 2007), as the ‘biggest construction site in Europe’ affecting 

directly and indirectly citizens, and political and economic entities in Denmark, Germany and 

beyond. Through its rich stakeholder environment, the case allows us to investigate the 

development of different perceptions of legitimacy within the same factual and governance context 

and make comparisons across stakeholders, a setting described by Suddaby et al. (2017) as “multi-

site ethnography”.  

We used an abductive approach (Alvesson & Sköldberg, 2018; Timmermans & Tavory, 2012), 

analysing interview data (15 interviews), observational data, and data obtained through document 

and media review. 

We collected data on the case through three staggered sources: First, a four-month ethnography-

inspired (Fetterman, 2010) research at Femern A/S, the Danish state-owned enterprise responsible 

for both planning and implementation of the tunnel. During that phase, the main author conducted 
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interviews with key project employees (9 interviews, conducted in English) including the top 

management team, risk managers, PR, and employees liaising with authorities in Germany and 

Denmark. Through observations, interviews, and access to internal materials, we learned about all 

stakeholders who raised issues questioning or undermining the project legitimacy throughout the 

process of planning and implementation.  

Second, building on this comprehensive stakeholder overview, we conducted a review of Danish and 

German media to identify main positions of the stakeholders toward the project, and communicated 

justifications of those positions. We moreover reviewed publicly available documents and press 

statements from groups opposing the project, and from the German “Dialogforum”, a platform 

initiated by Schleswig-Holstein for stakeholder dialogue. We realized that the organized project 

opposition is exclusively concentrated on the German side. While there are scattered critical voices 

on the Danish side, active resistance has come exclusively from German associations and a 

multinational ferry operator serving the Fehmarn route. We used that knowledge to contact 

organized project opponents and ask them to share their views with us. 

Thus, third, we interviewed representatives of major internal (2 interviews) and external stakeholder 

groups (4 interviews) to gain in-depth understanding of their legitimacy perception. The interviews 

were semi-structured, based on our foreknowledge gained during the ethnographic study with the 

project developer, and through review of publicly available media and documents. In the interviews, 

we explored the personal story of the interviewee in the project, probing in particular into events or 

developments of disagreements and his or her relation to other stakeholders. The interviews with 

the three Danish actors were conducted in Danish, the interviews with the three German actors in 

German. The interviews which lasted between 60 and 120 minutes were recorded, transcribed, and 

where needed translated into English.  

The multiple sources allowed data triangulation regarding accounts of events and situations that 

supported or challenged the formation of legitimacy perception at the level of the individual 

stakeholders.  

4.1 Analysis 
After we had familiarized ourselves with the interview content and sampled media reports, we first 

identified statements or recorded events related to perceptions of injustice and dissatisfaction with 

actions by other project stakeholders. Looking for patterns and categories in several iterations, we 

arrived at three broad dimensions that together captured the nature of all statements from our 

interviews: (1) prior positive or negative experiences with the project-executing institutions (trust); 

(2) level of support of the project within a relevant community (majority); (3) judgement of the 

project and its execution itself (morality). 

The next iteration was mainly about refining the individual categories. Altogether, seven categories 

of legitimacy arguments were identified including: organizational trust, institutional trust, social 

approval, political approval, problem morality, process morality, and outcomes morality. As we 

found that stakeholders used these categories to test or evaluate the legitimacy of the project 

against these elements, we named these seven categories accordingly “legitimacy tests”. 

Subsequently, we developed a set of seven codes derived from the legitimacy test framework (Table 

1). We coded for the type of legitimacy test, whether the test had resulted in a success (increased 

perception of legitimacy) or failure (decreased perception of legitimacy), and whether the legitimacy 

test concerned the legitimacy of the project or its opposition.  
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Source of 

legitimacy 

Legitimacy 

test 

Definition Success 

“I perceive the 

project/opposition as legitimate 

because…” 

Definition Failure 

“I perceive the 

project/opposition as 

illegitimate because…” 

Trust Institutional 

trust 

…based on experience, I trust 

that the institutions (the system 

and processes as a whole) are 

fair and competent. 

…based on experience, I do not 

trust that the institutions (the 

system and processes as a 

whole) are fair and competent. 

Organizational 

trust 

…based on experience and their 

reputation, I trust that the 

organizations [executing the 

project/opposing the project] 

are fair and competent. 

…based on experience and their 

reputation, I do not trust that 

the organizations [executing the 

project/opposing the project] 

are fair and competent. 

Majority 

 

Social 

approval 

…a majority of [society/my peer 

group] approves of [the 

project/opposition]. 

…a trusted person approves of 

the [project/opposition]. 

…only a minority approves of 

[the project/opposition] // a 

majority disapproves of [the 

project/opposition] 

…a trusted person disapproves 

of the [project/opposition]. 

Political 

approval 

…a majority of elected 

politicians approve of the 

[project/opposition] 

…only a minority of elected 

politicians approves of the 

[project/opposition] // a 

majority of elected politicians 

disapprove of the 

[project/opposition] 

Morality Problem 

morality 

…I consider the problem 

addressed by the 

[project/opposition] as relevant. 

…I consider the problem 

addressed by the 

[project/opposition] as 

irrelevant or non-existent. 

Process 

morality 

…I consider the processes used 

to find a solution to the problem 

as appropriate, fair, or fit to 

identify the best/a good 

solution. 

…I consider the processes used 

to find a solution to the problem 

as inappropriate, biased, or 

unfit to identify the best/a good 

solution. 

Solution 

morality 

…I believe that the 

[project/opposition] will create a 

fair outcome that balances the 

benefits and costs/damages for 

all stakeholders.  

…I believe that the 

[project/opposition] will create 

an unfair outcome with 

unbalanced benefits and 

costs/damages for the 

stakeholders. 

Table 1: Definitions of codes used in the analysis of the data 
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The first author coded all interviews according to these definitions in Atlas.ti, with the second author 

independently coding a random sample to assure inter-coder reliability. Differences in coding were 

discussed and resolved. We then analysed the identified legitimacy statements for asymmetries 

across national lines and stakeholders. 

Based on the above-mentioned codes we ran both a qualitative content analysis to establish 

frequency and concentration of (de)legitimizing arguments within individual legitimacy tests. In the 

next step, we conducted a thematic analysis to further classify the content of those arguments 

according to thematic areas. This helps us understand the range and nature of legitimacy disputes in 

megaprojects. Specifically, it shows us the most sensitive issues when crossing boundaries and 

borders between different institutional and cultural environments. 

Figure 1 represents the data structure (Gioia et al., 2013) of the resulting aggregation of themes and 

subthemes related to the dimension of legitimacy tests.   

 

Figure 1: Data structure of the analysis 

4.2 Case background 
The idea of a connection between the Danish island of Lolland, and the German island of Fehmarn 

has been floating at least since the 1930s. The 18 km-long stretch of sea across the Fehmarnbelt, 

currently connected by ferry, seemed to be the ideal location for a fixed link to connect Scandinavia 

with mainland Europe.  
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Figure 2: Map of the planned Fehmarn route (blue) and the existing Jutland route (green), connecting 
Scandinavia with mainland Europe (adapted from image provided by Femern A/S) 

The project had gained momentum with the start of the new millennium after the positive outcome 

of several feasibility studies. Following the completion of the Øresund bridge connecting Sweden 

with the Danish island of Zealand in 2000 (Knowles & Matthiessen, 2009), finishing the shortest 

possible route to Central Europe via a Lolland-Fehmarn fixed link, as an alternative to the Jutland 

route via the Storbaelt bridge (finished in 1998), seemed to be a logical next step (Figure ).  

The idea of the project and its setting might have looked perfect to engineers who envisaged cutting 

travel time between Copenhagen, Denmark and Hamburg, Germany by one hour for motorists and 

two hours for trains. Yet, support was not universal. While Denmark steadily and consensually 

worked on extending its inland and cross-border infrastructure, Germany had less momentum. 

Specifically, Deutsche Bahn, the German train service provider and co-owner of the Fehmarn ferry 

raised concerns, as did local inhabitants on the island of Fehmarn, a popular German summer 

holiday destination. Against the backdrop of a massive deficit in the German infrastructure 

maintenance budget, Germany thus did not rush to make any firm commitments regarding the 

project. 

Hence, the Fehmarnbelt Fixed Link faced rather bleak prospects at the beginning of the 2000s, that 

were only overcome, once the Danish side offered to finance the entire project. This commitment 

convinced the German government to sign (2008) and ratify (2009) the international treaty on the 

construction of the Fehmarnbelt Fixed Link, setting its completion date to 2018. With both 

governments now in agreement and with blessings from the EU who listed the project as a priority in 

its TEN-T infrastructure programme, nothing seemed to stand in the way of the project, apart from 

opposition through minor local groups and environmental activists on the German side.  
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Following these developments, the ferry company operating the Fehmarn route and its port 

infrastructure (co-owned by the Danish state and Deutsche Bahn), was put on the market in an 

attempt to raise additional funds. Eventually a consortium of private investors bought the company 

for 1.5b EUR in 2008, thus ending the Danish-German partnership that had faced difficulties for 

some time.  

Moving forward in planning, Denmark established the state-owned company Femern A/S to oversee 

the project execution. Femern A/S is a subsidiary of the Sund of Bælt Holding A/S, who was 

responsible for the relatively frictionless completion of earlier Danish infrastructure megaprojects, 

amongst other the inner-Danish Storbelt bridge (1998), and the Danish-Swedish Øresund bridge 

(2000).  

The situation in Germany was entirely different (Figure 3). Germany did not have a similar track-

record of successfully completed infrastructure projects. As the Fehmarnbelt project proceeded, 

Germany moreover experienced a string of major megaprojects’ failures and controversies, such as 

massive social protests against the urban development project Stuttgart 21 between 2007 and 2010, 

or the disastrous Berlin Brandenburg Airport project (Geraldi & Stingl, 2016). Germany also 

encountered significant delays in infrastructure projects connecting to other neighbouring countries 

(Betuwe line to the Netherlands, Dresden-Wroclaw to Poland, Munich-Prague to the Czech 

Republic). 

 

 

Figure 3: Timeline of the Fehmarnbelt Fixed Link (FFL) project (in the middle) in its national contexts 

(top & bottom) 

In 2011, the project developer selected the submerged tunnel solution – over a drilled tunnel, or a 

bridge –, kicking off the public consultation process on both sides of the border. Weary from the 

public backlash to the Stuttgart 21 project, which gathered more than 100,000 protesters in October 

2010, authorities in Schleswig-Holstein established the “Dialogforum” for public discourse. All 

relevant associations or organizations representing stakeholder groups were invited to participate. 

However, some groups, such as national environmental organizations, decided not to participate in 

this forum. Other local interest groups later ceased to participate, out of frustration with the 

process.  
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Also in 2011, another stakeholder joined the opposing voices: the now privately owned ferry 

operator. Following this development, the previously scattered and uncoordinated camp of 

vehement opponents started very soon to pose a real threat to the project on several levels. 

Litigations in national and European courts, complaints, demonstrations, media campaigns, new 

pieces of expertise contradicting the project foundations: all being part of the opposition strategy to 

stop or significantly alter the Fehmarnbelt Fixed Link. Table 2 provides an overview of the main 

stakeholders involved in the debate around the Fehmarnbelt project.  

 Stakeholder group Declared reason for 

support/opposition 

Acceptable compromise 

Su
p

p
o

rt
er

s 

Project developer DK Better connection between 

Scandinavia and rest of the EU 

Narrow space for further 

compromise due to actions 

by opposition 

Danish environmental NGO No significant environmental 

impact from tunnel 

Happy with the current 

design 

GER planning authority Boost for regional 

development 

Happy with current design 

O
p

p
o

n
en

ts
 

Ferry operator State dumping (Unfair 

business advantage) 

State guarantees dropped 

or reduced to fair levels 

Equality of connecting 

infrastructure  

German environmental 

NGOs  

Irreversible damage to 

valuable sea biotopes 

Drilled rail only tunnel 

Affected German 

municipalities 

Insufficient noise protection ICE connection 

uninterrupted and 

maximization of noise 

protection 

GER local citizens protest 

associations 

Damage to local character, 

jobs and businesses (tourism 

in particular) 

Environmental impact & lack 

of economic viability of the 

project 

In favour of 0 variant 

(keeping the Jutland route 

only) 

Some members might 

tolerate scaled-down 

drilled rail only tunnel 

Table 2: Overview of main stakeholders with a vocal position toward the Fehmarnbelt project 

Thus, while the Danish authorization process moved forward smoothly, the German process was 

stalled by numerous back-and-forths. Over the two consultation rounds (2014-2015 and 2016-2017), 

German civil society filed more than 15,000 submissions of complaints or inquiries. Moreover, the 

German federal court placed new methodology requirements for the already submitted planning 

application interpreting the new EU directives in 2014. As a result, the application had to be 
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significantly updated and re-submitted due to the German regulations that make implementation of 

changes obligatory. Contrarily, the Danish legal system did not foresee such an automatism on 

planning approvals related to altered EU regulation. However, the resulting sluggish pace of the 

German process is commonplace in their approval for infrastructure projects, which generally face 

substantial delays through lengthy planning processes and frequent litigation2. 

Frustrated with the slow pace – which had not been accounted for in the original planning – the 

Danish side wished to spur and speed up the process by running an early tender looking for 

contractors. They awarded tenders in 2016 – long before any final design was approved. However, 

necessary conditional clauses for owner-caused delays increased the projected costs by up to 246m 

EUR, contributing to an excess of almost 135m EUR above expectations. Additionally, each further 

year of delay costs approximately 27m EUR  for Femern A/S alone, with an as of now unknown total 

amount of expenses spent on lawyers and consultants. 

After years of disputes and delays, the project finally seemed to be on track when Schleswig-Holstein 

issued the planning approval in 2019, and the European Commission reaffirmed support. However, 

eight German stakeholder groups filed cases against the approval with German courts, with an 

expected decision earliest in 2021. Nevertheless, the Danish government gave its formal go-ahead 

for the construction to start on the Danish side. For now, the Covid-19 pandemic has delayed 

commencement of works to earliest January 2021. Thus, while the finalization of the tunnel is 

projected for 2029, a lot will still depend on future actions of the project stakeholders. 

5. Findings 
Exploring how legitimacy perception developed with these stakeholders, we found that stakeholders 

turn to different, interacting sources to form their perception of the legitimacy of a project or its 

opposition. Specifically, stakeholders test the legitimacy of the project/opposition against three 

dimensions: first, trust in the acting organisations or institutions; second, support for the 

project/opposition through the social or political environment (majority); third adherence of the 

project/opposition and its execution to norms and expectations (morality).  

These legitimacy tests result in either a success, legitimising the project or its opposition, or a failure, 

thus delegitimising it. While there are significant overlaps between the statements delegitimizing the 

project and legitimizing the opposition (and vice versa), this overlap is nevertheless not absolute: not 

all the claims delegitimizing opposition automatically legitimize the project and vice versa. Figure 4 

provides an overview of the observed frequencies of the tests and their outcomes.   

 

  

                                                           
2 https://www.handelsblatt.com/politik/deutschland/infrastruktur-ausbau-die-blockierte-republik-woran-
oeffentliche-projekte-in-deutschland-scheitern/25078986.html 
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Figure 4 - Frequency count of legitimacy tests and outcome in sample 

 

5.1 Trust in institutions or organization 
We observed that legitimacy perception initially follows pre-existing trust or distrust in the project 

context as a spill over effect. We differentiate here between trust in the institutional context, such 

as the legal or political system in which the project takes place, and trust in the acting organizations, 

such as the executing project company or authorities involved in planning and approval.  

If the institutional context is trusted, stakeholders extended this trust to the project resulting in 

perceived higher legitimacy. We found indication for this extended trust mainly on the Danish side, 

where a representative of an environmental NGO stated that they have "trust that government 

decisions in Denmark are usually objective" and it is furthermore "tough to oppose fixed links that 

have benefitted Denmark so much". 

Contrarily, if institutions are met with scepticism and mistrust, this, in consequence, lowers the 

legitimacy perception for the project. We saw this in particular on the German side, where central 

and state-level institutions seem to suffer from chronically low levels of trust, especially in remote 

rural areas like the island of Fehmarn. However, the lack of trust concerns mainly the German 

institutions, not the German-Danish cooperation, as the following statement from a German 

opposition representative illustrates: 

"I trust the Danes that they get their tunnel done. But I do still not trust the Germans that they 

manage the rest [the hinterland connections of railway and roads]"  

Internal stakeholders also acknowledged the asymmetry in institutional trust as a key challenge for 

the project, as a representative of German authorities mentioned: “I can understand 

our Danish friends when they say ‘Look, our people understand [the project], because we have 

built Øresund and the Great Belt and all of that is wonderful’, [..] So there is a lot of trust [in 

Denmark], that does not exist here.”  

 

However, while trust in Danish actors is no relevant factor for German stakeholders, we saw impact 

of EU-scepticism on the perception of the project legitimacy. Relating to the contested EU financing 

scheme, a German opponent stated "the European commission is quite flexible with twisting the 

regulations. They have a blithe disregard for rules.” 
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Yet, while Danish society has a notoriously high scepticism toward the European Union (Olesen, 

2020), we did not observe any spill over effect from this distrust to the perception of the project 

legitimacy. This may indicate that the project is predominately perceived as a Danish endeavour, in 

which the EU is not a relevant actor, despite its substantial financial contributions.  

 

On the level of organizational trust, we observed similar cross-border asymmetries. For example, the 

project developer enjoyed high levels of trust in Denmark thanks to its direct connection to previous 

fixed link megaprojects that became part of the Danish national identity even occupying the front 

sides of Danish banknotes. Thus, Danish civil and environmental organizations trusted Femern A/S as 

organization. In sharp contrast, this track-record was largely irrelevant among the German 

opponents.  

 

This national divide also showed in the legitimizing impact of environmental NGOs. Around the 

Fehmarnbelt project, only nationally acting NGOs from Germany and Denmark assumed a vocal role. 

With these national NGOs holding a substantial level of trust in their home-countries, their diametric 

positions – supportive in Denmark, opposing in Germany – shaped the legitimacy perception of 

other stakeholders in their own country. However, their respective positions had little relevance 

across the border.  

 

Only one single organization achieved cross-border outreach in terms of trust: the ferry operator, as 

the only established organization with a significant presence and relevance on both sides of the 

border. However, their perceived relevance in the legitimacy debate again had been asymmetric. On 

the island Fehmarn, “the ferry operator provides for whole families [and is] the most important 

employer besides tourism” (German project opponents), and is thus an important voice in the 

German opposition. On the Danish side, where the local economic importance of the ferry operator 

is negligent, the company has not been able to gather allies in their joint opposition to the project.   

 

Thus, in their perception of project legitimacy, stakeholders were heavily locked into the intra-

national discourse and drew only from these respective institutional and organizational trust 

reservoirs. 

 

5.2 Majority: Social and political approval 
The second source that stakeholders turned to for testing the legitimacy of a project or its 

opposition is the existing social or political approval. While the broad political alliance behind the 

Fehmarnbelt project might point toward a strong overall approval, we found that the stakeholder 

perception of both social and political approval was much more ambiguous.  

We identified legitimacy perception rooted in political approval when stakeholders referred to 

political decisions and project support from elected politicians. On the Danish side, we saw that the 

political legitimation of the project typically represented a sufficient condition for perceived project 

legitimacy. As the representative of a Danish NGO stated: “That argument weighed quite heavily 

with us, that it was such a large part of parliament who thought we should build it.” Internal 

stakeholders on the German side mirrored this stance, with an authority representative 

emphasising: “there was a massive majority behind it in parliament. Then we go from an ‘if’ to a 

‘how’”. 
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However, German opposition representatives argue that politicians have been misled, or are 

following opportunistic motives, such as local politicians that, as one of the opposition 

representatives allured, are “already preparing for a comfortable posting in the ministry”. In 

consequence, opposition groups have aimed to discredit political majority, or influence the political 

stance on the project through protests signalling strong social opposition. Moreover, they employing 

delaying tactics as a mean to induce political re-thinking – even across the border. A German 

opposition representative states “This is [an] aspect of our lawsuit [..] to delay the project further. 

Each delay also means respite for Denmark.” 

While political approval, despite contested as biased, is relatively visible, the question of social 

approval is vaguer. Representative surveys in Schleswig-Holstein have repeatedly indicated that the 

opposition is the relative minority (e.g. April 2016: 51% for, 36% against3; May 2017: 43% for, 19% 

against4).  

Yet, to signal and lend weight to social opposition, local associations have created a symbol for their 

protest in the form of blue X-signs that are placed in many front yards on the island of Fehmarn and 

around the German port of the ferry operator. Other approaches to increase the visibility of the 

opposition are regular protests, information booths at local markets, and social media campaigns. 

Yet, the attendance rate at the public meetings and protests has dropped over the years. More 

drastically, one of the most vocal opponent groups gained negative attention in July 2019 when they 

hired around 30 young actors for a performance-protest5. However, while leaders of the opposition 

admit that the number of active protesters has declined over time, they argue that this is not 

following a changed mind, but a general resignation within society. As an opposition representative 

muses: “[The people we talk to during protest actions] like that we are continuing, but there is also 

always a bit of spite: ‘You will not persevere against politics!’” 

Thus, all stakeholders see political and social approval of either the project or its opposition as a 

critical resource for legitimizing or delegitimizing the Fehmarnbelt project. In consequence, they 

either turn to these sources to validate their perception or take measures to actively influence 

approval or visibility thereof to alter the project’s perceived legitimacy. Yet again, approval is 

understood within its national or even local context, with little attention put to the degree of 

approval on the other side of the border. 

5.3 Moral legitimacy 
The third source for the formation of legitimacy perception relates to the adherence of the project 

or its opposition to moral norms. Specifically, we found three aspects that stakeholders scrutinized 

for their morality: the relevance of the problem the project aims to address, the morality of the 

process with which the project (or its opposition) is executed, and the expected fairness or balance 

of the project’s outcomes.  

Related to problem morality, many in the German opposition group contest that the Fehmarnbelt 

project is based in any relevant and pressing problem, thus delegitimizing the project by questioning 

its purpose. Most notably, they question traffic prognoses that form the foundation of the economic 

case for the tunnel, thus exploiting the uncertainty inherent in any such prognoses. For example, an 

                                                           
3 https://www.kn-online.de/Nachrichten/Politik/Interaktive-Grafik-KN-LN-Umfrage-Knappe-Mehrheit-fuer-
Fehmarnbelt-Tunnel 
4 https://www.kn-online.de/Nachrichten/Wirtschaft/Umfrage-Knappe-Mehrheit-fuer-Fehmarnbelt-Tunnel 
5 https://www.kn-online.de/Nachrichten/Schleswig-Holstein/Protestaktion-in-Kiel-Gekaufte-Demo-gegen-
Fehmarnbelt-Tunnel 
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opposition representative states: “We realized that all the traffic prognoses were not very 

convincing. [..] The need for the project did not even exist, it was just sugar coated.”  

Additionally, the opposition repeatedly highlights the existing Jutland route, underlining that there is 

already a fixed link between Scandinavia and mainland Europe, thus rendering the Fehmarnbelt 

connection redundant, and in consequence illegitimate. Accordingly, the aim of these groups is not 

to find a consensually acceptable solution, but to stop the project althogether.  

Conversly, supporters accept the premises under which the project has been initiated, legitimicing 

the project by accepting that it addresses valid current and future issues of connectivity within 

Northern Europe. As a representative of German authorities say: "[opponents say] we should use this 

money for other projects that are much more important. Okay. But tell me then which project is more 

important than our project. [..] None!" Overall, we saw that questioning the “problem” is only 

present in the discourse of the German opposition.  

The most prevalent group of legitimacy statements in our research related to process morality, i.e. 

the question of fair process. Although the numbers of statements are no unequivocal indication of 

the weight or validity of the arguments, they point to the central controversy of the project, related 

to the means through which the project has been implemented, and the means taken by its 

opposition. This controversy has attracted a large amount of delegitimizing arguments with 

relatively few legitimizing arguments in contrast.  

A first line of argument from the opposition related to perceived manipulative or unjust approaches 

in decision-making. Particularly for one opposition group, the notion of deceiving forces was central: 

“We are being lied to. It is about lorries, it is about cars that pay toll. And it is about freight trains. 

But it is not about the people [like they pretend]. That is not what it is about. Quite the opposite!”  

Beyond deliberate deception, project opponents criticise decisions and actions of authorities as 

biased, opportunistic, or simply appeasing. Opponents complain that they were presented with fait 

accompli, got their say far too late, and could only influence small details. They criticise in particular 

the Dialogforum, intended for open debate, as a failure in this regard: “[It] is just window dressing in 

our view. [..] It was created because they had seen with Stuttgart 21 that much has gone wrong and 

they wanted to do everything better. But actually, we don’t have any influence there.”  

Several groups actively decided to withdraw their participation in the Dialogforum, following events 

that they experienced as unfair. For example, when the German planning authority stated in a 

meeting of the Dialogforum, that there were no funds for a previously promised re-assessment of 

the project, an opponent recalled: “This is when I and my allies [..] said ‘Folks, now is the time for 

tabula rasa, we should leave the Dialogforum!’”  

However, other stakeholders have perceived this withdrawal from the Dialogforum as an unfair act 

of the opposition, reducing thus the opposition’s legitimacy. The Danish project developer criticises 

the un-cooperativity of the opposition as having “not submitted a single constructive demand”. The 

German authorities moreover perceive the non-participation of German environmental NGOs in the 

Dialogforum as an unconstructive tactical move to withhold arguments from debate only to use 

them later in litigation.  

Other perceptions of unfair practices were reported from the ferry operator. Specifically, they 

complained about disrespectful behaviour by the project developer including an aggressive 

information campaign using various tools including a board game for children emphasising ferry 

disadvantages. Moreover, they claimed that the project developers designed new access routes to 
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both ports in ways that would create congestions in the neighbouring municipalities, thus creating 

disadvantages for the ferries. Specifically, they stated: “We are worried that they will abuse their 

unique advantages to push us out of the market.”  

Moreover, the ferry operators argued against unfair practices in the financing scheme of the project: 

“We believe the EU commission has given Fehmarn a ‘blank check’, in that they have been given 55 

years of subsidies [through the loans], which is far beyond the normal pay-back time.” Following this 

perception, they have also repeatedly filed lawsuits with the EU court contesting the financing 

model.  

In turn, project supporters in both countries condemn the ferry company for coordinating and 

sponsoring a “coalition of convenience” consisting of German environmental NGOs and local 

activists. The project developers claim that local protest organization only receive member fees of 

around 6,000 EUR, while their total budget amounts to 206,000 EUR. “They have two sponsors [for] 

another 200.000 euros. They are anonymous because they can do that but I have a pretty good 

hunch about were this money comes from.”   

Finally, stakeholders across the border diverge in their projections of the outcomes created through 

the undertaken project, often also in comparison with alternative solutions to their respectively 

perceived central problem. Specifically, opposition groups claim the selected submerged rail/road-

tunnel will not create the desired benefits, or that the project proponents negate expectable 

environmental and societal costs.  

The high uncertainty inherent in long-term effects of any megaproject provides room for highly 

diverging projections, fitted to varying legitimacy framings. For examples, Danish and German 

environmental NGOs cannot agree whether the tunnel construction represents harm for the 

environment. The Danish environmentalists accuse their German counterparts of hypocrisy and 

acting on behalf of the ferry operator claiming: “There’s not any very valuable sea floor where the 

tunnel is to be entrenched.” Contrary to this, German environmental NGOs regularly bring forward 

new arguments or findings regarding negative effects on the maritime ecosystem. 

Similarly ambiguous are perceptions on actual traffic volume. On the German side, one of the most 

dreaded effects of the project, is a potential increase in freight rail traffic and, consequentially, 

noise. Paradoxically, the same groups fearing too much traffic also contest the economic projections 

and their underlying traffic forecasts as vastly overstated.  

These disputes on future traffic also relate to deligitimizing evaluations of the tunnel’s economic 

viability, particularly in comparison to alternatives. A representative of the German opposition 

explains: „If you properly expand [the Jutland route], this will cost only a fraction of [the Fehmarn] 

project. Even accounting for the higher operating costs [..] they would be significantly lower than the 

Fehmarnbelt.” 

As another element of uncertainty, stakeholders disagree on the physical impact of construction 

works and long-term effect of the fixed link on local connectivity. Protesters among local businesses 

and citizens on the German side often evoke the following image: “The route [..] cuts cities, villages, 

communities in half. Leaves touristic areas behind [..] That is madness! To create an artificial freight 

route and destroy everything that grew there. To drive away the people instead of improving the 

existing route.”  

On the other hand, supporters such as the Danish project developer, but also German authorities 

and other supporting organizations counter with images of positive effects of the tunnel aiming to 
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create an alternative story. For example, in 2017 the local tourism association, in collaboration with 

the project developer and economic associations, commissioned an assessment on touristic effects 

of the tunnel6, concluding on a net positive effect despite regional and temporal negative effects.    

Overall, the uncertainty related to what the project will become provides ample room for developing 

legitimizing and de-legitimizing narratives of the project outcome, which can exist in parallel, even 

within one stakeholder group.   

In summary, while only the German opposition has contested the ‘problem’ morality, we found that 

process- and outcome-related critique is spread across all stakeholder groups. The means and 

processes of the Fehmarnbelt Fixed Link project have been the central topic of the legitimacy debate 

around the project. This debate has mainly arisen on the German side of the border, scrutinizing in 

particular the question of openness of the process to public debate, and the legitimacy of the 

financing model. Other arguments included allegedly illicit practices by either side used in their 

respective campaigns. 

Having established megaproject stakeholders’ legitimacy perceptions expressed in their statements 

fall under three broad legitimacy dimensions, we now aim to identify and highlight functionality and 

dynamic interrelationship between the three domains.  

6. Discussion 
Stakeholders as evaluators of legitimacy take centre stage in our study. Starting off with the 

assumption that stakeholders are the measure of all things in megaprojects, our findings indicate 

that their perception of legitimacy is formed along three largely intertwined legitimacy dimensions 

forming a legitimacy cycle of trust, majority, and morality. This dynamic view transcends Suddaby et 

al.’s (2017) division of legitimacy-as-property, legitimacy-as-process or legitimacy-as-perception (see 

Figure). 

  

Figure 5: Legitimacy perception as interplay of trust, majority, and legitimacy 

                                                           
6 https://www.ostsee-schleswig-holstein.de/fehmarnbelt.html (accessed on May 17, 2020) 
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6.1 A dynamic model of legitimacy perception 
Initially stakeholders try to orient themselves in their legitimacy perception, by instinctively 

consulting levels of trust accumulated in the past within a certain institutional environment, or with 

organizations or stakeholders involved in the project. The latter partly overlaps with the concept of 

legitimacy drawing from a community’s previous experience with a particular organization (Gross, 

2007; Derakhshan et al., 2019), and the notion of legitimacy spill-over between organizations.  

In cross-border projects, low levels of trust in one of the institutional environments by at least one 

key stakeholder form the lowest common denominator for the project’s prospects of smooth 

implementation. In the Fehmarnbelt case, we saw that the stigma of recently failed megaprojects 

and bad reputation of central government in the German periphery led to a critically low initial trust 

capital on the German side. The intra-national framing of trust meant, that the high trust capital on 

the Danish side could not outweigh the German distrust. This should serve as a warning to 

stakeholders who may approach cross-border projects with legitimacy delusions based on the trust 

capital accumulated from a single institutional environment. 

Yet, initial trust is just one contributor to project legitimacy perception. Trust (or lack thereof) does 

not merely produce static legitimacy resources in different stakeholder camps, but also significantly 

affects these stakeholders’ behaviour. Following their initial trust level, they may seek out or aim to 

influence other sources of legitimacy and may constantly update their trust perception of other 

stakeholders.  

Moreover, if we consider megaprojects as temporary organizations in their own right (Aaltonen, 

2013; Lundin & Söderholm, 1995; Van Marrewijk, 2015), then the importance of contextual 

institutional and organizational trust is likely to decline as the project progresses. As the temporary 

organization builds its own trust capital, this in turn creates a reversed spill-over of trust toward the 

institutional context and future projects therein (Cuppen et al., 2012). Therefore, securing collective 

support for the project, and adhering to moral principles during project implementation are of great 

importance as they feed into the overall stakeholders’ experience. 

This leads to the role of majority of social or political approval for the formation of legitimacy 

perception. As we have seen, majority is no absolute value, but strongly coloured through deliberate 

framing and ongoing social construction within stakeholder groups. On the one hand, political 

approval is usually the only majority clearly achievable and demonstrable, as referenda are difficult 

to facilitate in the cross-border context. Yet, it is not a safe source for legitimacy. We saw that prior 

lack of trust in institutions can lead to a perception of political majority as wilfully biased, thereby 

reducing legitimacy perception further. 

On the other hand, social majority is much harder to recognize by individual stakeholders, as 

resourceful and well-organized minorities can magnify their voice, thereby shifting the public 

opinion or attention in one direction or other. This points to the important role of opinion leaders 

who through interaction among each other and with their audiences help to form collective 

judgements of project legitimacy (Derakhshan et al., 2019). While project actors have several 

persuasion strategies at their disposal, we saw that they are in constant struggle with opposing 

actors aiming to reframe perceptions. Thus, their success depends on the extent in which they 

appeal to undecided or even opposing stakeholders. 

Trust and majority together create a powerful axis enabling swift project implementation. Yet, they 

can never fully replace formal and informal processes of project scrutiny regarding the moral 

dimension of legitimacy. However, as we have shown, morality perception transcends a mere fit 
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with monolithic societal norms and expectations. Instead, it is a dynamic notion following 

continuously updated stakeholders’ attention, and perception of present and future uncertainty.  

When it comes to morality perception, we saw that supporters and opposition not only had 

idiosyncratic values and norms, but also different interpretations of what was happening in the 

present, and what will be in the future. Deliberate exploitation of uncertainty and information 

asymmetry provided grounds for entirely different conclusions regarding the morality of specific 

actions, actors, or the project as a whole across stakeholders and borders. Thus, simple adherence to 

what is believed to be stakeholders’ values, and following a rationalistic approach can become a pit-

fall when opposing stakeholders set out to re-frame the narrative. The German Dialogforum is a 

prime example of how best intent can be turned into proof of illegitimacy, when the initial trust 

capital is low or the project purpose is seen as illegitimate. 

6.2 Implications for theory 
Our research followed Suddaby et al.’s (2017) call for legitimacy research that transcends previously 

isolated views on legitimacy as property, process, or perception. Departing from the legitimacy-as-

perception view, we identified three tightly coupled and interactive elements – trust, majority, and 

morality – that contribute to individual perceptions of legitimacy. Following notions of the 

legitimacy-as-process view, we demonstrated that stakeholders from within and outside the project 

take active measures to alter perception of these three elements.  

Thus, we demonstrated that legitimacy, while undoubtedly a fundamental asset for project 

implementation, does not follow from a mere contingent fit with stakeholders’ expectations. 

Instead, it is continuously re-assessed by interacting stakeholders. Hence, we showed that contrary 

to the legitimacy-as-process view, there is no dichotomy of active change-agents and passive 

audiences, but an interacting and responding network of stakeholders constantly re-negotiating 

their perception of legitimacy. 

Providing a fresh analytical frame for legitimacy as a dynamic process, we provide new insights to 

the study of project legitimacy. In particular, our framework allows integrating various co-existing 

notions of project legitimacy from the three streams as not unidirectional, but interacting 

phenomena.   

Our framework thus allows studying legitimacy from three angles connecting organizational, project 

management and impact assessment literature while integrating trust aspects (Ceric, 2017; Cerić, 

2015; Jijelava & Vanclay, 2017), moral criteria (Melé & Armengou, 2016) and public interest 

considerations behind social acceptance of megaprojects in what can be described as a holistic 

project governance approach (Brunet, 2019).  

6.3 Implications for practice  
We believe our contribution brings several lessons for the governance of megaprojects to assure and 

leverage trust and create legitimacy. While we showed that institutional and organizational trust are 

lowest-common-denominator dependent, cross-border projects anchored in ad hoc institutional 

structures, typically suffer from initial trust deficits. In the resulting quest to build up trust and 

legitimacy, it may be tempting for project managers to circumvent processes aimed at increasing the 

project’s moral legitimacy, and instead focus on securing political majority. Yet, our case illustrates 

that political legitimacy may insufficient to avoid major controversies and social resistance. Indeed, a 

strong opposition may even reframe political support as proof of the project’s illegitimacy.  

Ignoring the moral dimension by exploiting pre-existing trust may work once or twice, but in the long 

term, it only contributes to erosion of trust, social upheaval, and eventually even greater difficulties 
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for future megaprojects. Thus, while trust and majority are certainly major sources in the struggle 

for legitimacy of both the project and its opposition, morality should be the means.  

Yet, what is perceived as moral does not only lie in the eye of the beholder but is moreover actively 

shaped by stakeholders across the project landscape. This implies that local embeddedness does not 

only mean to understand the idiosyncratic values and norms on two sides of the border, but to take 

an active role in the construction of the morality tale of a project across a multitude of communities. 

Here, cross-border project teams face a particular challenge. While the opposition typically roots 

their morality tale in only one national context, addressing only one audience, the project team 

needs to provide a consistent image that addresses two highly different contexts. Yet, as we have 

seen that stakeholders with higher initial trust scrutinize questions of moral legitimacy with less 

rigor, project teams are well advised to tell their morality tale towards those communities with the 

lowest initial trust. 

6.4 Limitations and outlook for future research 
Our findings hold the same limitation of any qualitative single case study, confining its validity to the 

specific context of cross-border megaprojects with certain characteristics. Yet, we trust that the 

developed model provides a useful structure for further single case or comparative studies applying 

the model of trust-morality-majority. Application in different contexts, outside the realm of cross-

border or transport field can thus verify its applicability and comprehensiveness. As our case project 

is still at early stages of its realization, the analysis should be repeated at later stages and after the 

project completion to see how the legitimacy of the project, its perception and stakeholders’ actions 

and argumentation developed throughout the project lifecycle. 

7. Conclusions 
Our findings show that megaproject legitimacy is more than a mere property, perception, or 

process. Indeed, we saw that legitimacy of both project and project opposition is repeatedly tested, 

drawing from three sources: trust, majority, and morality. A network of stakeholders continuously 

and actively shapes these sources, thus forming legitimacy enhancing or diminishing cycles.  

We have thus combined the three legitimacy streams coined by Suddaby et al. (2017) into a unified 

analytical approach using seven legitimacy tests that cover all sources of legitimacy considerations 

and assessments by project stakeholders. This analytic frame captures the aspects of social 

construction of legitimacy perception, stakeholder actions taken to shape and gain legitimacy, and 

the effects on the legitimacy capital of a megaproject. Thus, it structures and classifies the formation 

of legitimacy perception at the stakeholder level, to identify legitimacy lapses by both project 

supporters and opponents, and to theorize on appropriate governance and response actions.  

The triad of trust, majority, and morality, conceptualized as socially constructed legitimacy tests, 

offer guidance and a tool for project stakeholders to navigate the complicated issue of project 

legitimacy. It helps to understand sources and mechanisms for legitimacy development in cross-

border megaprojects, and thus enables progress towards true local embeddedness.  

The case of Fehmarnbelt Fixed Link illustrates how collaborations across substantially different 

institutional contexts can result in critical legitimacy and trust challenges for a cross-border 

megaproject. Where initial trust is missing, numerous stakeholders will struggle for the prerogative 

of interpretation regarding the project’s morality and social approval, leading to a fragmented 

landscape of legitimacy perception. Yet, only if a project passes the legitimacy tests in the view of all 

project stakeholders, it can be considered fully legitimate. 
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Abstract 
Product development (PD) faces uncertainties from rapidly developing technologies, shifting market 

demands and resulting requirements change and the organization’s ability to reliably execute state-

of-the-art processes. In this paper, we argue that classic PD risk management methods and tools are 

based on the “predict and plan” paradigm, assuming that we have sufficient time and resources to 

identify, analyze and mitigate these technology requirements and organizational risks. However, the 

“reality of product development” is that we usually have neither, and at the same time we are faced 

with an accelerated introduction of uncertainty, for example by pervasive digitalization. This paper 

therefore explores a resilience-inspired approach to PD risk management, which abandons the 

“predict and plan” paradigm in favour of a “monitor and react” approach. We argue that in industrial 

practice, this is the de-facto risk management baseline, and suggest to deliberately tailor risk 

management and PD processes accordingly. To that end, we make suggestions for process 

frameworks and tools and discuss how resilience and risk management are complementary 

approaches to traditional PD approaches. Our arguments are supported by a case study in an 

engineering organization, along with additional interviews in similar organizations for validation. 

1. Introduction 
Product innovation is considered one of the major success factors for manufacturing companies [1]. 

In addition, tough competition puts high pressure on companies to introduce new products to 

capture new markets. New product development (NPD) processes face significant risks. A study 

shows that only 15% of new product ideas and around 60% of NPD products achieve commercial 

success in the market [2].  The success of a NPD project is usually measured by length of lead and 

development time, cost and ability to satisfy customer demands. NPD projects face risks that can 

cause cost overrun, time overrun and even failure to achieve the desired product performance [3]. 

There are different definitions of these risks in the literature; for instance the ISO 31000 defines risk 

as the “effect of uncertainty on achieving the NPD objectives” [4]. The risks in the product 

development process (PDP) include technology risks, market risks, collaborative risks and financial 

risks [5]. It is typically beneficial to address risks and uncertainties during the early design phase of 

product development (PD) because early assessment of risks can reduce the cost of mitigation 

efforts, as shown in Fig. 1 below [6]. The risk is very high at the start of a project whereas the cost to 

fix risk events is very low during the same period, as compared to the later stages, as shown in Fig. 1 

below [6]. To mitigate risks in PD projects, risk management is often applied to identify and control 

the risks in PD projects [4,6]. 
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Fig. 1. Cost and risks in project lifecycle (adopted from [6]). 

Risk identification, analysis and assessment are performed in the start of the NPD projects and 

appropriate risk mitigation measures are planned accordingly [6]. Therefore, risk management 

processes typically follow a “predict and plan” approach to mitigate risks in NPD projects. However, 

the literature shows that a vast amount of risk is not identified before they tend to affect the 

performance [7], or alternatively they are identified but not addressed properly [14]. 

Schuh et al. [5] and Oehmen et al. [8] argue that current PD strategies and approaches are not fully 

capable to address changes in PDP [2,8]. Risks in the PDP are often addressed in a reactive way 

instead of using proactive risk management strategies [9]. Aven [10] argues that in general, risk 

management and resilience management complement each other. He pointed out that resilience 

analysis and management today is the integrated part of the risk field and science.  Therefore, we 

hypothesize that in general, the capability of the PDP to identify, analyze and mitigate the 

technology, requirement and organizational risks may be enhanced by introducing resilience-

inspired approaches to PD risk management. 

The field of resilience is developing at a fast pace and widening its application area, particularly in 

the contexts of security and infrastructure [10]. In engineering, the concept of resilience was 

introduced by the safety engineering community [11] which is relatively new as compared to other 

fields [12]. By enhancing resilience of the system, the safety of the system can be improved without 

performing risk calculations [10]. In a traditional risk assessment process, it is compulsory to quantify 

risks, for example by modeling impact-probability distributions. For a resilience approach, that is not 

strictly necessary [10].   

We follow the argument of the Aven [10] to adopt holistic approach integrating risk- and resilience-

based thinking.  This approach encourages considering both risk management and resilience 

perspectives as complementary to each other. Following this argument, a risk analysis framework is 

required to give proper direction to a resilience approach. Moreover, resilience approaches add 

reactive and adaptive capabilities that are not covered by risk management. We transfer this 

argument to PD and investigate the potential of combined resilience and risk management 

approaches to make the PD process more cost effective, fast and technically superior to develop 

quality products. 

The reminder of the paper is organized in the following way: Section 2 explains the research method 

used to conduct the research. Section 3 describes the standard risk management framework and 

shortcomings of existing approaches. Section 4 provides perspective of the resilience approach for 
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unknown risks in the PD process. Section 5 presents the findings from a qualitative case study and 

additional interviews. Section 6 analyses and discusses the co-existence of the classic risk 

management and resilience in PD projects. Section 7 gives the conclusion. 

2. Method 
The research nature in this paper is exploratory as we seek to empirically understand and establish 

the relationship between resilience and risk management in product design and development 

perspective. The research approach is predominantly deductive [31]. The most suitable research 

method in this scenario is thus case study [13]. In the case study, we investigate ongoing PD project 

where we have no control over the environment. The exploratory character of the research makes 

interview as the primary method of data collection.   

Three companies (P1, P2, and P3) provided the data for this research. To conduct case study, 

company P1 provided access to design team, project documentation, product management and 

program management. To conduct additional interviews, P2 and P3 companies facilitated access to 

project managers. All three organizations are large international companies in the medical industry 

having headquarters in Denmark.  

The case study focuses on one product PD project (Project1 in P1) in detail, by conducting interviews 

with the project managers and design engineers. We also conduct interviews in other two 

companies to explore the findings beyond the case study itself. Design engineers may have personal 

views on project success and they have their own role in risk management and resilience. In the case 

study (P1), we gather additional information through documentation of Project1 for a detailed 

study. We record and create a complete transcript of all interviews. The duration of the interviews 

varied from 45 to 60 minutes. 

We conducted the semi-structured interviews [31] and strove to achieve consistency and reliability 

by using the same interview script in terms of topics to address. The interview script is based on the 

combination of open and closed questions by focusing on three elements: how risk management 

was performed, why risk management failed to control risks and how resilience-based practices 

enhanced the capability of PDP to control unknown risks. The analysis is done by means of pattern 

matching [13]. The coding scheme was developed by reviewing literature on risk management and 

resilience as presented in the literature review (Sections 3 and 4). We identified instances of “predict 

and plan” and “monitor and adapt” as well instances of risk management such as risk identification 

and instances of resilience such as ability to adapt. 

3. Risk Management in Product Development 
Risk management is known as the process to uncover and manage risk in PDP, following a structured 

approach by initiating timely mitigation action to avoid, transfer or reduce risk likelihood or impact 

[15]. Herrmann [16] describes the key steps in risk management processes as follows: 

 Risk framing  

 Risk identification 

 Risk analysis 

 Risk evaluation 

 Risk treatment 

 Risk monitoring and review  

 Risk communication 
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In a risk management process, risk assessment is a critical phase which includes risk identification, 

risk analysis, and risk evaluation. A risk assessment process provides basis for an improved 

understanding of the risks and appropriate approaches to be used for risk treatment [30]. The risk 

assessment process uses appropriate tools and techniques during life-cycle phases of a PD project. 

For example, during the design and development phase of a PD project, risk assessment contributes 

to the design refinement process, cost effectiveness studies and enable the system risks are 

tolerable [30].  

Table 1. Tools and techniques in risk assessment process. [30] 

The well-known tools and techniques used in risk assessment phase are listed in Table 1 [30]. This 

table shows the tools and techniques used in the risk assessment phase of the risk management 

process. The application of the tools and techniques depends on the stage of the risk assessment 

phase. As Table 1 shows the primary hazard analysis technique is strongly applicable for risk 

identification but not applicable to analyze and evaluate identified risks. Similarly, in PD projects root 

cause analysis is not applicable to identify risks but strongly applicable to analyze and evaluate risks. 

 Keizer et al. [17] found out in their study that traditional risk management techniques are 

inadequate to control PD risks. The traditional risk management techniques include fault tree 

analysis, event tree analysis and failure mode and effects analysis as mentioned in Table 1. The tools 

and techniques in Table 1 are used typically in “predict and plan” approaches. These techniques 

identify the potential risks in PD projects. The identified risks are analyzed and evaluated to assess 

for further risk mitigation planning. The draw back for “predict and plan” approach is that project 

will not be able to control the unpredicted risks in an uncertain project environment. As, Thamhain 

[7] argues that large number of risks are not predicted in risk assessment phase and these risks 

affect the project performance in the later stages. 

3.1 PDP for products with diverse risk characteristics 
There are many risks involved in the PDP, depending on the type of the product chosen for 

development [18]. The range of PDPs varies from highly rigid and controlled process to very flexible 

Tools and techniques Risk assessment 
Risk identification Risk analysis Risk evaluation 

Delphi SA1) NA2) NA 

Brainstorming SA NA NA 

Check lists SA NA NA 

Primary hazard analysis SA NA NA 

Hazard and operability studies (HAZOP) SA A A 

Root cause analysis NA SA SA 

Failure mode effect analysis SA SA SA 

Fault tree analysis A A A 

Event tree analysis A A NA 

Cause and consequence analysis A A A 

Cause-and-effect analysis SA A NA 

Decision tree NA SA A 

Bow tie analysis NA SA A 

Monte Carlo simulation NA NA SA 

FN curve A SA SA 

Risk indices A SA SA 

Consequence/probability analysis 

 

SA SA A 

1) Strongly applicable 
2) Not applicable 
3) Applicable 
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approaches [19,20]. Risks and mitigation strategies in PDP depend on the type of the product, 

market situation, time and budget. Table 2 shows a summary of general risks involved in PDP that 

are technical, marketing, schedule and related to budget. 

Table 2. Major risk categories in PDP. 

The risks listed in Table 2 are major risk categories in PDP, according to Unger and Eppinger [18]. 

These risks may further be divided into subcategories that become increasingly unique for each 

company and project [18].  

4. Resilience in Product Development 
The contemporary concept of resilience was proposed by Holling [22] to describe ecological systems, 

persisting in unpredictable environments. Here, Holling [22] made a fundamental distinction 

between systems designed for stability and systems designed for resilience. 

Holling [22], derived two prescriptions from the study of natural systems to the management of 

man-made systems: First, unavoidably, important future events will be unexpected, regardless of 

the sophistication of up-front planning. Secondly, Holling [22] advocated substituting prediction with 

the capacity to absorb and accommodate unforeseen events in whatever form they may take. 

Since its inception, resilience thinking has been applied in a wide range of businesses settings, 

including supply chains [23], business models [24] and organisations [25]. Closer to the field of PD, 

Crosby [26], defined project resilience as ‘the ability to recover from, or adjust easily to, misfortune 

or change’. In this vein, Kutsch et al. [27], distinguished resilient project management from what he 

called ‘rule-based’ project management, as illustrated in Fig. 2. 

 

Fig. 2. Two contrasting managerial principles (adopted from [27]) 

Resilience is the capability of a system to sense, recognize, absorb and adapt to the changes, 

disturbances, variations, surprises and disruptions [11,12,28].  

Operationalising the resilience concept, Carpenter et al. [29] asked: “resilience of what to what?”, 

distinguishing system performance “of what” from system uncrtainties “to what?”. Applying 

Carpenter’s question to PD, system performance includes development time, cost and quality of the 

product, while uncertainties include major risks (shown in Table 2) that influence the cost, 

development time and quality of the product. 

Forecast

Assess

Prevent

Plan

Prepare

Observe

Rebound

Respond

a) Stability focused PD b) Resilience focused PD

Major risks Causes [21] Suitable PDP [18] 

Technical Vague design specifications, high in physical product development Staged process 
Marketing Changing customer needs Spiral process 
Schedule Lack of planning and coordination among developers Staged process 
Financial Limited resources, underestimation in budget planning  Design- to-budget 
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5. Results 
This section presents the results from the interviews, in three organizations (P1, P2 and P3), with 

design engineers and project managers. PM1, PM2, PM3 represents the views of project managers 

from P1. DE1, DE2 presents design engineer’s view from P1 and PM4 and PM5 represents the views 

of project managers from P2 and P3 respectively.   

5.1 Risk management practices 
To identify and control the risks in early phase, design engineers and project managers from all three 

PD organizations (P1, P2 and P3) share almost same opinion on the use of the risk management 

process. To identify risks, all project managers and design engineers used brainstorming technique in 

the early phase of the PD project. As DE2 mentions that “we tried to sit down with key individuals in 

order to risk assess a new newproject and that would actually be done before the full project was 

started”. All the PD organizations (P1, P2 and P3) followed the predict and plan approach to control 

the risks in the design phase. The project manager PM5 in P3 says that “they always try to predict 

problems, but I think that type of activity is quite often difficult”.  

The project manager in P2 mentioned that risk management practices did not get importance and 

management did not proritize the risk management practices. Some of the design engineers and 

project managers aslo mentioned in their statements about the failures of the predict and plan 

approach. The project manager PM4 in P2 states that “but the thing is every time stuff (doing risk 

management) takes too long, then we don't do it unless we have to”. Project manager PM4 also 

stated that “so it's a lot of stuff that people go around, and they think about, and say, "Okay, this 

might be a risk," instead of writing it down. And the main risks that are being written down are in 

like a classic risk assessment”.  

The project managers in all companies categorized major risks as delay in time to market, 

development cost of the PD project and manufacturing cost of the product. Project manager PM5 in 

P3 stated that “so we would always have risk concerning time to market because we knew that we 

had such tight deadlines and we were pressured to work with incredible deadlines”. 

In one of the companies (P3) product management did not provide resources for risk mitigation 

planning. PM5 in P3 said that “I would often say that the risk analysis didn't get the attention and 

the resources it deserved, and I think one of the reasons for this is that it's very difficult”. 

In two companies (P1 and P3) the design engineers implemented proof of concept for high-risk 

design tasks as risk mitigation strategy. As stated by PM1 in P1 “all the unknowns are major risks and 

my approach is the proof of concept for all the unknowns”. Design engineer DE2 in P1 also 

supported the statement given by PM1 that “if we have more prototypes then we have less risks”. 

All three projects faced unexpected “surprises” which were not identified during risk assessment in 

early phase of the PD projects. 

5.2 How was resilience practiced? 
The statements by the interviewees indirectly indicate that the resilience focused actions were taken 

by the design engineers and project managers by responding to unknown risks and surprises.  

We observed that case study company P1 was having resilience focused approach in their PD 

project. For example the statements of DE1 and DE2 in (P1) show that the measures to handle 

“unexpected design issues” contribute to resilience enhanced PD process. As DE1 states that “if 

something needs to be escalated, we have direct access to company owners. That’s one area which 

makes the company better”. He also said that “the whole reason why this company is where it is 
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that they move so quickly has been market leader”. The company P1 was practicing “monitor and 

adapt” approach also to handle surprises in the design and development phase. As the PM1 in P1 

says that “I do weekly meeting with my team to get feedback”. So, he was continously monitoring 

the risks and surprises in the design phase.  

We found that PM4 in P2 mentioned little about resilience based actions to the surprises in the 

design phase because they were not ready to handle the surprises by not taking resilient actions. For 

example PM4 in P2 said that “so all of a sudden going from only having to develop one product, then 

all of a sudden, we need to develop six products in a very, very short amount of time”.  

We found that PM5 in P3 mentioned about taking actions to enhance resilience capability by 

engaging experienced human resource in PD project. The PM5 said that “if we had a severe problem 

on a project, we had this kind of taskforce you could call it, not officially, but we knew key individuals 

that we could point to that problem, which would increase the likelihood of succeeding on that given 

problem”.  

Taken together, these results suggest that risk management part was better formalized than the 

resilience part. 

6. Analysis and Discussion 
The results presented in section 5, demonstrate statements about risk management and resilience 

practices which influence the progress of PD projects. As aforementioned, we are using the concept 

proposed by Aven [10] as a theoretical lens about risk management and resilience that according to 

Aven [28], complement each other to manage known and unknown risks.   

In case study (P1), the team members (PM1, PM2, PM3, DE1 and DE2) agree in their statements that 

the project was delayed due to poor risk assessment by product management in the start of the 

project. After one year, the product management took decision to split the project into two separate 

projects. As PM1 says that “but now (after one year) we find out that it is not possible. So, now we 

have two projects not one. This is the first example the big one splitting project into two”. 

Apparently, we can infer that it was due to poor “predict and plan” approach that could not identify 

the risk of splitting the project and planned to mitigate the risk. At the same time, the action to split 

the project into two is the poor example of the “resilience” approach to get back to the stable 

condition in the project. Because the management delayed the decision for one year and they could 

not continue with same PD goals. In this project, the time to market the product was identified as 

success criteria that is also a threshold parameter for the resilient system. As stated by DE2 that 

“just time is costly (in this project)”. After splitting the project into two separate projects, the project 

manager started “monitor and adapt” approach by using the proof of concept technique for all 

unknowns in the project. The proof of concept is the resilient appoach because it handles the 

unkown risks which is not possible by following predict and paln approach. Now, the PM1 was using 

resilient focused approach by observing, responding and rebounding as shown in Fig. 2. As PM1 

stated “all the unknowns are major risk and my approach is the proof of concept for all the 

unknowns”. The DE2 also agrees with the PM1’s statement by saying “if we have more prototypes 

then we have less risks”. Predict and plan approaches can be beneficial as frontloading for instance 

in relation to regulatory matters in PD project as PM2 stated that “so, we actually succeed involving 

him a lot, also in the initial planning phases. and that it's a really, really crucial part because it's 

where actually compliance decision can have an impact on the scope”. Yet this quote also highlights 

the overlap between predictive and robustness as the involvement of the person with knowledge 

about regulatory affairs helps to identify potential vulnerabilities in that may create unknown 

problems later. Risk management and planning is often perceived as connected in practice – the 
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predictive element perceived by project personel is evident. As PM3 states that “I tend to think that 

awareness of risk is important, you know, if the project manager does not have any awareness about 

potential risks to his project, then he is getting into a corner, […] just giving some thought to what 

can go wrong and then try to plan accordingly”. 

The project manager PM4 in P2 mentioned in his interview that risk assesment was not a priority . As 

PM4 said that “but the thing is every time stuff (doing risk management) takes too long, then we 

don't do it unless we have to”. Therefore, the “predict and plan” approach was poor in PD projects in 

P2 as PM4 stated, “we try to be-- in the project that I am now, we try to be proactive, but I think the 

main approach has been reactive for the many years”. The PD project faced scoped creeping which 

was a very big unexpected event for the design engineers as PM4 stated, “so all of a sudden going 

from only having to develop one product, then all of a sudden, we need to develop six products in a 

very, very short amount of time.” The PM4 started to use to monitor and adapt approach later in 

their project as PM4 stated that “we will get into how can we make sure that it’s easy to prove that 

this works.” using also resilient focused approach by doing the proof of concept. So, they were using 

mixed approaches. 

The PM5 in P3 was using the brainstorming technique to identify the risks. The product management 

was using the risk assessment based planning to control the identified risks in PD projects. As PM5 

stated that “they always try to predict problems, but I think that type of activity is quite often 

difficult”. PM5 was also using resilient approach by dedicating experienced designers to solve a 

specific design problem and regain the normal position (as mention in section 4 about resilience). As 

PM5 stated that “sometimes we would pretty much stop everything we had going and then simply 

create a dedicated team of software engineers and product owners to sit down and focus on solving 

a specific problem”. 

The above discussion indicates that in case company P1, the product management was using both 

“predict and plan” and “monitor and adapt” appraoches. The “predict and plan” approach using risk 

management is focused on proactive measure to avoid risks in PD process while resilient approach 

address the “reality aspect” of the PD process by reducing the effects of the potential unknown risks 

in uncertain PD environment. The interviews in additional two companies validate that risk 

management and resilience complement each other.  

Resilience has the characteristics of agility which is to respond effectively to unexpected events and 

robustness which is to absorb process variations. Risk management in PDP contributes to robustness 

because it involves proactive planning to avoid process variation. On the other hand, risk 

management lacks agility because it mainly plans according to known risk with known probabilities. 

So, its contribution to make PDP more resilient is limited. Therefore, the PDP needs more overlaped 

resilience focused approach with risk management as well.   

7. Conclusion 
The study presented in this paper examined the hypothesis that risk management and resilience-

based appraoches are complementary in PD risk management. Our case study and additional 

validation interviews confirmed this for the organizations that we studied.  

To control known and unknown risks, the case study company (P1) used both “predict and plan” and 

“monitor and adapt” approaches in PD project. The product management in all three orgaizations 

were using dominantly either “predict and plan” or “monitor and adapt” approaches to control 

unknown risks and surprises in PD projects. The analysis of the empirical data shows that risk 

management and resilient approaches complement each other to control known and unknown risks. 
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The analysis of the empirical data also reveals that “predict and plan” approach is an established 

approach while resilience based “monitor and adapt” approach is less established to handle surpises 

in the design process.  

After studying the literature and analyzing empirical data in this paper, we suggest that by overlap of 

the risk management and resilience approaches the overall immunity of the PDP against  known and 

unknown risks can be enhanced.  

 The present paper appears to be the first exploratory empirical study of resilience-inspired 

approach to PD risk management. To generalize the resilience-inspired PD risk management 

approach in PD projects, we propose that further empirical studies need to be conducted.  
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in a multi-layered representation for safety and security analysis 
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Abstract 
Many safety-related systems are evolving into cyber-physical systems (CPSs), integrating information 

technologies in their control architectures and modifying the interactions among automation and 

human operators. Particularly, a promising potential exists for enhanced efficiency and safety in 

applications such as autonomous transportation systems, control systems in critical infrastructures, 

smart manufacturing and process plants, robotics, smart medical devices, among others. However, 

the modern features of CPSs are ambiguous for system designers and risk analysts, especially 

considering the role of humans and the interactions between safety and security. The sources of 

safety risks are not restricted to accidental failures and errors anymore. Indeed, cybersecurity 

attacks can now cascade into safety risks leading to physical harm to the system and its 

environment. These new challenges demand system engineers and risk analysts to understand the 

security vulnerabilities existing in CPS features and their dependencies with physical processes. 

Therefore, this paper (1) examines the key features of CPSs and their relation with other system 

types; (2) defines the dependencies between levels of automation and human roles in CPSs from a 

systems engineering perspective; and (3) applies systems thinking to describe a multi-layered 

diagrammatic representation of CPSs for combined safety and security risk analysis, demonstrating 

an application in the maritime sector to analyze an autonomous surface vehicle. 

1. Introduction 
The innovation in cyber-physical systems (CPSs) opens a rising field of multi-disciplinary cooperation, 

linking computer science and control theory with several engineering areas, natural sciences and 

medicine 1. Increasingly, CPSs are improving performance, productivity and energy efficiency in the 

control of physical processes. Researchers and practitioners are designing and prototyping 

autonomous vehicles (AVs) with higher levels of automation and connectivity 2. Similarly, the 

healthcare sector is developing novel medical applications to better support and treat patients, 

including autonomous implantable devices and system architectures for monitoring patients in 

hospitals or at home 3. Other relevant CPS applications include industrial control systems (ICSs) in 

manufacturing and process plants, robotics, control systems in critical infrastructures providing 

essential services to communities 4 (e.g. smart grids, water and wastewater systems), autonomous 

military defense missiles, among others. 

Considering the promising developments and the critical applications of CPSs, government agencies 

and industrial partnerships regard the research efforts in CPSs as a priority 5. Consequently, 

publications in the field of CPSs have experienced a positive exponential rate in annual publications 

since Hellen Gill coined the term in 2006 at the National Science Foundation (NSF) of the United 

States 6, 7. 

However, some researchers acknowledge the challenge to provide an exact conceptualization of 

CPSs due to the broadness of the term 8. As a result, the current conceptualizations and 

representations of CPSs do not properly frame its key features, i.e. the essential components and the 

interactions present in this class of systems.  
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Furthermore, the relations between levels of automation and human supervision are ambiguous in 

CPSs. For instance, the NSF defines CPSs as “engineered systems that are built from, and depend 

upon, the seamless integration of computation and physical components” 9. In similar terms, 

Rajkumar et al. 1 characterized CPSs as “physical and engineered systems whose operations are 

monitored, controlled, coordinated, and integrated by a computing and communication core”. In 

general, these and other definitions stress the integration of computers to control physical 

components. According to Alur 5, this cyber-physical integration arises from sensors and actuators 

reacting to the physical world. Yet, these definitions tend to assume that CPSs are autonomous 

systems controlling a set of technical components. In doing so, there is a risk of overlooking or failing 

to distinguish the vital and evolving roles of humans in the control architectures of CPSs, which are 

necessary features to assess the safety and security of the system without fuzzy interpretations. 

Therefore, we stress the need to conceive CPSs as a particular type of socio-technical systems 

characterized by some new and enhanced key features 10, 11, 12. 

Increasingly, CPSs are exposed to security attacks, including intentional cyber threats that can go 

beyond the information domain and cascade into physical hazards in the energy domain. The 

Stuxnet attack in 2010 to a nuclear facility clearly evidenced this case in reality 13, while recently 

perpetrated cyber-attacks mentioned in this paper show the increasing need for cybersecurity in 

safety-critical CPSs. 

The sources of safety risks are not restricted to component failures and accidents anymore. In CPSs, 

safety is an emergent property that does not necessarily improve solely by enhancing the reliability 

of individual components or software 14. As a result, risk analysts working on multiple CPS 

applications require an understanding of the complex interactions and security vulnerabilities 

existing in general CPS features and their potential to influence safety. Although several methods in 

the literature have attempted a safety and security analysis integration 15, 16, 17, 18 , researchers 

have paid little attention to providing a comprehensive system representation of CPSs for designers 

and risk analysts to visualize the relevant features of the system.  

As P. L. Clements accurately affirmed: "we never analyze a system – we analyze only a conceptual 

model of the system” 19. For example, practitioners widely rely on piping and instrumentation 

diagrams (P&IDs) among the system representations to conduct hazard identification in the process 

industry 19. Similarly, system and software engineers usually rely on models such as functional block 

diagrams and Unified Modeling Language (UML) diagrams to represent the software architecture of 

computer systems and conduct threat analysis 20.  Because these and other representations are not 

tailored to include the complex interactions in CPSs and their related risks, the field of safety analysis 

requires a new systems engineering framework that includes the complex dependencies and the 

security challenges of CPSs 21, 22.  

This paper addresses the following three research questions. 

1. Which are the key features of CPSs and their relation with other system types? 

2. What levels of automation and human control interactions challenge the design of CPSs? 

3. How can system designers and risk analysts describe the features of CPSs in a 

comprehensive representation for safety and security analysis? 

For each question, we discuss the implications for safety and security risk analysis using recent 

historical incidents and describing the technologies and system architectures of several CPS 

applications. 
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This paper is organized as follows. Section 2 examines the key features that define CPSs as a class of 

systems, providing an explicit conceptualization of CPSs with key and accessory features and their 

compatibility with safety and security issues in recent incidents. Section 3 analyzes the levels of 

automation and the roles of humans in CPSs, highlighting their important repercussions for safety 

and security risk analysis.  Section 4 integrates these previous considerations and applies systems 

thinking to describe a multi-layered diagrammatic representation of CPSs for safety and security risk 

analysis. Section 5 demonstrates the suitability of this representation in a case in the maritime 

sector, specifically as a framework to analyze a real autonomous surface vehicle (ASV). Finally, 

Section 6 concludes and opens the field for future research in safety and security risk analysis of 

CPSs. 

2. The emergence of cps: two perspectives for derivation of key features 
A widespread definition of a CPS is the “integration of computation and physical processes” 23. 

Nevertheless, the broadness of this and other definitions may obscure the identification of the key 

features of CPSs, i.e. the common characteristics that proof the utility for grouping this wide set of 

systems into a common class. 

When examining CPS applications, one could question the benefits of conceptualizing such a wide 

set of applications (e.g. autonomous vehicles, smart grids, robotics, cutting-edge ICSs, smart medical 

devices and military defense systems) in a common class as CPSs. Indeed, this conceptualization 

would be useful only if it provided practical insights and facilitated the solution of common issues in 

these applications. 

For example, the class of system “car” is useful to provide safety standards and design guidance to 

different manufacturers, even if they use different technologies and provide accessory features 

beyond road driving. Furthermore, despite cars being considerably different when compared to 

other vehicles (e.g. motorcycles, trucks, bicycles), one can group all these systems as “road vehicles” 

to generate common infrastructure and traffic regulations. 

Considering the CPS class, Lee 23, 24 identified a series of foundational challenges in the 

abstractions used in computation. He stressed the need of computer systems to fit the timing 

requirements of CPSs, i.e. concurrent and real-time calculations in networked systems interacting 

with the physical world. 

Focusing on the principles of design, modeling and verification of the computational components 

and their integration, Alur 5 proposed a set of key features of CPSs. Particularly, he mentions 

reactive computations, concurrency, feedback control, real-time computation and safety-critical 

applications. Whereas this set of features is a useful starting point to categorize CPSs, we argue the 

need to include the role of humans 25 in CPS design architectures as a key feature of CPSs with 

safety and security implications. Moreover, we complement Alur’s conceptualization with an 

analysis of other rising systems and paradigms associated – but not identical - to CPSs. 

Acknowledging the broadness and fuzziness of the CPS field, Gunes et al 26 presented a 

comprehensive survey comparing CPSs to related research fields and concepts such as the Internet 

of Things (IoT), Machine-to-Machine (M2M) communications, mechatronics, among others. 

However, they did not identify explicitly the key features of CPSs for the context of their safety and 

security challenges, i.e. for the protection of CPSs goals against both unintentional and deliberate 

sources of risk potentially impacting the system or its environment 27, 28. 

In this section, we examine the features of CPSs comparing two perspectives of antecedents, 

applications and trends for future developments. The first perspective is a well-known approach in 
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the literature, starting the evolution of CPSs from embedded systems (ESs) 5, 8, 7, 29. Still, we 

introduce how this perspective is also associated with the related field of the Internet of Things (IoT), 

blurring the distinctions between CPSs and the IoT. The second perspective opens a wider landscape 

of CPSs not necessarily rooted in ESs. Instead, this perspective considers the evolution of control 

systems in industrial processes and manufacturing leading to CPSs 6, 10, 30, 31, 32. Within this 

second perspective, even if there is a tendency to embed the control devices inside the physical 

components 31, 33, we argue that these features are not essential to define CPSs. By synthesizing 

the two perspectives previously mentioned, in this section we define the key and accessory features 

of CPSs, stressing the need to include explicitly the roles of human operators in CPSs. We finally 

discuss the association of these features with real cases of safety and security issues in CPSs in 

recent years. 

2.1 First perspective: from ESs to CPSs (and the IoT) 
Commonly, the literature considers CPSs as an upgraded stage of ESs 5, 34. In simple terms, ESs are 

small computers that are not visible to the users. Their origins can be traced back to the 1970s 6, 

consisting of “hardware and software integrated within a mechanical or an electrical system 

designed for a specific purpose” 5. They are widely implemented in consumer electronics, e.g. TVs, 

digital cameras, smartphones, washing machines and microwaves. Furthermore, ESs are used in 

safety-critical applications performing distinct tasks, usually operating in isolated configurations 

without integration with other real-time control functions. 

In contrast to general-purpose computers and industrial controllers, ESs are restricted by their 

smaller sizes, requiring high levels of design efficiency. Namely, according to Marwedel 29, ESs 

should be: 

 Energy efficient: considering limited power sources. 

 Run-time efficient: avoiding excessive computational time execution and use of memory, 

energy, and other limited resources. 

 Small in code size: considering limited memory size in embedded microcontrollers. 

 Lightweight: as they are incorporated into portable physical devices, whose function might 

be affected by additional weight. 

 Low-cost: to achieve cost-effective applications compared to other alternatives in the 

market. 

In many cases, ESs operate in open control loops, i.e. without incorporating a feedback from the 

physical processes. This is the case of many consumer electronic goods, being a washing machine a 

typical example. Moreover, some ESs also operate in open loops in some safety-critical applications, 

particularly those that do not depend on computers closing the control loops. Indeed, ESs could be 

used solely on sensor devices, providing data to human operators or to application platforms as a 

service. Moreover, designers have traditionally conceived ESs in isolation, performing a particular 

function independent of other ESs and of their environment. 

From this perspective, the CPS concept is a paradigm shift for the ESs community. A paradigm shift is 

a fundamental change in basic concepts describing a scientific discipline. In our case, the 

aforementioned features contrasting ESs with general-purpose computers are no longer the main 

issues when designing CPSs. Indeed, “in CPSs, embedded computers and networks monitor and 

control the physical processes, usually with feedback loops where physical processes affect 

computations and vice versa” 6. Thus, the integration of communication networks and feedback 

loops from physical processes describe the frontier of the shift from ESs to CPSs. 
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2.1.1 CPSs and the IoT 

In parallel, there is a growing interest on the progressive connection of ESs through computer 

networks, and specifically to the Internet. Enabling technologies such as low-power wireless 

networks, communication protocols, and cloud computing, open the possibility for a new range of 

applications developed from the interaction of devices connected to the Internet. The design 

paradigm behind these applications is known as the Internet of Things (IoT) 35, 36. Services such as 

smart homes and work places, wireless sensor networks (WSN) in urban and rural infrastructures, 

industrial automation, and smart healthcare, are among some relevant fields of deployment. 

The term IoT was proposed by Kevin Ashton in 1999 37, initially stressing the rising capabilities of 

radio frequency identifiers (RFID) and wireless technologies. Nonetheless, the term IoT diversified to 

include a wide set of wireless sensor networks (WSNs). This new IoT paradigm gave rise to different 

visions and related definitions of the concept according to the historical backgrounds and 

orientations of different communities 36. 

Some communities argue that the IoT is a key foundation that enables the deployment of CPSs 38. 

However, we stress that this field of progress in the IoT is related – but not identical nor essential - 

to the field of CPSs. For IoT applications, a real-time feedback control of physical processes may not 

be necessary. Instead, many IoT system architectures develop mobile apps or cloud applications as 

final services 36, 37, using the integration of smart sensors, wireless networks, internet access, and 

cloud platforms with advanced data analytics. In contrast, the final services in CPSs are physical 

systems performing real-time control tasks in the physical world. 

Some IoT applications provide smart actuator commands from real-time sensor readings. However, 

these actions are sometimes limited to the activation of information functions (e.g. message display, 

sound notifications) for surveillance, logistics and monitoring 36, 37. These simple actions are limited 

to information awareness, while not completing a physical process by themselves. Instead, CPSs 

perform control actions in a way that alters the new state of the sensor readings and consequently 

the states in the control loop by actuator commands with physical effects. 

Finally, there is some degree of overlapping between the fields of CPSs and the IoT 34, 39. Mainly, 

some CPS applications are being connected to the Internet to use data-accessing and processing 

services 10, 40. Thus, we establish a category of CPS-IoT from the intersection of these two fields, 

namely, those CPSs built from ESs that include Internet connection in their network configurations.  

From this analysis, Figure 1 illustrates CPSs and the IoT as different advances in ESs capabilities. 

Nevertheless, the overlapping CPS-IoT field (also known as IoT-based CPSs 34) incorporates both set 

of capabilities in these systems. 
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Figure 1: First perspective: CPS and IoT developments from a perspective centered in ESs 

2.2 Second perspective: From cybernetics to CPSs 
The field of cybernetics established the foundations for engineered feedback control systems 

interacting with the physical world, even before the revolution in digital computation and network 

communications 6. Norbert Wiener opened the field of cybernetics in 1948, from applications in 

automatic weapon systems expanding to a wide field of technical systems and even to human 

behavior and neuroscience 41. 

Considering this perspective from the evolution in cybernetics, the notion of CPSs as strictly 

centered in ESs would be very restrictive. Many control applications tightly coupling cyber and 

physical processes are composed of programmable controllers not necessarily embedded or hidden 

into the physical components. In other words, a wide range of industrial devices and operational 

technology (OT) – e.g. supervisory control and data acquisition (SCADA), distributed control systems 

(DCSs), programmable logic controllers (PLCs) - are incorporating the operational features of CPSs 

42. 

In this sense, a complementary and more comprehensive view of antecedents of CPSs could be 

traced back to the development of cybernetics in the 1940’s as the conjunction of analog 

computations, communications, and control 6. These control systems evolved with the introduction 

of digital computers operating as automatic controllers since the 1960s 43, when the invention of 

programmable logic controllers (PLCs) represented a turning point for industrial automation 33. 

Then, improvements in aircraft and industrial process control led to the advent of distributed control 

systems (DCSs) in the 1970’s, enabling remote control operations and a research interest on 

teleoperation 30, 44. The feedback control was no longer point-to-point. Instead, networked 

communications were closing the loops, even if each controller node depended only on local 

information in decentralized configurations 31. In the late 1980s, networked control systems (NCSs) 

incorporated real-time communications 44, introducing technologies such as Ethernet, as well as 

controller area network (CAN) to connect electronic control units (ECUs) in vehicles. 
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Nowadays, NCSs are evolving into distributed configurations 31, 44, enabling task coordination and 

information exchange among automated control subsystems. These distributed networked control 

systems (DNCSs) are therefore characterized by their capabilities for cooperative control 31, thus 

operating as a type of system of systems (SoS) 45. From a system-theoretic perspective, we argue 

that a SoS integrates formerly independent feedback control loops into an interdependent set of 

control loops, allowing the realization of cooperative tasks to achieve a higher common goal. 

Illustrative examples include independent robotic arms holding and rotating together an object in a 

factory, the steering and braking systems of a car autonomously interacting to avoid a collision, 

among others. These interactive feedback control loops could also include human supervision and 

manual control. In the future, these systems could be controlled by artificial intelligence (AI), 

replacing the pre-programmed algorithms by neural networks and self-improving algorithms. 

In summary, Figure 2 illustrates the antecedents and potential future developments of feedback 

control systems as a progressive evolution of control and communication capabilities. Moreover, in 

the following subsection we argue that DNCSs – as conceived in Ge et al. 31 – describe the key 

features of CPSs, considering the cooperative feedback control capabilities arising from the tight 

integration of cyber and physical processes. In DNCSs, programmable controllers are no longer 

isolated in functional - or sometimes even in physical - terms, enabling cooperative tasks between 

several sensors, controllers and actuators in dynamic situations.  

 

 

Figure 2: Second perspective: Sequential evolution from cybernetics to DNCS as CPS 

2.3 The key features of CPS 
From the two perspectives described in the previous subsections, we established the antecedents 

and tendencies for future developments in CPSs. These perspectives are helpful to introduce the key 

features of CPSs and a comparison with other related system types. 

The first perspective centered in ESs is useful to acknowledge the importance of communication 

networks and feedback loops from the physical processes as two key features distinguishing CPSs 
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from ESs. Even though designers may establish some uncritical CPS functions in open loop 

configurations, a key feature of CPSs is the capacity to detect the transformations in the physical 

processes and react in real-time to ensure the functional and safety requirements of the system. 

The second perspective, however, expands the notion of CPSs beyond ESs, including OT and 

industrial devices in wired networks. This second perspective allows the identification of accessory 

features in CPSs, which are growing tendencies in the field with their specific challenges and 

prospects. These accessory features can be present in CPSs, but they are not their constituent 

characteristics. Namely, we consider accessory features: 

 Embedded systems (ESs): beyond ESs, our field of CPSs include systems composed by OT, 

industrial devices and general-purpose computers.  

 Wireless networks: we include systems networked via wired local area networks (LANs).  

 Internet access: in contrast to the IoT paradigm, CPSs can operate without using internet 

protocols. 

 Fully automated control and AI: CPSs could operate in semi-autonomous configurations and 

with traditional algorithms.  

 From the previous analysis, we affirm that DNCSs share the relevant features of CPSs. The presence 

of ESs should not be necessary to characterize CPSs because the specific features of ESs mentioned 

by Marwedel 29 (e.g. size, energy and memory restrictions) are not the key features in this context. 

Even considering the increasing tendency to include ESs, wireless networks, and internet access in 

DNCSs 31, 44, 46, these features do not exclude OT and wired local networks from the domain of 

CPSs because they provide the same essential function of integrating cyber and physical processes in 

control systems. Accordingly, wireless networked control systems (WNCSs) 44, 47, some wireless 

sensor and actuator networks (WSANs) 31, 46, and CPS-IoT applications, are subsets of CPSs 

equipped with their related accessory features. 

Analogously, we consider as accessory (i.e. not key) features the fully automatic control capabilities 

and possible developments in AI-based control in CPSs. Indeed, computers have a major role closing 

the feedback loops in CPSs, but the human supervision and intermittent intervention are still present 

and should be considered 22. In summary, Figure 3 illustrates the field of CPSs with some general 

subsets describing accessory features in dynamic growth. 

 

 

Figure 3: CPS and several subsets with accessory features in dynamic expansion 
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Therefore, we define as key features of CPSs the combination of the following: 

1. Real-time feedback control of physical processes through sensors and actuators 

2. Cooperative control among networked subsystems, and 

3. A threshold of automation level where computers close the feedback control loops in 

(semi)automated tasks, possibly allowing human control in certain cases.  

Subsequently, we conceptualize CPSs as engineered systems that integrate information 

technologies, real-time control subsystems, physical components and human operators to influence 

physical processes by means of cooperative and (semi)automated control functions. 

 The arguments including DNCSs as CPSs are consistent with the literature on safety and security of 

CPSs. From industrial control in process and manufacturing to embedded and IoT-based, these entire 

domains share the key features of CPSs and therefore share the potential of cyber threats to disrupt 

the control system and induce physical harm with safety implications (e.g. human injuries, asset 

damages and environmental impacts). Recent incidents confirm the rising importance of 

cybersecurity to ensure safety in diverse CPS applications. 

2.4 Compatibility of CPS features in security for safety cases 
The realization of cyber threats disrupting SCADA systems and provoking physical consequences 

could be traced back to the Maroochy water breach in 2000 48, 49, 50. This cyber-attack against the 

Maroochy Water Services in Australia led to release of one million liters of untreated water into local 

rivers and parks. A malicious insider (an ex-employee of the system supplier company) used 

unsecure radio communications to access the control system remotely. Subsequently, the attacker 

used his knowledge of the system to reconfigure the pumping stations and disrupt the alarms, 

causing the system to fail in unexpected ways and impeding a rapid response to recover. Even if the 

water treatment plant was not considered a CPS at the time and may not share all the CPS features, 

this cyber-attack raised awareness of the security vulnerabilities in critical infrastructures and the 

potential for physical harm 51.  

Persistently, however, researchers agree on  the Stuxnet worm attack to an Iranian nuclear facility in 

2010 as the turning point on the physical safety risks exploited by cyber threats in the context of 

CPSs 48, 49, 52, 53, 54, 55. The Stuxnet worm entered the system through a USB drive that an 

operator plugged to a Windows computer. Then, the worm propagated throughout the SCADA 

system infecting the PLCs connected to the network. Finally, these PLCs controlling the nuclear 

centrifuges issued malicious commands to manipulate the rotor speed in ways difficult to detect by 

the system and the operators, disrupting the physical processes in the nuclear facility and damaging 

the nuclear reactors. 

Neither this nuclear facility nor the Maroochy Water Services plant were composed exclusively of 

ESs and their system architectures were not completely autonomous. Nonetheless, the control 

system was not effectively isolated from cyber threats coming from the environment. 

Additionally, human operators were unable to respond promptly to the disruptions due to lack of 

awareness induced by the way the sophisticated cyber threats disrupted or circumvented the 

alarms. Thus, preventing degradation in situation awareness between the automated system and 

human operators proves determinant in risk mitigation of CPSs. In this regard, we describe the roles 

of humans and their implications in CPSs in Section 3. 

The vulnerabilities to cyber threats and their potential to cascade into physical harm to human, 

assets or the natural environment are shared among a wide set of CPSs (either industrial or 
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embedded). This is the common safety and security issue in autonomous transportation systems, 

robotics, critical infrastructures, industrial control systems (ICSs) in manufacturing and process 

plants, smart medical devices, among others. A series of more recent examples confirms this fact. 

Considering other relevant attacks to industrial CPS applications, the German Steel Mill cyber-attack 

in 2014 caused multiple components of the system to fail, leading to massive physical damages 56. 

Using spear phishing e-mails, the attacker gained access the corporate network and then penetrated 

into the plant network controlling the physical processes.  More recently in 2017, the TRITON 

malware attack disrupted a petrochemical plant in Saudi Arabia 57, 58.  Beyond security concerns of 

data availability and even operational concerns of continuity in plant operations, this cyber-attack 

intended to trigger a dangerous explosion in the plant (i.e. physical harm). By conducting standard IT 

intrusion mechanisms, the attackers penetrated into the network and targeted the connected safety 

instrumented system (SIS) 59. Even though the SIS operated with a proprietary network protocol, 

enough knowledge of the proprietary system and its connections to general IT networks enable this 

type of cyber-attacks to target the SIS and induce physical harm 60. 

Embedded CPS applications, such as autonomous vehicles, are also vulnerable to physical harm 

when subjected to cyber-attacks. Researchers have identified a wide range of cybersecurity 

vulnerabilities in cars and the potential manipulation of the engine, the steering and braking system 

61. In 2015, researchers demonstrated how a Jeep model was hacked through Wi-Fi connection, i.e. 

a wireless network providing internet access 62. Not only they disrupted the infotainment system, 

but also they were able to access the CAN bus (the vehicle’s wired network) to cut the brakes and 

shut down the engine while driving on the road. This cyber-physical attack was possible even if this 

vehicle was not autonomous. With the development of open communications and increasing levels 

of automation for vehicles, these features become even more important for safety.  Beyond cars, 

similar examples also show the case of cybersecurity attacks hijacking the control of ships 63, 64 and 

unmanned aerial vehicles (UAVs) 65, 66 during operations. 

For more historical attacks to CPSs and empirical demonstrations in research environments, 

Humayed et al 49 described an ample list of attacks to ICSs, smart grids, smart medical devices and 

modern cars. They used the description of cross-domain attacks proposed by Yampolskiy et al. 48 to 

discretize the influenced elements (targeted by the attack) from the affected elements (causing the 

actual damages).  

These types of cyber-attacks disrupting physical systems require broadening the scope from security 

and privacy in CPSs 67 to consider the potential for physical harm and the implications for safety 27, 

68. This broader view stresses the need for a combined safety and security risk analysis in CPS, 

where security and safety goals coexist and require an integration process 15, 69. 

3. Implications of the role of humans in cpss 
In this section, we analyze the implications of the (semi)automated control feature in CPSs, 

considering the role of humans and their potential influence as sources of safety and security risks. 

3.1 Levels of automation and CPSs 
To classify a system as a CPS, the required level of automation is currently unclear 32. Therefore, we 

propose as a conceptual threshold the level where the intended system design assigns the computer 

the role to close the feedback control loops. In other words, computers have the capacity to gather 

inputs from sensors and send commands to actuators without the human as an intermediate. 

Attributing this threshold of automation is not a trivial task because it opens the discussion of the 
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role of humans in CPSs. Particularly, this explicit relationship between a threshold of automation and 

CPSs as a class of systems serves two relevant purposes. 

As first purpose, we delimit the concept of CPSs to the widely agreed domain in the CPSs 

community, referring to these systems as controlled by a computational core 1, 5, 6, 7, 8. The real-

time feedback control of physical processes requires hybrid system modeling to integrate the 

discrete logic of cyber processes with the continuous dynamics of physical processes. Therefore, 

while some research communities use the concept of CPSs referring to applications in a broader 

domain, we emphasize this delimitation to frame the key features of CPSs and avoid fuzziness in the 

concept. 

As second purpose, however, we analyze CPSs beyond the automated subsystem using a systems 

engineering perspective. As Leveson accurately declares: “automation usually does not eliminate 

humans, but instead raises their tasks to new levels of complexity” 25. Subsequently, we emphasize 

the need to analyze the complex interactions between humans in the loop and higher levels of 

automation 30. This emphasis is pertinent in CPSs to avoid reducing the system to the technical 

components and automated functions, but also consider the human roles and their implications in 

the CPS 1.  

As shown in Table 1, Parasuraman et al 70 define automation as a continuum of ten levels where the 

system increasingly performs functions previously carried out by human operators. These levels of 

automation usually include conditional connections. If the level ends with an AND, the next level 

assumes it as an input. For example, in level 5 the system executes a suggestion if the human 

approves, which assumes the suggested alternative in level 4. Conversely, if the level ends with an 

OR, the next level imposes a new restrictive constraint. For instance, level 7 executes automatically 

and then informs the human, while previously level 6 allowed the human a time to veto before 

automatic execution. 

Table 1. Levels of automation, adapted from 30 and 70. 

Low 1. The computer offers no assistance: human must take all decisions and actions. 

 2. The computer offers a complete set of decision/action alternatives, AND 

 3. Narrows the selection down to a few, OR 

 4. Suggests one alternative, AND 

 5. Executes that suggestion if the human approves, OR 

 6. Allows the human a restricted time to veto before automatic execution, OR 

 7. Executes automatically, then necessarily informs the human, OR 

 8. Informs the human only if asked, OR 

 9. Informs the human only if the computer decides. 

High 10. The computer decides everything, acts autonomously, ignoring the human. 

Accordingly, this paper considers a system to be a CPS if it has the capability to operate in level of 

automation six (6) or higher, in the scale from one to ten shown in Table 1. Namely, as a lower 

bound or threshold, the computer “allows the human a restricted time to veto before automatic 

execution”. 

Given that this CPS threshold of automation is general in scope but detailed in description, it is 

suited for extrapolation to other application-based criteria used in different CPSs. For example, the 

Society of Automotive Engineers (SAE) in their J3016 standard 71 defines six levels of autonomous 

driving. At level 0, the car has no autonomous capabilities and the human operator is responsible for 

all aspects of the driving task. Conversely, at level 5 all the driving tasks are managed by the 

autonomous driving system. 

Comparing this criterion from the automotive sector with our CPS threshold of automation, an 

autonomous vehicle (AV) is a CPS starting from level 2 of the SAE standard. In other words, level 2 of 
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the SAE standard is equal or higher to level 6 in Table 1. At this point, the system executes 

autonomously and cooperatively the main functions of the car (i.e. steering, acceleration, 

deceleration) reacting to sensor inputs from the physical processes. Nevertheless, the human driver 

must remain engaged monitoring the environment and should be prepared to intervene physically 

(e.g. turn the steering wheel and push the brakes) if necessary in particular situations. 

Other societies have developed their own criteria for levels of automation in their particular sectors, 

such as railway 72, ships 73, aircraft 74, unmanned aerial vehicles (UAVs) 75, among others. Table 2 

compares these sector-based criteria and assign a threshold in the level of automation to categorize 

these (semi)autonomous transportation systems as CPSs. For other CPS applications (e.g. industrial 

control systems, smart medical devices), the systems under analysis share similar characteristics 

when regarded as CPSs. 

Table 2: Levels of automation for CPS transportation systems 

CPS transport sector 
Equivalent level to CPS threshold 
(level 6 in Table 1) 

Level of full automation in sector-based 
criteria 

Ref. 

Automotive Level 2 or higher Level 5 71 

Railway Grade of Automation 2 or higher Grade of Automation 4 72 

Ships Autonomy level 3 or higher Autonomy Level 6 73 

Aircraft Level 3 or higher Level 4 74 

UAV Autonomous control level 4 or higher Autonomous control level 10 75 

 

Overall, the CPS threshold of automation (level 6 in Table 1) is equivalent to systems “c” and “d” in 

the uses of computers in control loops proposed by Leveson 25, as illustrated in Figure 4. In this 

figure, the operators are human controllers that (1) collect information of the process under control, 

(2) use information to make decisions according to models and procedures, and (3) implement 

control actions to influence the process under control. In systems “a” and “b”, this human operator 

is the only controller in the system.  The computer is not a controller because it is not able to 

provide control actions to the actuators to close the feedback loop with the process under control. 

In these cases, the computer is only interpreting and displaying information to the operator. The 

computer becomes an automatic controller in systems “c” and “d”, closing partially or even 

completely the feedback loops. However, the human operator still fulfills the role of supervisor and 

provides intermittent control actions in some specific cases. 
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Figure 4: Uses of computers in control loops, adapted from Leveson 25: This paper considers 

computer uses (c) and (d) related to the automation threshold for CPS. 

 

Apparently, the CPS threshold of automation would signify that the system does not close the 

feedback control loops in real-time, since the human operator has time to veto. Instead, this choice 

represents the case where the control loops occur in real-time, but the human supervisor can 

intervene actively if necessary as a feedforward control function (i.e. anticipating and reacting 

beyond feedback corrections) 25. 
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Additionally, designers can decide that a few control cases are inconvenient as a real-time automatic 

configuration, considering the complexities involved in the process. Thus, these special control 

decisions require human decision-making, while the real-time control system directly executes the 

main functions in normal conditions. 

Although one level of automation represents a simplification of a complex control system, this 

simplification introduces a threshold to frame CPSs with respect to their degree of automated 

control. In other words, CPSs have the capacity in their control architectures to operate in normal 

conditions at least in this threshold of automation. Nevertheless, this state of automation can be 

dynamic, where operators can deliberately take manual control in special cases. 

In the future, the evolution in CPSs could lead to fully automatic and adaptable control systems, 

ceasing to require human supervisory control. Arguably, the advances in AI could entirely substitute 

the role of humans in supervisory control decisions and manual labor 10, 11. However, the current 

stage of technological development of CPSs is at its infancy 76 and many practitioners recognize the 

essential need for humans in the loop for the future of autonomous systems 77. Furthermore, the 

integration of traditional control algorithms and networked communications with physical processes 

already pose significant challenges for safety and security, considering their implementation in 

safety-critical systems 5, 29, 78, 79. 

3.2 Sharing and trading control: Human roles in (semi)automated processes 
From a systems engineering perspective one should not neglect the interactions between humans 

and technology in automated systems. For example, a designer could be tempted to consider the 

human as another technical component or a deterministic input-output agent. However, Rasmussen 

80 emphasized that human behavior is teleological by nature, i.e. operators act according to goal-

oriented beliefs predicated on available information. In other words, humans (re)act differently in 

different situations, in contrast to fixed computer algorithms. In (semi)automated systems, these 

situations range from repetitive routines with low alertness levels, to unfamiliar tasks under stressful 

circumstances. We extrapolate this analysis to CPSs, since CPSs are changing the way humans 

interact with control systems 1. 

As specified by Sheridan 30, many systems allow for different levels of sharing and trading control 

between computers and humans. In sharing control, humans and computers perform different 

control actions in parallel. In other cases, a trading control capability allows for turning complete 

control to the computer; in case of fully autonomous control, the human only monitors in normal 

conditions, but can take over partial or total control if necessary. 

Therefore, the notion of cooperative control is also possible between computers and humans, 

expanding the notion of cooperative automatic subsystems presented in DNCSs in Section 2.2. In 

other words, although computers close the feedback control loops in CPSs, humans are in the loop 

at different levels depending on the system architecture and on the specific circumstance. 

This flexibility in automation allows the system to adapt and reduce the level of automation when it 

is required. On the one hand, this adaptability enhances the system safety under unforeseen 

circumstances, allowing human operators to deviate the system from prescribed procedures when 

needed to guarantee safety conditions. On the other hand, this capacity to manipulate the system 

opens the possibility for erroneous executions, canceling some strengths of system automation such 

as reliability and predictive performance. 

The notion of cooperative control between computers and humans in CPSs is consistent with the 

theory of distributed situation awareness (DSA) 81. According to DSA, human and non-human agents 



218 
 

hold situation awareness with different views of the system conditions and with overlapping or 

complementary goals. In some cases, an agent may compensate the degradation of situation 

awareness of another agent. This property entails that the system as a whole is the entity that holds 

all relevant knowledge, whereas different individuals have partial views. However, the partial views 

of individual agents must be sufficient to perform the tasks assigned to each of them. Even when 

communication between individual agents is imperfect, they must be able to have awareness of the 

views of other agents and interpret the information passing through the system. 

Several factors compromise the intended human-machine interactions. For example, lack of training, 

complicated human –machine interfaces (HMIs), lower levels of human alertness, and design 

constraints, increase the likelihood of accidents due to human-task mismatches 25, 82. Specially in 

semi-automated systems with safety-critical scenarios, designers must address the potential 

reduction of situation awareness in human operators 83. Conflicting commands with ambiguous 

privilege protocols between automatic controllers and human controllers could also result in system 

errors, ranging from degraded performance to economic and safety consequences.  

Overall, Leveson 25 concludes that the system benefits from the human presence if designers 

include the human accountability and responsibilities throughout the design process in a 

comprehensive way. Accordingly, Parasuraman et al. 70 proposed a design framework to evaluate 

how the types and levels of automation have repercussions for human operators. These 

considerations apply and should be included in CPSs design for safety. 

3.3 Humans as sources of safety and security risk in CPSs 
Human roles should be identified and included as potential sources of risk in CPSs. Even if computers 

close the feedback control loops, humans could still perform complementary roles in cyber 

processes, such as data insertion, intermittent modifications, and parameter readings, among others 

25. Therefore, we consider humans as crucial actors in CPSs, despite the higher levels of automation 

incorporated in these systems. 

On the one hand, human operators are sources of risk of unintentional motive, i.e. with the potential 

to cause accidents traditionally assessed by safety analysts. In this sense, Taylor 84 described a 

methodology to assess human error in process plants, covering human error modes as well as latent 

hazards caused by the system design configuration. On the other hand, both malicious insiders and 

external cyber-attackers could deliberately disrupt CPSs using acquired knowledge of the system’s 

security vulnerabilities and the dependencies between its system layers 53, 85. 

These two sources of risk are different in motive (i.e. unintentional and deliberate) and require a 

comprehensive approach to prevent or mitigate their potential safety-related consequences. Even if 

these different motives would independently lead to the same harmful consequence, the causal 

events in each case could require different protection measures in the system. From these 

considerations, Table 3 summarizes the roles of humans within the system and in the surrounding 

environments as sources of risks from both unintentional and deliberate motives, i.e. from a 

combined safety and security perspective.  

Table 3: Human roles as sources of risk at different system locations 

Risk motives System Environment 

Cyber Physical Cyber Physical 

Unintentional Supervisors using HMI Physical operators External operators Surrounding people 

Deliberate Malicious insiders Malicious insiders Hackers Saboteurs 
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3.4 Humans as prone to safety risks in CPSs 
Human safety is also a matter of concern in the physical processes governed by CPSs. For example, 

new potential human harm scenarios arise from the capacity of collaborative robots to work 

alongside humans in factories, removing the zonal barriers dividing workers and machines and 

allowing human-robot interaction in physical activities 86. 

Furthermore, accidents involving industrial robots still pose a risk to humans, even when there is 

apparent separation in their controlled tasks. In December 2018, an accident involving an Amazon’s 

automated robot punctured a bear repellent spray in a warehouse in New Jersey 87. After spreading 

through the warehouse ventilation system, workers became exposed and two dozen of them had to 

be hospitalized. Moreover, this event is not isolated and has occurred in other facilities 88. 

Other notorious cases for human safety are transportation systems. Recent fatal accidents involved 

vehicles operating in semi-autonomous mode. The fatal Tesla crash in March 2018 resulted in the 

death of the driver after the car crashed to a median barrier 89. During the same month, an Uber in 

self-driving mode was the first reported crash of an autonomous vehicle killing a pedestrian 77. 

These two events resulted from unintentional errors, i.e. they did not involve intentional cyber-

attacks. 

Generalizing these examples to the context of CPSs, safety risks threaten human and assets within 

the system itself (e.g. vehicle drivers, plant workers, patients wearing medical devices). Moreover, 

safety risks in CPSs also extend beyond the system boundaries and pose concerns to humans, assets 

and the natural environment interacting with the system in physical terms. In the next section, we 

describe a multi-layered diagrammatic representation of CPSs to identify these scenarios and 

determine their risk sources. 

4. A general representation of cpss for combined safety and security analysis 
The notion of CPSs is a class of engineered systems grouped by a set of key features. This 

generalization is a useful framework to analyze these systems according to a common 

representation, while allowing for the incorporation of their distinctive characteristics within a 

general framework. As a result, designers, operators, and risk analysts from many disciplines can 

communicate and collaborate using this common representation as contextual perspective. 

Although several methods have attempted a safety and security analysis integration 15, 16, 17, 18 , 

researchers have paid little attention to providing a comprehensive systems representation of CPSs 

for designers and risk analysts to visualize the relevant features of the system. Therefore, the field of 

safety analysis requires a new systems engineering representation that serves as a basis for a 

comprehensive safety and security risk analysis method in CPSs 21, 22. This representation should 

understand the key features of CPSs explained in Section 2 and the evolving roles of humans in 

automation examined in Section 3. In this context, we consider necessary to apply systems thinking 

to encompass the system interactions and feedback loops at different levels. 

To facilitate the identification of safety and security risks in a wide range of CPSs, we refine the 

model of CPS aspects proposed by Humayed et al 49. In their comprehensive review, they conceived 

a high-level abstraction of CPSs as the integration of cyber, cyber-physical, and physical aspects. 

While the physical aspects perform actions in the physical world, the cyber-physical aspects perform 

reactive computations using sensors and actuators. In other words, the cyber-physical aspects are 

operational technology (OT) geographically and functionally located in proximity to the physical 

aspects. Finally, the cyber aspects are higher-level information technology (IT) systems connected to 

the cyber-physical aspects and, only indirectly, to the physical aspects. 
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Expanding on this high-level abstraction, we use systems thinking to represent the elements and 

interconnections of CPSs. According to 90, a valid systems representation grounded on systems 

thinking should: 

 Identify interconnections 

 Identify feedback loops and indicate their impact on system behavior (e.g. impact on 

emergent properties such as safety) 

 Illustrate system structure 

 Differentiate types of flows and variables 

 Identify non-linear relationships 

 Include non-linear behaviors 

 Define the scope to manage complexity by modeling the systems conceptually 

 Recognize the system at different scales 

Subsequently, we conceive the cyber, cyber-physical and physical aspects as technologies and 

entities responsible for the execution of process types in a cooperative multi-layered system. Thus, 

these processes can be diagrammatically located in layers of the system, controlling particular sets 

of information and energy flows. In the next paragraphs, we define information and energy flows. 

4.1 Information and energy flows in CPS process types 
Information flows are transmissions of information required to achieve the functional goals of the 

system in the form of computations and communications. These flows include the interactions 

between operators and technologies through human-machine interfaces (HMIs). In general, the 

cyber and cyber-physical aspects receive, process, confine, and transmit information flows. 

Energy flows are transmissions of energy or matter required to achieve the functional goals of the 

system in the form of physical work. These flows comprise the physical interactions between 

operators and physical components through physical interfaces, such as steering wheels and valves, 

operating machinery using mechanical systems, chemical and biological processes, among others. In 

general, the physical aspects receive, process, confine, and transmit energy flows. The concept of 

energy flows excludes the energies used to transmit information flows. Thus, electric signals, 

electromagnetic waves and other energies involved belong to the domain of information flows as 

their channels of transmission. 

In this sense, we define cyber processes as the uses of IT to control information flows as immediate 

goal (e.g. obtain, store, compute and transmit). Thus, hardware devices, communication channels, 

human supervisors, and other physical entities perform cyber processes if their immediate goal is to 

control information. Conversely, we conceive physical processes as the uses of components different 

from IT (e.g. mechanical, electrical, chemical, and biological) to transform, confine, and control 

energy flows as immediate goal. At the interface between cyber and physical, cyber-physical 

processes are particular forms of cyber processes interacting directly and in real-time with the 

physical ones through feedback loops. Particularly, control mechanisms through sensors, real-time 

communications, programmable controllers, and actuators compose this category of cyber-physical 

processes. 

From this conception of process types, it becomes explicit that energy flows involved in physical 

processes are the direct sources of safety hazards (i.e. potential physical harm) to humans, assets, 

and the natural environment. This association between the performance of physical components, 

the physical human interactions (e.g. operation, maintenance) and the energy flows controlled by 

the system are the traditional focus of safety analysis in physical systems. 
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However, CPSs integrate cyber-physical processes to control the physical processes through 

information flows. Consequently, real-time computations and communications are supplanting the 

human from the control functions, partially removing the human from the physical interface with 

the system. Moreover, CPS architectures conceive cyber-physical processes as close as possible to 

the physical ones in both spatial and functional terms, avoiding high latency issues when safety 

concerns demand a real-time response. For this same reason, real-time control systems (and not 

human operators) are usually in charge of these critical functions. Traditionally, the potential failures 

in hardware (HW) and software (SW) leading to accidents in these control systems are the subject of 

functional safety of programmable electronic systems (PES) 91. Nevertheless, the incorporation of 

commercial-off-the-shelf (COTS) software and hardware, open-source communications and standard 

protocols are introducing vulnerabilities to cyber threats, making security issues a path towards 

safety risks in the physical processes. 

Additionally, CPSs integrate cyber processes on top of the cyber-physical ones. Usually, these 

information flows are subject to supervision and monitoring in control centers through dedicated 

HW and SW. Thus, the human role appears as a monitoring and control agent in those cases where 

the system architecture did not consider real-time automation. Moreover, the human can access 

through HMIs the components performing cyber-physical processes to adjust inputs and parameters 

during different circumstances. Cloud platforms and cloud computing are also possibilities at this 

level. Furthermore, cyber processes may use different control networks from the cyber-physical 

ones, thus avoiding data traffic from use cases that do not require real-time processing. Overall, the 

security of cyber processes are the subject of interest of the cybersecurity field, with emphasis on 

confidentiality, integrity, and availability. In CPSs, however, cyber-attacks disrupting integrity and 

availability are the most important security threats leading to safety risks 78, especially regarding 

how the influenced information flows affect physical processes. 

4.2 CPS master diagram: a multi-layered representation for safety and security analysis 
To provide a comprehensible representation to professionals from multiple disciplines, we organize 

the CPS in a hierarchic structure of layers, each layer corresponding to the cyber, cyber-physical and 

physical processes. A hierarchic structure is useful to conceptualize the subsystems and their 

interface interactions 92, 93, in this case from an initial overview at a low level of resolution. Then, 

we decompose these subsystems in their constituent components with their subsystem interactions, 

giving a more detailed description of the particular processes. 

From the analysis in the previous subsection, in Figure 5 we introduce the CPS master diagram, a 

diagrammatic multi-layered representation of CPSs as layers of process types.  In our hierarchic 

structure, the lower level of the system is the physical layer, describing the energy flows and the 

physical interactions to control them. At the middle level, the cyber-physical layer illustrates the 

real-time information flows to control directly the physical processes through automated feedback 

control loops. At the top level, the cyber layer presents the information flows for monitoring and 

supervision. It is possible to visualize the interactions at the system interfaces and derive the 

mechanisms triggering potential failures across the layers of the system. 

The CPS master diagram refines the CPS aspects conceived by Humayed et al in the security context 

49 and integrates it with the notion of a control structure as conceptualized by Leveson for a novel 

accident model in the safety context 14. The System-Theoretic Accident Model and Processes 

(STAMP) paradigm conceives safety as a control problem, arising from the interactions between 

physical processes, automated controllers and human controllers. Based on STAMP, the System 

Theoretic Process Analysis (STPA) is a hazard identification technique, which was adapted for a 
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safety and security context as STPA-sec 94. Despite its significant capabilities to identify accident 

causes as system interactions beyond individual component failures, in a comprehensive review 

Kriaa et al 15 assessed this technique as providing too macroscopic results and not ideal to identify 

the detailed safety and security interactions. 

In this sense, the CPS master diagram provides a more detailed and explicit representation of the 

processes in CPSs by using the notion of energy and information flows. Furthermore, the CPS master 

diagram in Figure 5 includes the physical and cyber environments, i.e. those processes that are not 

under the control of the system stakeholders and that directly influence the state of the system at 

different layers. Particularly, this representation shows: 

 The information and energy flows used by the system to perform different processes in 

feedback control loops 

 The entities and components in charge of providing services to the system, under the control 

or not of the system stakeholders, and 

 The malicious actors that could intentionally disrupt the system at different layers 

Note that the physical layer of the system and the physical environment exchange energy flows in 

both directions, evidencing the region where safety hazards could potentially develop across these 

interfaces. 

This representation serves as a first step towards a combined safety and security risk analysis, 

providing a generalized diagrammatic illustration of CPS architectures to represent different CPS 

applications. Note that some blocks and control loops might not be present in specific CPS 

applications. Nevertheless, we argue that in principle, CPSs possess all three layers in their 

architectures and usually interact with both the cyber and physical environments.   

In the following paragraphs, we describe in detail the features presented in the CPS master diagram. 
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Figure 5: CPS master diagram: multi-layered representation of CPS and environments with 

information and energy flows  

4.2.1 Physical layer 

In the physical layer, human operators have physical access to the physical components of the 

system. For example, a human driver manipulates the steering wheel of a vehicle, or an operator 

manually opens a valve in a process plant. The physical components control a set of physical 

dynamics, confining energy flows according to the system goals. 

In the case of vehicles, they mainly require a control of kinetic energy, while a process plant usually 

controls a range of energy forms (e.g. potential, kinetic, electrical, chemical). From these physical 

dynamics, a specific set of measurable quantities provide facts about the state of the system at 

different timespans. These quantities can be measured by analog sensors or simply perceived by the 

human operators, who then decide which actions to take to close the feedback control loop in the 

physical layer. 

To conduct these operations, the human should be trained and properly informed of the protocols 

to follow under different circumstances. Nevertheless, the human capabilities impede in some cases 

a real-time response, considering the time needed for humans to process information and take an 

action. In routine tasks, humans might commit errors of distraction, omission or wrong executions, 

although with low probabilities. Conversely, high stress situations and non-routine tasks with 

reduced time constraints rise the probability of human error. 

In terms of security, malicious insiders at the physical layer could use their knowledge of the system 

to perform dangerous physical manipulations. If the CPS architecture considers this possibility, 

physical and functional barriers should impede malicious interventions and provide alerts to stop 

them before leading to hazardous events. 

4.2.2 The interface from the physical to the cyber-physical layer 

This interface is the entrance of the physical system into the digital world, where computers and 

networks control information. Particularly, operational technologies (OT) in the cyber-physical layer 

incorporate the feedback control functions. As an input, sensors perceive physical quantities from 

the physical layer and transform them into digital packets. As outputs, actuators are responsible of 

transforming digital commands into energy flows influencing the physical layer. 

4.2.3 Cyber-physical layer 

In the cyber-physical layer, real-time computations and communications take place. This layer is the 

entrance of the system into the digital world of computers and communication networks, but 

specifically to those processes requiring real-time response to control directly the physical 

processes. These processes in the digital world are named cyber-physical processes. 

Traditionally in industrial applications and safety-related systems, these cyber-physical processes 

have been divided in basic process control system (BPCS) and safety instrumented system (SIS), with 

independent functions and isolated architectures 95. In contrast, the cyber-physical layer in CPSs 

increasingly interconnect and integrate the SIS with the BPCS and higher-level computer systems 96, 

exposing the system to new safety issues. 

In the cyber-physical layer, sensors perceive the measurable quantities from the physical layer and 

the physical environment, transforming these quantities from analog form into digital form as 

information flows. These information flows are transmitted through real-time communication 
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networks. They can operate as wired or wireless communications, depending on the system 

architecture. 

In general, these communications should possess some key features. First, the latency must be low 

enough to guarantee a timely response to the physical layer. Second, they must provide a sufficient 

quality of service (QoS) to avoid packet losses, operating according to secure protocols. Additionally, 

these communications are usually made in a dedicated infrastructure, i.e. as a separate network 

from other processes that do not require real-time capabilities, thus avoiding communication 

jamming and interference. 

In some cases, sensors and the actuators are embedded into motes. These motes are embedded 

systems possessing computation and communication capabilities (e.g. a microprocessor and an 

antenna) integrated with the sensors or actuators. As a result, some cyber-physical processes could 

close the real-time feedback control loops without recurring to higher-level programmable 

controllers. Instead, the information would flow directly from the sensors through the real-time 

communication network to reach the actuators. 

In most cases, however, sensors and actuators do not have sufficient computation and 

communication capabilities to close the feedback control loops in cooperative tasks. In these cases, 

the real-time communication network conveys the information flows from the sensors to higher-

level programmable controllers (e.g. PLCs, DCS controllers, embedded computers). These higher-

level controllers have bigger power sources and more powerful microprocessors to solve complex 

calculations. 

Usually, these controllers are programmed to acquire data from sensors, solve computational 

algorithms, and finally send commands through the real-time communication network to the 

actuators. Nevertheless, some complex functions may require multiple programmable controllers to 

coordinate different actuators in cooperative tasks. Therefore, several controllers could 

communicate through the real-time network to perform these functions. This is why the information 

flows between the programmable controllers and the real-time communication network is a two-

way arrow in the CPS master diagram in Figure 5. 

Although this information needs energy to be transferred and manipulated, the abstraction of 

information flows stresses the main function of these processes to control (e.g. collect, process, and 

send) information. Subsequently, the energies involved in these processes (e.g. electric currents, 

electromagnetic waves) are means to control information. The same reasoning applies for the cyber 

layer, as explained in the next paragraphs. 

4.2.4 The interface from the cyber-physical to the cyber layer 

In principle, the entire infrastructure in the cyber-physical layer is located at the edge of the physical 

processes. In this way, the communications do not require long travel distances that could represent 

a higher latency. Moreover, cyber-physical processes do not incorporate the human controllers. In 

other words, humans are out of the loop in the cyber-physical layer, considering the real-time 

capabilities that humans cannot provide through the system using human-machine interfaces 

(HMIs). These two characteristics (real-time response and human out of the loop) are the main 

differences between the cyber-physical and the cyber layer. 

The transition from the cyber-physical to the cyber layer can materialize in two different ways. The 

first way is the direct transmission of information flows from the programmable controllers to local 

human supervisors via HMIs, not requiring real-time processing as monitoring or maintenance 
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functions. The second way is through the digital transmission of information flows from the 

controllers to the cyber network. In this case, the cyber network transmits this information to 

describe the state of the system at different time intervals, providing valuable inputs to the 

supervisory control system and human operators at remote locations. In return, the cyber layer can 

respond by sending information flows to the programmable controllers or directly to the actuators, 

allowing trading control capabilities in established cases. 

Other particular flows across these layers include the cases where humans edit the parameters of 

sensors through HMIs. Similarly, actuators could send information flows about their status to the 

cyber layer. These two cases go in the opposite direction to the main loops of the system, evidencing 

the complexity in the dependencies in CPSs between their cyber-physical and cyber layers. 

The integration of these  cases are the means by which cyber threats (unintentionally or 

deliberately) disrupting the cyber layer can propagate to the cyber-physical layer. 

4.2.5 Cyber layer 

The cyber layer encompasses those processes in the digital world of information technologies (IT) 

that do not require real-time response, where human operators can perform the role of supervisors. 

The processes at this layer are cyber processes. Among the related technologies, we include 

supervisory control and data acquisition (SCADA) systems, HMIs, supervisory computers using cloud 

platforms for data visualization and parameters adjustment, among others. Subsequently, the 

human appears at the higher-level of the loop, monitoring and controlling through HMIs. 

Therefore, despite being out-of-the-loop at the cyber-physical layer, the CPS master diagram 

considers the case of human in the loop at the cyber layer. At this level, humans have the 

capabilities to provide inputs, edit cyber-physical parameters, and even gain full control of the 

system exploiting the cooperative control capabilities of the system, e.g. taking intermittent control 

of the actuators through remote operation 25, 30. 

The connectivity of the cyber layer to the cyber-physical allows malicious insiders to use HMIs to 

attempt disruptions of the cyber-physical layer. Several protection techniques (e.g. isolating 

privileged execution domains, authentication and access control, firewalls) and response strategies 

(e.g. intrusion detection) can prevent these cybersecurity threats by impeding their propagation 

down through the CPS layers. 

Air gaps (i.e. network isolation from the cyber environment) are common security measures to 

prevent the exposure of the safety-related systems to cyber threats. Nevertheless, malicious insiders 

could also perform cyber-attacks by having physical access to the local cyber network and injecting 

malware through vulnerable ports. As mentioned in Section 2.4, the Stuxnet worm entered an 

Iranian nuclear facility via unprotected USB ports and then propagated throughout the network until 

reaching the PLCs.  System designers and operators need to consider these risks in CPSs, reducing 

the attack surfaces by connecting only the necessary hardware to the networks and providing 

protocols to disable them if intrusions occur. 

4.2.6 CPS system boundary and the surrounding environments 

The CPS master diagram considers a CPS as a system of three interacting layers. However, a 

complete picture of CPSs should consider that this system is also interacting with its environments. 

In this context, we draw the boundaries between the system and its environment with respect to the 

domain of responsibility of the CPS stakeholder. 
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The system is composed by the cyber, cyber-physical, and physical processes that are within the 

control of the system stakeholder (e.g. the plant or infrastructure managers, vehicle operators, 

medical device managers). Outside this domain, we subdivide the environments interacting with the 

system into a cyber and a physical environment. In terms of the CPS master diagram, the cyber 

environment is only exchanging information flows with the cyber and cyber-physical layers of the 

system, while the physical environment interacts with all the layers of the system through energy 

and analog information flows. The following paragraphs explain the characteristics of these 

environments and their interactions with the CPS. 

4.2.7 Physical environment 

The physical environment is the set of external entities, infrastructures, and natural environments 

interacting with the CPS in functional terms through energy flows and analog information flows. 

Some common examples include external providers of physical resources (e.g. electric power, water, 

gas), external assets and infrastructures (e.g. road networks, surrounding vehicles, construction 

sites, agricultural infrastructure), people physically interacting with the system (e.g. pedestrians, 

passengers, workers, residents in the vicinity of a plant), and the natural environment influencing 

the system performance and being influenced by the system outputs. 

The physical environment influences the CPS via the input of energy flows to the system at all its 

levels. From a safety and security point of view, both unintentional and deliberate disturbances may 

arise from the physical environment and disrupt some processes inside the system. Natural hazards 

(e.g. earthquakes, storms, floods, and wildfires), power blackouts, and other physical service 

interruptions are examples of unintentional disturbances, while malicious manipulation of external 

infrastructures, bomb explosions, and asset theft are examples of deliberate attacks arising from 

saboteurs in the physical environment. 

In the opposite direction, the CPS can also influence its surrounding physical environment. From a 

safety point of view, elements of the physical environment may be vulnerable to CPS-driven hazards. 

Particularly, people, assets, or natural environments located geographically near to the physical 

layer of the CPS (or describing physical dependencies with CPS functions) may experience losses due 

to hazardous events arising from within the CPS. In the CPS master diagram, this case is arises as an 

uncontrolled flow of energy going from the physical layer of the system towards the physical 

environment. In other words, energy outputs of the system (e.g. kinetic, chemical, thermal, and 

radioactive) can become safety hazards to the physical environment when a loss of confinement of 

these energies occur 97. These hazards may materialize into physical harm to people (e.g. fatalities, 

severe injuries), asset damage (e.g. collisions, fires, explosions), or impacts to the natural 

environment (e.g. pollution, biodiversity loss and ecosystem degradation) 19. All these safety-

related impacts are the subject of study of safety analysis, while other types of losses (e.g. financial 

losses, reputation losses) may also result from these incidents. Loss of control of vehicles or mobile 

machinery, plant explosions, fires and toxic releases are some hazardous events arising from the 

physical layer with the potential to cause physical harm to the physical environment.  

4.2.8 Cyber environment 

In contrast to the physical environment, the cyber environment is the set of external infrastructures 

and services interacting with the CPS in functional terms through digital information flows. This 

domain may include a wide range of information and communication services. 

A first example is the case of external communication networks, i.e. communication systems not 

controlled by the CPS operators. The cyber and cyber-physical layers of the CPS may operate using 
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cellular communications provided by external vendors, while also these layers can be connected to 

the internet via internet service providers to exchange relevant information with other systems. 

A second example is the case of external control centers, i.e. supervisory control functions 

performed by external service suppliers. Similarly, a combination of internal and external 

supervisory control systems may be present in the supervisory control architecture. 

Finally, a third example is the case external computer servers, namely cloud or fog platforms 

connected to the CPS. In these cases, some information processing functions may be executed by 

HW and SW components outside the domain of control of the CPS stakeholders. 

Specifically, the architecture of the system could include cyber-physical processes to be executed by 

fog platforms, providing higher computing power and real-time control functions at affordable costs. 

Similarly, cloud platforms could provide user-friendly interfaces and computer power to process and 

display monitoring data. The main difference between a fog platform and a cloud platform resides 

on the capacity of the fog to provide real-time response to control the physical system. This real-

time response is accomplished by allocating the computing resources at the edge of the physical 

processes (also known as edge computing 35), thus reducing the processing latency and allowing 

real-time responses. For this reason, fog platforms could be implemented as external infrastructures 

assisting the cyber-physical processes of the CPS, while cloud platforms are only recommended to 

assist cyber processes at higher-levels of supervision and monitoring. 

In all these three examples, the CPS stakeholders are not responsible for maintaining and assuring 

the service continuity of these external systems. Nevertheless, a safety and security analysis in CPSs 

should include the possibility of both unintended and deliberate deviations in the information flows 

coming from the cyber environment. These deviations include, for example, the scenarios of service 

disruption due internet disconnection, SW errors in cloud/fog platforms or packet losses in 

communication with the system.  

Moreover, the interactions of the CPS with the cyber environment also allows the possibility of 

targeted cyber-attacks to the specific platforms used by the CPS. These cyber-attacks performed by 

hackers can disrupt the service availability as Denial of Service (DoS) attacks, compromise the 

integrity of the information flows as Man in the Middle (MITM) attacks, among others. If attackers 

have enough knowledge of the CPS architecture and protocols, they could use these types of attacks 

to penetrate into the cyber-physical layer and provoke damage all the way through the physical layer 

of the system and the physical environment 98. 

An appropriate protection of CPSs against cyber-attacks from the cyber environment should include 

a systematic process of patch management and periodic maintenance of security measures. The 

relevance of these processes in security were evident after the WannaCry ransomware attack in 

2017, which exploited a vulnerability in Windows computers that Microsoft had patched two 

months before. Because unpatched systems were vulnerable to WannaCry, the ransomware 

encrypted around 300,000 computers in 150 countries and affected critical organizations such as the 

National Health Service (NHS) in the United Kingdom 99. 

Open communication protocols are increasingly included in CPS architectures, especially in CPS-IoT 

applications 100. Despite their short ranges, wireless communication technologies such as Radio-

frequency identification (RFID) and Near-field communications (NFC) are not exempt from 

intentional attacks 37. Similarly, wireless local area network (WLAN) protocols (such as Bluetooth, 

Wi-Fi and others) can contain vulnerabilities, allowing cyber-attackers to tamper the 
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communications from remote stations or even use these networks as attack surfaces to inject 

malware into the system. 

Unaware or manipulated operators could also be the gateways leading to cyber-attacks. Unsafe 

manipulation of network (e.g. plugging infected drives to a workstation, clicking phishing attack 

links) can lead to the propagation of viruses throughout the cyber layer with potential repercussions 

to the cyber-physical layer.  As a result, both accidental and intentional deviations arising from the 

cyber environment could disrupt the information flows of the CPS and cascade downstream until 

becoming safety hazards in the energy flows of the physical layer. 

4.2.9 External interactions between cyber and physical environments 

For completeness, the CPS master diagram includes the energy and information flows exchanged 

between the cyber and physical environments of the system. These interactions illustrate the 

dependencies that could exist among the different environments. While normally these interactions 

fall outside the scope of the safety analysis of the system, some critical CPSs could require a deeper 

analysis of the environmental functions surrounding the system. In this way, the environmental 

deviations eventually disrupting the system could be traced back to their external causes, following 

the causal chains across different systems with several stakeholders involved. These cases could be 

relevant in critical infrastructure protection and other CPSs with regional or national security 

implications 101, 102. 

5. A demonstration of the CPS master diagram in the maritime sector 
In this section, we demonstrate an application of the CPS master diagram to represent an 

autonomous surface vehicle (ASV). In doing so, we demonstrate the advantages of conceptualizing 

the key features of CPSs and using the CPS master diagram for system representation. Finally, we 

introduce the promising method for comprehensive safety and security risk identification using the 

CPS master diagram. 

In this case, we analyze the Telemetron ASV - Maritime Robotics’ Polar Circle 845 Sport vessel 103 - a 

real scale testbed that incorporates autopilot mode and a collision avoidance system (COLAV). Figure 

6 illustrates the vessel driving at sea. 

 

Figure 6: The Telemetron ASV vessel platform. Courtesy of Maritime Robotics 

5.1 Conceptualizing an autonomous surface vehicle as a CPS 
The Telemetron ASV is equipped with radar sensors and an automatic identification system (AIS), the 

latter being the integration of a satellite navigation system with an inertial navigation system. In the 

ASV architecture, a programmable controller on-board reads the inputs from these sensors and 

processes them according to a control logic, providing the system with the capability to operate in 
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autopilot mode while navigating at sea according to a pre-established route. Moreover, a collision 

avoidance system (COLAV) is able to detect other vessels in the vicinity, modify the route and issue 

the corresponding control commands to avoid collision according to the international regulations for 

preventing collisions at sea (COLREGS) 103. 

In the following paragraphs, we argue that this ASV incorporates the key features of CPSs described 

in Section 2. 

1. The real-time feedback control of physical processes through sensors and actuators is 

fulfilled via the on-board programmable electronic system. Namely, localization and 

detection sensors give inputs to the programmable controller on-board. In turn, the 

controller issues commands to the steering and propulsion actuators to drive the vessel in 

autopilot mode. These actions influence the states of the ASV and the environment, 

including the maneuvers of surrounding vessels. Finally, sensors detect the new states of the 

system and the environment, closing the feedback control loops in real-time while driving. 

2. The cooperative control among networked subsystems consists of the trading control 

capabilities of the system to change from autonomous to manual mode. Operators can 

obtain this control in two ways, according to the system architecture. In the first mode, on-

board operators can use a switch to take over physical control of the steering wheel and the 

electromechanical propulsion system (human control at physical layer). In the second mode, 

human supervisors using HMIs wired to the controller can use a button in the screen to take 

control over the vessel and assign steering angles and propulsion speed (human control at 

cyber layer). Moreover, humans in a remote control workstation could also take control over 

the vessel as described in the second mode, but in this case transmit the information 

through wireless communications. 

3. The threshold of automation level where computers close the feedback control loops in 

(semi)automated tasks (level 6 or higher in Table 1) is also present. The ASV can navigate at 

sea in autopilot mode and react to obstacles in the environment through the COLAV system. 

From a sector-based criteria of autonomy levels (AL) 73, we categorize this system as AL4: 

human on the loop – operator/supervisory. At this level, “decisions and actions are 

performed autonomously with human supervision. High impact decisions are implemented 

in a way to give human operators the opportunity to intercede and over-ride them.” 

Consequently, in Figure 7 we represent the ASV as a CPS using the CPS master diagram presented in 

Section 4. This diagrammatic multi-layered representation identifies the information and energy 

flows and their feedback loop interactions.  The CPS master diagram also identifies the potentially 

hazardous energy flows at the interface between the physical layer and the physical environment, 

describing uncontrolled flows of kinetic energy that could result in collisions. 

Finally, industrial recommended practices such as DNVGL-RP-0496 63 stress the potential of cyber-

attacks to penetrate the impact marine vessels, disrupting the operational technology (OT) of the 

system and reaching physical consequences. Therefore, we locate potential attackers at physical 

environment (saboteur) as well as the cyber environment (hacker). In Appendix A, we provide an 

expanded version of the CPS master diagram of the ASV, illustrating the specific technologies inside 

each component block and a selection of types of attacks potentially disrupting the system at 

different layers. 
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Figure 7: CPS master diagram as system representation of autonomous surface vehicle (ASV) 

5.2 | A concept for combined safety and security risk analysis: Avoiding physical harm 

Using the CPS master diagram defined in this paper as a framework for risk analysis, practitioners 

from multiple disciplines can apply existing or new risk identification techniques to analyze different 

CPS applications. As an alternative, in further work we aim at providing a risk identification method 

for CPSs, conceptualizing the deviation of cyber processes as Uncontrolled Flows of Information 

(UFoI). These deviations - ranging from unintended incidents to deliberate attacks - are sources of 

risk to the system at the cyber and cyber-physical layers. 
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The concept of UFoI refines the Uncontrolled Flow of Energy (UFoE) model proposed in 97 to the 

field of CPS, considering that cyber, cyber-physical, and physical processes are interdependent and 

interact with their environments. Therefore, we could model the dependencies between safety and 

security sources of risk leading to physical harm as the cascade of UFoI into UFoE, i.e. as 

Uncontrolled Flows of Information and Energy (UFoI-E) 104. This concept of UFoI-E is compatible 

with the notion of security for safety 68, where the focus is to enhance safety risk analysis 

considering the evolving types of physical and cyber-attacks that could lead to physical harm in CPSs. 

6 Conclusions 
This paper conceptualized CPSs as engineered systems that integrate information technologies, real-

time control subsystems, physical components and human operators to influence physical processes 

by means of cooperative and (semi)automated control functions. We identified the key features of 

CPSs as (1) real-time feedback control of physical processes through sensors and actuators; (2) 

cooperative control among networked subsystems; and (3) a threshold of automation level where 

computers close the feedback control loops in (semi)automated tasks, possibly allowing human 

control in certain cases. 

Furthermore, we identified a threshold of automation and its implications for the role of humans in 

CPSs. This explicit relationship between a threshold of automation and CPSs served two relevant 

purposes. On the one hand, as widely agreed in the CPSs community, we delimited the scope of the 

CPSs field to the control systems where computers close feedback control loops automatically and in 

real-time. On the other hand, we analyzed CPSs beyond the automated subsystem using a systems 

engineering perspective, examining the complex interactions between humans in the loop and 

higher levels of automation. 

Finally, we integrated the previous discussions and applied systems thinking to introduce the CPS 

master diagram, a multi-layered diagrammatic representation of CPSs useful to perform risk analysis 

to a wide range of system applications. The CPS master diagram classified physical, cyber-physical, 

and physical processes according to the concept of information and energy flows, assisting 

stakeholders and risk analysts from multiple disciplines in the comprehension of CPSs with their 

related safety and security considerations to prevent physical harm. We demonstrated the suitability 

of the CPS master diagram to represent an autonomous surface vehicle (ASV) and to serve as a 

framework to perform a safety and security risk analysis. In further work, we will integrate the CPS 

master diagram with the Uncontrolled Flows of Information and Energy (UFoI-E) concept, generating 

a method to perform a combined safety and security risk analysis and support responsible 

innovation in CPS applications. 
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Appendix VI: Project summaries appended to Paper B 
 

This appendix presents narrative summarises of the main events of the evaluated projects.  

Railway projects 
Project 1 involved the expansion from single to double track on a 9.5 km predominantly tunnelled 

rail section west of Oslo between the cities of Asker and Sandvika, an upgrade of two stations, and 

the instalment of a new signal system. The project encountered several unexpected events. In the 

second year of its construction, the project faced new safety requirements, and the planned signal 

system had to be replaced. The resulting budget overrun, some NOK 400 million, was countered by 

cost-cutting, using a planned reduction list, on stations (e.g. simplified structures and fewer 

facilities), tunnels (e.g. reduced cross section and pressure reduction measures), and rail (e.g. 

reduced power access). The project was completed on time and under the P85 cost estimate, but 

with reduced technical standards and lower-than-planned maximum travel speeds (160 km/h rather 

than the planned 180 km/h), thus losing the option of faster trains in the future. After completion, 

passenger the growth rate did not increase, and evaluators found no indirect positive effects of the 

project. Since the project added an additional track only to the outermost of three sections of the 

line from the capital city, passenger growth would likely have to await the effects of expansion of 

the inner sections, only just finished at the time of the evaluation, some seven years after 

completion (Nilsson et al., 2012).  

Project 2 involved the construction of a 5.8 km double rail track, including 1.75 km tunnel, as part of 

a larger rail modernisation in the Vestfold region of Norway. From completion of project plans to 

project launch, national signal systems requirements changed, and the planned signal system had to 

be replaced. This was partly due to the decade-long period from completion of plans to project 

launch (2000 to 2009), rendering plans obsolete, and because the originally planned signal system 

(Merkur), then under development, failed to obtain approval, and was subsequently replaced by the 

shared European wireless system (ERTMS). In response, an older, temporary signal system was 

installed on the line, reducing maximum travel speeds. The project was completed eleven months 

late, but on budget, and is projected to remain under the P85 cost estimate after final replacement 

of the signal system. This had yet to occur at the time of the evaluation seven years after 

completion. Evaluators criticised the section-wise expansion of the line (of which Project 2 was one), 

reducing travel time savings on the overall line. However, with the completion of two adjacent rail 

projects, travel time reduction eventually exceeded expectations. However, more adjacent projects 

would need to reach completion to fully utilise the capacity added by the project. In addition, 

neither departure frequency nor punctuality improved as expected. In addition, negative impacts on 

the local trout population was discovered after its completion (Welde, et al., 2017). 

Project 3 involved the construction of a 14.5 km double track and a number of stations, expanding 

an existing single-track line between Sandnes and Stavanger in western Norway. The planned signal 

system (Merkur) failed to obtain approval and was eventually cancelled. A temporary, older signal 

system was installed, pending the first of several signal system upgrades scheduled seven years after 

completion (in the year of the evaluation). In addition, regulatory changes to permissible track 

curvature, forced the relocation of two planned stops and associated tracks. The resulting landscape 

changes – partial infilling of a fjord – gave rise to protests and unintended environmental impacts. 

The project significantly exceeded the P85 cost estimate but was completed on time. After 

completion, punctuality was lower than expected, and, despite significant passenger growth, the 

expected doubling of the market share of rail transport on the route (from 7 to 14 percent) had not 
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occurred at the time of the evaluation. Especially car transport grew more than expected, negatively 

affecting the market share of rail. The water-side route of the track, was another contributing factor, 

evaluators concluded, as this effectively cut the service footprint in half (Sverre, 2015). 

Project 4 added a 5.7 km single track inland shortcut through a 4.4 km tunnel to an existing rail line 

at Gevingåsen, east of Trondheim. The project was completed on time and on budget, although 

formal (not functional) completion was delayed by negotiations with a supplier. A plan to expedite 

the project to take advantage of lower construction costs during the 2007-2008 financial crisis 

proved incompatible with tender conditions, and the original schedule was retained. The project 

achieved several synergies: First, by using the 500,000m3 spoil from the tunnel excavation to expand 

the safety zone at the nearby Værnes airport, reducing costs and environmental impacts. Second, 

the project repurposed the (now obsolete) 3 km costal rail track to a popular hiking trail, facilitating 

88,000 people in its first 14 months, and possibly to be expanded in a future project. Third, the roads 

created for the excavation was used to permanently improve road access between towns at either 

side of the route. The project increased travel speeds from 40-90 to 130 km/h to 130 km/h. While 

this reduced travel times between the adjacent cities, total travel times on the overall line remained 

unaffected due to uncoordinated changes in the stopping pattern of the trains. The evaluation 

showed a negative net present value of NOK 775 million, as both costs and benefits had been too 

optimistically estimated (at a positive NOK 200 million), and evaluators concluded that, 

unexpectedly, the new hiking trail was the most important positive impact of the project (Welde, 

Bull-berg and Olsson, 2017). 

Road projects 
Project 5 involved the construction of a new 10.5 km four-lane road section and seven minor 

bridges. This was the first of four sections of a new road between two towns, northeast of Oslo. The 

new section was to displace traffic on the existing road, plagued by poor curvature, dense boundary 

settlement, noise pollution problems, poor visibility, and a track record of accidents. The project was 

originally planned as a two (and in places three) lane road, but, to facilitate more traffic, its design 

was changed to a narrow four-lane road, separated by a central crash barrier. The three-year project 

was completed on time, within budget, and to specification. After completion, frost cracking 

damaged the road surface. While damages were repaired, the problem increased maintenance 

costs, and continued to affect driving comfort. In addition, the long expanse of some bridge 

elements contracted in low winter temperatures. This in turn caused uneven transitions between 

bridge and road surfaces. While no serious accidents had occurred at the time of the evaluation, 

evaluators raised concerns that the 16 meter width of the road is too narrow for four lanes, and that 

the road could be mistaken for a motorway. While the technical standards at the time were met, in 

hindsight, they were not good enough, evaluators concluded. The decision to build a road (as 

opposed to a railway) was also questioned in light of national climate targets. Evaluators further 

questioned the decision to construct this road section before the road section linking it to the 

nearest larger city (Solli et al., 2015). 

Project 6 involved the construction of a 6.2 km four-lane motorway on part of Norway’s second most 

important land corridor to neighbouring Sweden. The project is one of nine sections of a new route, 

aiming to displace traffic on an existing route, occasioned by congestion, air and noise pollution, and 

accidents. The three-year project was completed on time and to specification, but 5 percent above 

the P85 cost estimate. Evaluators criticised the decision to split construction into smaller sections (of 

which Project 6 was one), which made the construction of the overall route more expensive, e.g. 

because of the need for separate, temporary access roads to each section. After construction, traffic 

demand (and thus revenue from the road-pricing scheme) exceeded projections by 19 percent, and 
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a lower-than-expected interest rate further improved the economy of the project, outweighing 

unexpectedly high operating costs of the toll stations. Regionally, the project increased the 

attractiveness of private transport, and negatively affected the parallel railway line, evaluators found 

(Aass et al., 2012). 

Project 7 involved the expansion of a 4.3 km motorway from two to four lanes on the Norwegian 

side of Norway’s busiest border crossing to Sweden for the centenary of the dissolution of the union 

between the two countries. The four-year project was to alleviate queueing and a high rate of 

accidents on the existing crossing. Archaeological surveys revealed Norway’s largest Stone Age site 

with more than 80 settlements in the area, half of which would be affected by the project. The 

discovery set narrow bounds on the route, but close coordination with the archaeological excavation 

prevented delays, as 14 settlements were excavated. Also, a number of additions were made to the 

project to meet new requirements during implementation. These included additional noise 

reduction measures, an extra roadside stop, and unexpected rerouting of water and sewage 

pipelines. By oversight, the original cost estimate, of NOK 847 million, did not include the cost of the 

toll system, leading to the project exceeding the P50 cost estimate by NOK 11 million, although while 

remaining below the P85 estimate. The four-year project was completed on time and to 

specification. After completion, some queueing at peak hours persisted as the need for parking 

space had been underestimated in the original plans. In addition the project encountered technical 

problems with the toll system and bridge lighting (Søiland et al., 2014).  

Project 8 involved the expansion of a 33 km motorway to four lanes, including the construction of a 

new bridge and a tunnel. The project was to remedy problems with congestion and accidents on the 

existing two and three lane road. The four year project was completed on time and three percent 

above the P50 cost estimate. The final cost included unexpected refitting of existing bridges and 

tunnels along the route, which, by oversight, had not been included in the original plans. During 

construction, a single fatality occurred on the project. After construction, the evaluation found that 

run-off water basins were too shallow, not well placed, and some leaked. In addition, fencing proved 

insufficient to keep wildlife off the road, and wildlife passages failed to prevent the ‘barrier effect’ of 

the road on local fauna. In addition, some queueing problems persisted in the transition between 

the new two-lane bridge and the (now) four-lane roadway (Åsgård et al., 2017). 

Project 9 involved the expansion of 11 km road section from two to four lanes. The project was to 

remedy problems with congestion and accidents on the existing two-lane road. The project was 

completed on time, to specification, and 42 percent under the P50 cost estimate. Evaluators 

concluded that, while the budget could have been set high, the main cause was unexpectedly 

favourable market conditions, reducing contractor prices. After construction, the evaluation found 

that run-off water basins were too shallow, not well placed, and some leaked. In addition, fencing 

proved insufficient to keep wildlife off the road and wildlife passages failed to prevent the ‘barrier 

effect’ of the road on local fauna. (Åsgård et al., 2017). 

Project 10 involved the construction of a seven km subsea tunnel, two bridges, and adjacent access 

roads, connecting four island municipalities to the Norwegian mainland. The fixed link was to replace 

the four ferry lines, and support local industry in the region. At the time of its construction, the 

tunnel would be the deepest in the world at 287 metres below sea level. The five year project was 

completed 1.5 percent below the P50 cost estimate, including a fauna passage, not included in the 

original plans. The project exceeded the schedule by three months, due to a longer-than-anticipated 

preparation period for the tunnel team (which evaluators concluded positively affected project 

costs). The project also encountered additional technical safety requirements in the tunnel six 

months prior to completion. The new requirements followed a fatal tunnel accident elsewhere in 
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Norway. After completion, traffic exceeded expectations, shortening the pay-back period of the 

project (Ulstein et al., 2014). 

Project 11 involved the construction of a 30 km roadway connecting a string of islands off the 

Norwegian west coast with the mainland, including four tunnels (9.s4 km total) and twelve bridges. 

The project was to supplement the four existing ferry lines, decreasing cost and travel time and 

increase reliability – especially in harsh weather and at night, without ferry service. Before start-up, 

the selected route, paralleling a national park, faced local opposition. Road authorities 

recommended an alternative route involving a tunnel and use of existing roadways, however, this 

option was rejected by the regional council. During construction, the project encountered a number 

of technical problems, including faulty bridge supports and tunnel leakages, and rework was needed 

address these problems. The four-year project was completed on time, 3 per cent over the P50 cost 

estimate and 8 percent under the 85 cost estimate. After construction, traffic exceeded expectations 

by about 10 percent, especially heavy traffic serving the fishing industry outgrew expectations. 

However, evaluators concluded that socioeconomic effects would have been greater had the 

alternative route been chosen. This would also have been more advantageous for subsequent 

infrastructure development in the area (Solvoll et al., 2014). 

Project 12 involved the construction of a 5.7 km two-lane sub-sea tunnel (and a 1.5 km single-lane 

tunnel appendix), connecting two islands to the Norwegian mainland. The project was to replace the 

existing ferry line, reducing travel time and elabling night-time travel. The three-year project was 

completed on in time, on budget, and to specification. After completion, higher-than-expected 

water incursion during heavy rain caused flooding of the tunnel, and the pumping station was 

replaced at an additional cost of NOK 5 million. Traffic through the tunnel exceeded expectations, 

and the exemption of electric vehicles from road toll resulted in one of the highest penetration rates 

of electric cars in Norway on the two islands, the fleet increasing from eight vehicles in 2009 to 177 

in 2014. Traffic growth exceeded expectations, and evaluators concluded that if traffic growth rates 

continued (at 9 percent per year), the two-lane tunnel would exceed recommended congestion 

standards just nine years after completion, raising concerns that a broader tunnel should have been 

chosen (Ulstein et al., 2015). 

Building projects 
Project 13 involved the construction of a maximum security prison with room for 227 prisoners in its 

closed section and 24 in a transition (to release) section. The project was to increase prison capacity 

in Norway, and replace outdated prison facilities elsewhere. Both initial cost and time estimates 

were based on incomplete market assumptions, and it became clear already prior to construction 

that cost estimates were low in light of the market situation. The project was brought to a three-

month halt, while Parliament deliberated (and eventually granted) additional funds (some 30 

percent) and a revised time table (revised cost estimates are shown in Table 3 in the paper). The 

final cost of the project was below (the revised) P50 estimate, within the revised deadline, and to 

specifications. Evaluators found that the prison concept, focusing on rehabilitation, had higher 

operational costs per prisoner, compared to other prisons (about 9 percent), and to renting capacity 

abroad. However, evaluators, found no evidence that the concept lowered the relapse rates 

(Englund, 2016). 

Project 14 involved the refurbishment of 15,000 m2 existing buildings and the addition of 13,000 m2 

new buildings to a local university collage. The project was to co-locate a number of previously 

dispersed facilities. The four-year project was completed on time, to specification, and under 

budget. After construction, evaluators found that expected benefits of co-localisation, were limited 
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by the physical distance between rooms within the new building, and few shared facilities. In 

addition, in the years after completion, a number of unexpected revisions and upgrades had to be 

made to the building, including insulation and changes to the interior design, increasing costs. Also, 

evaluators found that the facilities had little room for expansion. Evaluators further criticised the 

project for its isolated location, some 3 km from the city centre. This, combined with a shortage of 

local student accommodation, increased commuting and limited after-hours student activity, and 

thus positive economic and cultural effects on the local community, compared to a more central 

location (Finne et al., 2015). 

Project 15 involved the construction of a 35,690 m2 ballet and opera house in the Norwegian capital 

with three venues. Through the project period, cost estimates were increased by 20.7 percent, due 

to unexpected complexity of the construction process, changes to the project, an unfavourable 

market situation (higher prices and labour shortage), and increased implementation costs due to 

upgrades and late delivery of equipment. The six-year project was completed under (the revised) 

P85 cost estimate (but over the P50 estimate), and completed six months early. After construction, 

visiting productions fell below expectations, and one venue did not meet requirements for acoustics 

and flexible scenography, contributing to fewer-than-expected productions. Financially, retirement 

costs for artists (partially covered by the opera itself) and operational costs exceeded expectations, 

threatening the future number of productions, evaluators estimated. At the national level, the 

absorption of funds from other cultural institutions were less than expected, due to additional funds 

granted to the cultural sector (Whist et al., 2016). 

Project 16 involved the construction of a 7,700 m2 border check point in a 75 acre area on Norway’s 

busiest border crossing to neighbouring Sweden for the centenary of the dissolution of the union 

between the two countries (a follow-on from Project 6, launched two years earlier). The two-year 

project was to construct a shared checkpoint for police, traffic, and customs authorities, make 

controls more efficient, and alleviate queuing. The project was completed on time, under budget (94 

percent of the P50 cost estimate), and to specification. After completion, heavy traffic increased 

beyond projections, and, combined with uneven traffic loads and unfamiliarity with Norwegian 

customs procedures among foreign truck drivers, severe queuing problems persisted. Evaluators 

concluded that the checkpoint is at the limits of its capacity but could point to no immediate 

solution. As an unintended side-effect of increased control, evaluators found that smugglers re-

routed to other border crossings. Finally, the lasting need for the customs checkpoint was premised 

on Norway’s continued exemption from the European Customs Union, something which could 

change in the future (Finne et al., 2012). 

Project 17 involved the construction of an 11,700 m2 science park, integrating an existing university 

centre, a museum, and scientific archive on the Arctic archipelago of Svalbard. The three-year 

project was to increase capacity of the university centre, integrate it with adjacent scientific 

communities, and signal Norwegian sovereignty and presence in the Arctic region. Despite the 

demanding climate, limiting the choice of materials and the building season, the project was 

completed on time and under budget, although with minor revisions. Copper piping proved 

incompatible with the water quality on Svalbard, and had to be replaced at an additional cost of NOK 

4 million. At the time of the evaluation, a decade after its completion, the university centre again 

experienced capacity shortages on office space, laboratory facilities, and reading rooms. In addition, 

evaluators questioned whether the strategic and political value of the project – Arctic presence, and 

supporting the local community – could have been served more cost-effectively by other means 

(Whist et al., 2014). 
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IT-projects 
Project 18 involved the development and implementation an IT system for the newly unified agency 

responsible for the administration of welfare services and payments in Norway. The new system was 

occasioned by a welfare reform, soon to take effect, calling for a unified welfare administration. The 

five-year project involved both further development of existing programmes and databases, and the 

roll-out of new telephones, email, and terminals for some 400 municipal, regional and national 

offices. The project was to replace three previous IT systems, making all administrative functions and 

self-service available on a single platform. A significant number of changes to the system were made 

during implementation to accommodate the needs of the reform, e.g. the planned telephone 

solution was changed, and the functionality of interfaces was revised. The project was nonetheless 

completed on time and on schedule. After implementation, evaluators concluded that the system 

worked as intended, was well received, and with no unexpected side-effects. Evaluators attributed 

this, among other factors, to the relative technical simplicity of the project, having chosen to work 

with ‘old technology’ and existing infrastructure, and the overriding requirement to deliver in time 

for the reform, rather than aiming for a ‘perfect system’. This also meant that, in the long-term, the 

system would not be sufficient, and that a replacement would be needed (Johansen et al., 2014). 

Project 19 involved the implementation of a new IT system at the agency responsible for payment of 

public retirement funds. The project was one of the largest IT projects in the Norwegian public 

sector, and was occasioned by new requirements of an up-coming pension reform. The project was 

launched before the reform was passed, and with a deadline at the time the reform was to take 

effect. The assumption at project launch, in 2008, was that the reform would be based on existing 

regulation and requirements. This was reflected in the initial budget of NOK 630 million. Two years 

into the project, however, the requirements of the reform, still being negotiated, became clearer, 

and the budget was increased to NOK 1,006 million. The final requirements of the reform were 

known only months before the project deadline, and the project underwent three quality checks and 

substantial revisions during the project period. Project deliverables underwent multiple, significant 

changes, and drew extensively on line-employees to test new systems. This negatively affected day-

to-day operations of the agency and its partners. However, the project was completed within (the 

adjusted) budget, and in time for the reform to take effect. The project met the requirements of 

reform, was well-received by its users, and significantly improved the operations of the agency, 

evaluators concluded (Ulstein et al., 2015). 

Defence projects 
Project 20 involved establishing a 193 km2 multi-functional army training area, covering all major 

force types; infantry, artillery, tanks, engineering, and special forces. The eleven-year project was 

completed three years over schedule, in 2012, but all major facilities were in operation as planned, 

by 2008. The delay was caused by changes requested by the army, and did not significantly affect 

users, evaluators found. Other change requests were accommodated by altering specifications and 

the order of construction: Urban warfare facilities were moved off-site, water facilities were 

reduced, 30 km artillery ranges were delayed, and 35 km ranges were abandoned. The project was 

completed on budget and to (the revised) specifications. After completion, the training area proved 

unable to meet its original (but unrealistic, evaluators found) goal of accommodating exercises 

involving four battalions simultaneously within safety specifications. By oversight, this goal proved to 

be a left-over from earlier in the planning-process, incompatible with the available area and safety 

requirements (Whist et al>, 2015). 

Project 21 involved the construction of five 273 ton plastic-composite missile-torpedo boats for the 

Norwegian navy, and the upgrade of a sixth prototype vessel of the same class. The project also 
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included weapon systems, spare parts, training systems, and documentation. The project was 

completed 12 pct. under budget (projected), but 3.5 years over schedule due to technical problems 

with weapon system integration, and problems with the originally intended serial production of the 

original prototype vessel. Also, the project encountered adverse market conditions, as originally 

intended parts were no longer in production, and had to be substituted. The vessels were delivered 

to specification, were adopted by the navy, and doubled surface capacity as planned. The expected 

positive economic impacts of choosing (mainly) domestic contractors were not realized, as delays 

and overdue-penalties caused net losses for the major national contractor. After adoption, the 

relevance of the vessels remained disputed, evaluators found: Critics argued that their capabilities 

exceed their role, their tasks overlap with those of existing platforms, and that alternative 

investments could have further improved overall defensive capabilities. These alternative 

investments (e.g. new submarines) could now be constrained by the costs of the project (Whist et 

al., 2012). 
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Appendix VII: Interview guide appended to Paper C 
 

What are the major steps of your process to make a strategy initiative work?  

 Could you please describe and draw the process of your last strategy initiative. How did 
you “get it done”?. How did you approach it? What steps did you follow? What were 
important milestones?  

 
What are examples of major risks and uncertainties you encountered during this process?  

 Give us an example of a risk, uncertainty, or unknown factor at the beginning of the 
strategy process.  

 Can you give us more examples of risks, uncertainties, unknown factors that were 
important as the strategy process unfolded?  

 Can you give us examples of unforeseen events that occurred during the strategy 
process?  

 
What are examples of how you made important decisions?  

 Give us some examples of major decisions in this process that were particularly 
uncertain.  

 Give us some examples of how you made these decisions, even though there was a lot 
of uncertainty.  

 If you were able to go back on time, and meet in yourself in the beginning at your first 
strategy implementation, what would you tell your younger self? Why?  

 
What are examples of simple, visual tools you use during the strategy process?  

 Can you give us some examples of “simple tools” or visual aids you use during the 
strategy process?  

 What is it that makes these “tools” useful to you? What are examples of tools that were 
not useful, and why?  

 
What are your “ground rules” or principles for designing effective strategy processes?  

 Can you give us some examples of your rules or principles that you follow when 
designing effective strategy processes?  

 We will discuss some principles in what engineers call “Design Thinking” when designing 
complex technical products. Do they make sense for strategy implementation? If yes, 
give us an example.  

 

  



247 
 

Appendix VIII: Interview guide appended to Paper D 
 

Interview guide: Planning-phase interviews 
Could you describe the role of your organisation in the project? 

What, in your opinion are the most important assumptions of the project about…  

 The problem the project is to solve? 

 The solution the project is to provide? 

 Competing solutions? 

 The timing of the project? 

 The project partners? 

 The process of the project? 

 The results of the project? 

 Users? 

 Other assumptions? 

What do you see as the most important or pivotal assumptions of the project, and why? 

What do you see as the most uncertain assumptions of the project, and why? 

Is the project realistic, in your opinion? Why/why not? 

What do you see as the most important results, which the project must deliver to succeed? 

What do you see as the most important assumptions, which must hold for the project to succeed 

and why? 

Is the project prepared for planning assumptions to be falsified, if yes, how? 

What has already been done for project assumptions to hold, if anything? 

How can the project succeed regardless, if projects prove too optimistic? 

How can the project over-perform, of assumptions prove too pessimistic? 

Can expectations to the project be adjusted, if assumptions does not hold? 

What opportunities do you see for making the project less dependent on what you do not know? 
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Interview guide: implementation phase   
 

In your eyes, what are the most important advances of the project over the first two years? 

 With respect to legal approval and test bed setup (WP4) 

 With respect to test, data collection and analysis (WP5) 

 With respect to development of recommendations for up-scaling (WP6) 

 Other advances? 

What, in your eyes, have been the most important surprises over the first two years? 

 Within the project organisation, e.g. partners, activities, technology, etc.? 

 Beyond the project organization, e.g. political decisions, physical conditions, sub-

contractors, etc.? 

 With respect to the project’s goal/purpose, e.g. deliverables, specifications, ambitions, 

demands, expectations, etc.? 

 Other surprises? 

What has been the significance of these surprises for the project? 

 What parts of the project has been impacted, and how? 

 What project management decisions and actions has this occasioned? 

 What has been the consequences for the project? 

 


