
 
 
 
 
 
 
 
 
 

 
Master’s Degree Thesis Industrial Engineering  |  ISRN: BTH-AMT-EX--2017/CIM-01--SE 

 

Supervisors: Martin Svensson, Alessandro Bertoni 
 

 
 
 

Uncertainty Management 
for Knowledge Maturity in a 
High-Consequence Industry 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 

 
 

Maximillian Lanander 

Blekinge Institute of Technology, Karlskrona, Sweden 2017 
 



 
 
 
 
 
 
 
  



Abstract 
 
In industries where risks involve high consequences, uncertainties are cause for concern, es-
pecially in early stages of producing a product or service when less is known about the final 
design. To counteract this, uncertainties must be managed during evaluations to reach the best 
decision possible. The purpose of this research is to assert how to manage uncertainties in the 
early stages of designing a product or service for a high-consequence risk company using the 
concept of knowledge maturity and descriptive decision based methods to assess uncertainty. 
As such, it was assessed how a high-consequence risk company deals with and manages un-
certainties in early product development. It was then determined how uncertainties could be 
managed in design engineering. This was fulfilled by conducting semi-structured interviews 
with staff at GKN, an aerospace company that deals with extensive uncertainties in a high-
consequence industry. To complement this, literary reviews were conducted encompassing 
uncertainty assessments in design engineering. The findings showed that uncertainty in the 
early stages of design is either lingered on until more information is made available or cir-
cumvented by developed mitigation plans. It was also discovered how evaluations are carried 
out in early design considering uncertainty. Lastly the findings implicate that uncertainty as-
sessments are applicable through use of descriptive decision based models coupled with a 
knowledge maturity scale in a stage gated process. 
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Sammanfattning 
Inom industrier där risker involverar höga konsekvenser så är osäkerheter anledning till oro, 
speciellt i tidiga stadier av produktion för produkt eller tjänst då man vet mindre om den slut-
giltiga designen. Osäkerheter måste hanteras under utvärderingar för att motverka detta och nå 
det bästa beslutet. Syftet med denna forskning är att hävda hur högkonsekvensriskföretag ska 
hantera osäkerheter i tidiga stadiet av produkt- eller tjänstdesign genom att använda konceptet 
knowledge maturity och deskriptiva beslutsmetoder för att bedöma osäkerheter. På så viss 
fastställs hur högkonsekvensriskföretag hanterar osäkerheter i tidiga stadiet av produktut-
veckling. Efter detta framstod det hur osäkerheter bör hanteras i design engineering vilket 
uppfylldes genom att utföra semistrukturerade intervjuer med personal på GKN, ett flygkom-
ponentsföretag som hanterar omfattande osäkerheter i en högkonsekvensriskindustri. Det här 
komplimenterades med litterära studier som omfattar osäkerhetsbedömningar i design engine-
ering. Resultaten visade att osäkerheter i tidiga stadiet av produktutveckling hanteras genom 
att invänta ytterligare information eller genom att konstruera handlingsplaner för att kringgå 
osäkerheten. Det upptäcktes även hur bedömningar sker i tidiga stadiet av produktutveckling i 
hänsyn till osäkerheter. Slutligen konstaterades det att osäkerhetsbedömningar är applicerbara 
genom användning av deskriptiva beslutsmetoder kopplat med knowledge maturity-skalan i 
en stage-gate-process.   
 
Nyckelord: Uncertainty, Knowledge Maturity, Stage Gate Process, Decision Making 
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1. Introduction 
 
A high-consequence risk [1] industry, is an industry wherein risks may lead to drastic conse-
quences, such that would impact human health or safety. Within these industries, managing 
potentially dangerous scenarios means putting a large emphasis on assessments and decision 
making [1]. In the aerospace industry, this involves in large parts physical safety, as the vehi-
cle needs to safely transport people or dangerous goods. Confident decisions need to be taken 
in evaluation that can guarantee safety to the furthest extent possible [2]. A lack of 
knowledge, especially in early stages of design, make it difficult to reach certainty or confi-
dence in order to make a decision. In industries where design evaluations involve high-conse-
quence risks, it is imperative to define these uncertainties [1], as to improve the effectiveness 
of coming closer to a correct decision. 
 
GKN Aerospace Systems Sweden is a global first and second tier supplier of mainly commer-
cial aircraft engines, serving companies such as Rolls Royce, Pratt & Whitney and General 
Electrics. The aerospace industry is muddled in rules and regulations concerning consumer 
safety, and GKN is as such a part of a high-consequence risk related industry, as a grave mis-
hap might lead to human casualties. Their involvement stretches from the early to later stages 
of research and development, all of which includes making engineerial and economical deci-
sions. These decisions happen according with a program plan for any product and/or service 
being developed, structured after Cooper’s Stage-Gate Process [3]. The process involves 
stages from preliminary design to final product and every stage ends with a gate wherein an 
evaluation is done and decisions are made. As a product or service is designed over time, the 
knowledge about the design problem increases while the freedom to make changes decreases, 
otherwise known as the design paradox [4]. The earlier in the design process you find your-
self, the less knowledge you have, making it difficult to make confident decisions.  
 
Decision making is the act of making rational choice based on the expectations of the evalua-
tor of a set of consequences to an operation, where a choice is made between a set of alterna-
tives [5] [6]. Decisions are normatively based on risk assessments, where risk analyses apply 
probability distributions to set events or options as to get a better understanding over the like-
lihood of outcomes and decisions are subsequently based on these. But some outcomes cannot 
be calculated as risks, because they are not risks but uncertainties. This is when an assessment 
group is forced to supplement knowledge by applying subjective decision weights based on 
expert opinion [1] [7].  
 
Uncertainty is classically defined as a void of information by Frank H Knight [8] [9]. Epis-
temic uncertainty, is the contextual lack of information, where gaining more of the same in-
formation would result in a reduction of uncertainty [1] [10]. A lack of information means 
that normative decision theory cannot be utilized correctly, since the decision would have to 
be based on partial information [11]. Yet, often risks are used synonymously with uncertainty 
[1] [7] [8]. Not differentiating between the two leads either to neglect, wrongful estimates or 
potential dangers when high-consequence risk management becomes more stringent and nar-
row as requirements for safety continue to increase, in turn increasing the needed manage-
ment for uncertainty [2] [1]. When the terms are used synonymously, it draws the point fur-
ther away from it being classified as uncertainty, prompting for example, a conservative engi-
neerial response, where the positive outcome of an interval is likely 1% to 10 % but might be 
locked in as an assumption of 1% conservatively and neglected in comparison to other other-
wise viable options. 
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In decision making many problems arise in uncertainty as unlikely events are overestimated 
and overweighed in their probabilities which is then considered in decisions taken, signifying 
Kahneman’s and Tversky’s findings during their empirical studies that started in 1979 [12]. 
The findings highlight the subjective factors that impact decision making both in industries 
and our daily lives. Despite these findings, theoretical disputes and the subsequent lack of a 
golden standard makes it difficult to argue for the adoption of new practices [11] [13]. The 
purpose of these practices is to help elucidate decisions made under uncertainty. 
 
Knowledge maturity in decision making is the concept of an increase in knowledge, when in-
formation is improved in terms of relevant resource or in consideration of the source itself. 
The better the source of the information provided and the more appropriately it is handled, the 
more certain and mature it is. A table with scales was constructed to conform the steps of 
knowledge maturity within decision making during a stage gate process. Part of its intention 
is to elucidate uncertainties by a clear understanding of the boundaries. However, the specif-
ics of defining and or measuring uncertainty is yet to be defined [14]. 
 
High-consequence risk industries such as GKN must attain confidence and certainty in deci-
sions to try and reach the best outcome. This is difficult in the early design stages of a product 
and/or service where the least amount of knowledge exists. The knowledge maturity scale was 
developed to counter issues such as this, but the feature of elucidating boundaries has yet to 
be defined. The evaluation of the decision maker becomes more difficult because of the lack 
of knowledge needed to supplement a probability distribution in cases of uncertainty. When 
an evaluation is made, the correct decision is reflected in the results. In industries where high-
consequence risks are managed, uncertainty can lead to wrongful decisions being taken and 
consequently damages the company and its stakeholders [1]. 
 
Practically there is a need for accurate and efficient uncertainty assessments in high-conse-
quence industries as safety standards increase and the margin for error becomes narrow. Un-
certainty also has the effect of becoming costly for a company and its stakeholders. It is theo-
retically made worse by the design paradox as design freedom and knowledge are both neces-
sities in designing products and services. Knowledge maturity is a concept that supports eval-
uation in cases of uncertainty and the knowledge maturity scale is a method perpetrating this 
in a stage gated process. However, there are no defined means of specifically managing un-
certainty within the scale. This is a consistent problem throughout academic fields on the 
topic of managing uncertainty as no method or approach has been agreed upon to be used for 
uncertainty assessments to complement risk assessments industry wide. 
 
1.1 Objectives and Research Questions 
 
The purpose of this study is to define and refine epistemic uncertainty assessment in the con-
text of systems engineering regarding a tier aircraft engine supplier/manufacturer from a high-
consequence risk industry in the early stages of design. This in favor of increasing design 
freedom in early design, to increase the understanding of uncertainty management in the deci-
sion making of a stage gated process and to further develop the knowledge maturity scale to 
include management of uncertainty assessments.  
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In order to define and refine epistemic uncertainty assessment for a stage gated process, the 
following research questions were attained: 
 

 How does an engineer in a high-consequence risk company deal with epistemic 
uncertainty in engineering design decision making? 

 
o How is epistemic uncertainty managed in decision making of early product 

development? 
 

o How can epistemic uncertainty be managed to increase decision makers’ 
awareness of uncertainty during evaluation in engineering design? 

 
These questions will be answered towards the purpose through study of literature and inter-
views conducted with staff related to evaluations and decision making in a high-consequence 
industry company. 
 
1.2 Delimitations 
 
The scope of the study is limited to the engineering design and product development areas 
within high-consequence risk industries that apply stage gated processes. These areas include 
early design stages facing a prominent design paradox where there is a lack of knowledge. 
Within uncertainty, a lack of knowledge that could be decreased through more specific 
knowledge is a feature of epistemic uncertainty, and as such the decision making treated is of 
epistemic uncertainty in the early design stages of a high-consequence risk company. 
 
The literature review and its analysis have been run at a level of aggregation that allows the 
generalization of the findings to the context of decision making in product development. Nev-
ertheless, the collection of the empirical data presented only concerns the staff members inter-
viewed at a single company. This can be considered a limitation in terms of generalizability of 
the specific findings in the semi structured interviews. 
 
2. Theoretical Framework 
 
This chapter starts with an overview of decision theory as to what it is and what the issues 
surrounding the field are. Decision theory then traverses into decision making in engineering 
design, explaining the stage gate process used to evaluate in the design of products or ser-
vices. Related to this is the concept of knowledge maturity and the knowledge maturity scale, 
an intended support tool in decision making, including situations of uncertainty. The rest of 
the chapter describes uncertainty, its classifications, delimitations, issues of managing uncer-
tainty and two methods propagating uncertainty assessment.  
 
2.1 Decision Theory 
 
Decision theory is a non-established theory that has trickled through a myriad of academic 
fields, leading to many ways of defining what decision making is and should involve opera-
tionally. The addition of research that has culminated in what decision theory is today origi-
nated from many different fields based on relevancy. In turn, most of these contributions have 
resulted in what is today referred to as decision theory [13]. 
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A significant division of decision theory comes in the form of normative decision theory and 
descriptive decision theory. Normative decision theories are affiliated with those that dictate 
the rational behavior when faced with risk. It concerns itself with how decisions should be 
made [15] [16] [17]. Descriptive theories are aligned with how decisions come to fruition, 
based on how people act. It is the consideration of how a decision is made rather than why it 
should be made a certain way, and accounts for what is seemingly irrational and biased 
behavior [13]. Something that often differs from what is assumed to be rational normative 
decision making has been shown by studies of descriptive decision making to directly work in 
opposition to the normative decision theories [15] [16] [17]. The problem with normative 
decision theories in practice is that they are based on a homo economicus , a bastardized homo 
sapiens, modern man, as one whom makes perfect decisions based on theory. However this 
does not completely entail real case scenarios, and has been proven to not work under certain 
conditions. To base ourselves on a homo economicus, the prevalent picturesque version of 
homo sapiens as a species who acts self-servingly, optimally without failure, does not account 
for cognitive behavior either [18] [19]. Instead ”…bounded rationality, whereby choice 
behavior is regulated by cognitive and environmental constraints” [19, p. 458] has been 
argued as better describing decision making [24] [25]. According to Simon Herbert, the 
behavior surrounding choice is dominated by cognitive constraints and the environment of the 
choice itself [20] as also shown in the paper on prospect theory, engineers do not base their 
decision solely on the probable outcomes of utilities [12].  
 
Decision making in engineering design involves balancing the knowledge of the design 
problem and the freedom to make changes over time. When a decision is made in the design 
process it leaves less freedom to make altering changes. Gathering knowledge is an endevour 
that takes time and over time as decisions are made it leaves you with less freedom to design 
anew or make changes. This is known as the relationship between design freedom and 
knowledge, referred to as the design paradox [4][Fig. 1]: 
 

 
Fig. 1. Design paradox showing percentage of design freedom and knowledge 

about design problem over time for a design process. [4] 
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In a high-consequence technology industry such as aerospace, decision making needs precise 
evaluation in order to circumvent high-consequence risks. High-consequence risk industries 
refer to industries where risks may include grave consequences to health and safety [1]. 
 
Papers on decision making usually focus on time spent in evaluation-choice routines. Simon 
[20] and Mintzberg et al argues that this is “… rather curious …” [21, p. 257] considering 
their study found that the least amount of time and significance of all types of production re-
lated activities was spent on evaluation and choice. However, evaluation and choice is what 
determines whether a design process involves decision making in the first place. [13] 
 
2.1.1 Decision Making in Engineering Design 
 
Stage Gate process developed by Cooper [3], is a product development process, mapping 
operations with the intention of minimizing uncertainty and risk at points where major 
decisions have to be taken. It is a concept widely adopted in the aerospace industry, and it is 
meant to increase effectiveness and efficiency of new product development [3]: 
 
The Stage Gate process is divided into a series of stages and gates, the number of which 
depends on the scale of a project or program and individual preferences of companies [3][Fig. 
2.]. 
 

 
Fig.2.  A generalized stage gate process. [3] 

 
During the stages, a project team consisting of members from different departments work in 
unison to obtain relevant resources and knowledge [14] through activities determined from 
the output of a previous gate. These are later analyzed, in order to help minimize risk and 
uncertainties relating to the design and development. The team delivers the results to a gate, 
where it is decided whether or not to further invest in the project. After each stage and gate, 
invested total resources are managed more properly by systematically evaluating each stage of 
a project. [3][Fig. 3.] 
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Fig. 3.  Explanation of stages and gates. 

 
2.2  Knowledge Maturity 
 
Knowledge maturity is defined by information that is improved in terms of relevant resource 
or in consideration of the source itself towards the definition of maturity according to 
Johansson [14]. The better the source of the information provided, the more certain and 
available it is. The better the information, the more developed and mature it is. In knowledge 
maturity, the information helps make an evaluation more accurate and subsequentially more 
effective, depending on both quantity and quality. Knowledge Maturity is also important in 
order to agree on a common vision and goal, to properly convey risks and requirements 
among experts, including stakeholders [14]. 
 
The Knowledge Maturity scale was developed in order to be implemented within product and 
service development, to better utilize and understand the information being used and how it is 
evaluated upon during decision making. It was generally constructed as an assistance to the 
stage-gate process and intended for gate review meetings. The scale is not intended as a rigid 
system, rather as a support to be implemented in evaluation routines, regardless of whether or 
not meetings are kept short. It was developed in order to make for better ” ... methods that are 
suited for cross-disciplinary decision making.” [14, p. 45] [14].  
 
The knowledge maturity conceptual framework is due in three parts: [14, p. 42]  
 
Input: Relates to the ”maturity” of the information that is put into the evaluation. The 
knowledge maturity scale handles and weighs up the certainty and source of the information 
to put it into perspective via indicators. Whatever material is used for decision making needs 
to be put into consideration conscerning how valid the source is. 
 
Method: Different methods generate more or less confidence depending on the case. There are 
cases where there are predetermined best methods for best results based on the situation. 
However, cost, time and confidence are referenced as having external impact on the method 
use as well, which must be taken into consideration.  
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Experience: Expertise of specialized staff “… for being knowledgable to influence, and 
perhaps validate, the decisions that need to be taken so that they can be carried out in the 
company with increased confidence.” [14, p. 40], serving to utilize source material to a better 
extent, potentially increasing confidence in early stages of design, where gut feelings and 
intuition in decision making takes an ample role when information is scarce.  
 
The different dimensions conform to interpolation and can weigh each other out, e.g a good 
prototyping method could subsidize the lack of involved expertise [14][Fig. 4]. 

 

 
Fig. 4. Generic Knowledge Maturity Scale showing input, method and experi-

ence. [14] 
 
The following is a scenario used in the experiment of developing the above scale, as a 
workshop put people through a stage gate process: 
 

1. First, the team and the steering group use the baseline scale to come up with tailored 
scales for the project which includes cost calculations.  
 

2. The steering group approves the levels for the individual dimensions required to 
represent the level of knowledge on going ahead with a project following an initial gate.  
 

3. The team works on the material that they have to deliver in terms of market 
assessments, risk assessments and moving forward with concepts. The amount of trust 
and the level of confidence, is reflected in the knowledge maturity scales during this 
process.  
 

4. The team uses the scale to determine their confidence in the material and the discussion 
has the purpose of leading to a shared vision during the next gate review, at which point 
the process repeats itself and the steering group evaluates again. [14]  

 
For use of the knowledge maturity scale there needs to be traceability in how source material 
is handled and evaluated, so that stakeholders can take part in the process. This is also 
reflected in the generalized scale and the lack of definition for scales 2 and 4 [Fig. 4], which is 
to be defined in disagreements with stakeholders. The acceptance of the scale and its 
imprecise boundaries is that the pertinence of the scale is not exactness, rather it is to have a 
”... common denominator to debate ...” [14, p. 43] amongst evaluators and stakeholders. 
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Documentation in evaluations is permeated throughout the routine of the scale, as it is needed 
in order to justify the confidence in decisions in and above an acceptable level [Fig. 4], and to 
be able to share the common denominators and the proceedings with stakeholders. [14] 
 
Johansson et al suggested further research should be made towards a formal implementation 
of the knowledge maturity scales in practice. For further research, a weghing and ratings 
functionality is suggested for the conceptual framework and a support for stakeholders to 
divise actions and manage acceptance criteria. The Knowledge Maturity scales might also 
need to be specified for context and used less generally. Creating a scale that’s relevant to a 
specific industry, whose people are familiar with the process will be able to assist experts 
during evaluation more effectively [14]. 
 
2.3 Uncertainty Management 
 
Uncertainty is the lack of knowledge and a void of necessary information where no clear 
understanding can be discerned [11] [13] [2]. However, issues of skepticism and gaps in theo-
retical satisfaction afflicts the advances in estimating and handling uncertainty. Skepticism 
exists because of the use of non-probabilistic methods to either complement or supplement 
existing probabilistic measures that follow the law of large numbers and when they do it 
beckons to either misrepresentation of estimates or increased complexity instead of simplicity 
in having gained an understanding [13] [1]. 
 
Uncertainties are differentiated from risks by classical definition as a void of information by 
Frank H Knight [9]. A lack of information means that normative decision theory cannot be 
utilized correctly, since the decision would have to be based on partial information [11], 
whereas a risk can be quantified through some probability distribution [8] [9]. Not 
differentiating between the two leads either to neglect, wrongful estimates or potential 
dangers when high-consequence related risk becomes more stringent and narrow, increasing 
the needed management for uncertainty [2] [1]. This is made worse and more complex when 
risks and uncertainties are being used synonymously which is often the case [1] [7] [8].  
 
When considering uncertainty, two types are usually described in a risk assessment scenario 
context, aleatory uncertainty pertains to the stochastic, random variables and epistemic uncer-
tainty considers the subjective degrees of beliefs and the lack of knowledge. [1] 
 
Unlike uncertainty, ignorance is the case of no perceived information. Wherein the case of 
uncertainty, there is something to be uncertain of, ignorance is the devoid of any knowledge. 
Ignorence is not the case when acting on uncertainty, because some information is known as 
there is knowledge in not knowing [11]. Uncertainty synonymously referred to as ignorance is 
in the case of a “… strict uncertainty referred to by Luce and Raiffa…” [13, p. 27] [22]. 
 
Another distinction to be made is that of uncertainty and ambiguity, also found to be used 
synonymously in literature. Ambiguity is defined as clarity, whereas uncertainty is the lack of 
knowledge within a certain context. In distinguishing between the two, a reduction of 
epistemic uncertainty is more knowledge supplementing a particular context and ambiguity is 
the aspect of not trusting that the context or problem structure is correct in the evaluation. 
[10][Fig. 5]. In the case of epistemic uncertainty this would mean more of the same 
knowledge supplemented in the particular context, the context being the value of the known 
variables variables, in opposition to the reduction of ambiguity which is by determining which 
of the variables are relevant and what the functional relationships are. Ambiguity is affected 
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by how the problem is framed, and if the functional relationships are not known, more 
information would not directly indicate a reduction of epistemic uncertainty. [10] 
 

 
Fig. 5. Uncertainty-Ambiguity Matrix with different cases showcasing states in 

before problem solving. [10] 
 
 
There are two practical schools of thought when it comes to the definiton of risk and 
uncertainty. The first one, and mostly applied one in industries, is that of uncertainty and risk 
being synonymously used [8]. The other is that uncertainty is separate from risk, it is the lack 
of knowing and a void of information. As more of the applied information is introduced 
considering the uncertainty, an uncertain perception more or less can become a quantifiable 
risk [11]. In an industrial context befitting the aerospace industry, the US National Research 
Council defined the difference between uncertainty and risk by first defining risk as” ... the 
probability that a particular event or activity will result in a specified consequence...” [2, p. 
40] and uncertainty as not having enough knowledge and consequentially a lacking of under-
standing surrounding how certain risks are structured or interconnected. This translates to 
high certainty equating a probable distribution of an event that can be” ... characterized quan-
titatively” [2, p. 40]. 
 
The distinction between risk and uncertainty as complete probabilistic knowledge and partial 
probabilistic knowledge has been argued as “… not helpful in the context of problem solv-
ing.” [10, p. 79]. This because you cannot be certain of uncertainty, and once you use the un-
certainty in an assessment, you have decided on those particular estimates.  
 
The following is a spectrum of situations concerning decision theory in risk and uncertainty 
assessment adapted from a paper by Alexander [23, p. 365][Tab. 1] showing the difference in 
definition of respective knowledge situations, to help understand the difference between Risk-
Uncertainty-Ignorance: 
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Knowledge Situation Spectrum 
Certainty Deterministic Knowledge 
Risk Complete Probabilistic Knowledge 
Uncertainty Partial Probabilistic Knowledge 
Ignorance No Probabilistic Knowledge 

Tab. 1. Knowledge Situation for Certainty to Ignorance and the knowledge that it 
represents. [23] 

 
In industries where design evaluations involve high-consequence risks, it is imperative to 
define uncertainties [1], lest a decision taken might ruin the planning of percieved outcomes. 
Theoretically uncertainty and lack of knowledge has been known to impact decisions 
practically for some time. Rakow analyzed Frank Knight’s impact and foreshadowings on 
decision making, especially concerning the impact of knowledge or lack thereof, summarizing 
[9, p. 198]: ”Imperfect knowledge and uncertainty are inextricably linked, and are 
fundamental in the ”divergence between costs and selling price” that creates profit” [19, p. 
459]. Rakow also mentions that decisions can still be made, even with a finite amount of 
information bearing uncertainty. Similarities can be excluded, information can be simplified 
and ”… limited knowledge can be applied flexibly to different decision problems.” [19, p. 
459] [19] 
 
In case of limited knowledge, partial probability alone cannot give a definitive answer to 
questions in uncertainty and stakeholders might be less inclined to agree with a decision based 
on subjective judgment. Subjective judgements are rooted in expert opinion from respective 
domains, where a degree of belief is attached as to how likely something is to occur and in 
turn the variance from the real probabilities invalidates probability theory [7]. Yet gut intui-
tions are often used in industries [14] [24] to mimic reality when there’s no additional infor-
mation to be had, conservatively binding uncertainties in assumptions. This is where the need 
arises to create a systematic way of representing uncertainty in a way that can be grasped by 
the decision makers and its relevant stakeholders [1]. 
 
Another typical treatment of uncertainties, exemplified at NASA by the US National Re-
search Council, was the neglect in communication of uncertainties, as only being presented in 
a binary state in small or large uncertainties. This would lead to small uncertainties simply be-
ing ignored whilst large uncertainties would require more data gathering before a decision 
could be made. However, when high-consequence risks and requirements to safety become 
more narrow, the endeavor to build complex technological components will increase the num-
ber of events and by association uncertainty itself, requiring more in depth uncertainty man-
agement [2]. 
 
In an attempt to improve risk assessments within NASA’s meteoroid and orbital debris pro-
grams, a document was released in 2011 by the US National Research Council of how ”... un-
certainty is critical to guiding future research efforts ...” [2, p. 43] presenting the ”Recom-
mended Principles for Analysis of Uncertainty and Variability” of which points 1, 3, and 4 are 
relevant to knowledge maturity and early design stages [25, p. 1030]:  

” 
1. Risk assessments should provide a quantitative, or at least qualitative, description of 
uncertainty and variability consistent with available data. The information required to 
conduct detailed uncertainty analyses may not be available in many situations. 
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... 
3. The depth, extent, and detail of the uncertainty and variability analyses should be 
commensurate with the importance and nature of the decision to be informed by the risk 
assessment and with what is valued in a decision. This may best be achieved by early 
engagement of assessors, managers, and stakeholders in the nature and objectives of the 
risk assessment and the terms of reference (which must be clearly defined). 
 
4. The risk assessment should compile or otherwise characterize the types, sources, ex-
tent, and magnitude of variability and of substantial uncertainty associated with the as-
sessment. To the extent feasible, there should be homologous treatment of uncertainty 
among the different components of a risk assessment and among different policy op-
tions being compared. 
… 
” 

 
Despite the issues of not arriving at a fulcrum in decision theory and the management of un-
certainty, Hansson concluded in his brief on decision theory that there were “… several well-
developed proposals ... available ...” for testing to estimate uncertainty “... and that the choice 
between them is open to debate.” [13, p. 58] He also suggested that the answer to better man-
agement of uncertainty is to use multiple methods and then compare the results. This goes in 
conflict with the opinion of increased complexity in the methods suggested to be used and 
that with increased workload being the reason for some of the forced negligence over uncer-
tainty management, the process of estimating and understanding uncertainty should be made 
simpler instead of more complex [26] [27].  
 
2.3.1 Ellsberg’s Index and Uncertainty Management 
 
It was ascertained that people did not consider their current state of wealth when considering 
probabilities, rather gains and losses were fixed on opposite ends of a point of reference, 
something referred to as Reference-dependent valuation [28] [12]. Ellsberg hinted at this as 
well based on his own findings, that the decisions weighed in uncertainty are based on the 
subjective, such as potential experience. This means that a decision is still being made, 
potentially by assigning relative weights to a distribution, that makes a distribution and the 
probabilities more or less preferable [11]. 
 
To explain why Ellsbergs experiments would show participants diverging from the Savage 
axioms, a confidence index was developed by Ellsberg to explain the participants answers, 
and how the choice based on likelihoods differed from an index that the participants 
inadvertantly had obeyed. This is referred to as the Ellsberg Index [13] 
 
Knight claimed that the outcome of the opinion is a play between confidence and the 
favorableness of it. Confidence is down to the estimation of a value towards the opinion itself 
[9]. Ellsberg suggested that the value towards the opinion was something that would increase 
aligned with confidence [11], much like in terms of knowledge maturity [14]. Ellsberg also 
claimed that the choices made under the experiments he conducted were not made out of 
ignorance, rather they were made in a situation of uncertainty. The information was known to 
the participants, a set of 3 urns where red balls had a defined distribution within one of the 
urns, yet the other urns had an infinite number of potential distributions between the urns and 
the other two colors, yellow and black [11]. [Fig. 6] portrays the binary measure of 
uncertainty if there were 60 yellow and black balls, with the potential of anything between 0 
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black balls, 60 yellow balls to 60 black balls, 0 yellow balls. An example of this type of 
binary measurement and its use related to uncertainty management, confidence and making 
decisions can be found in [Appendix A].  
 

 
Fig. 6. The game experiment set by Ellsberg to showcase the Ellsberg’s Paradox 

where 60 balls are divided between black and yellow colors in an uncer-
tain distribution. [11] 

 
This infinite set of potential distributions had the same likelihood between them and no other 
information was given besides the distribution for red balls in the first urn and the probability 
of getting one on your first pick. Observations and the gathering of information, such as 
sampling, would change the likelihood of these distributions, and possibly strengthen the case 
of a set being more likely. [11] 
 
When it came to the actual choice, Ellsberg mentioned three factors he found to commonly be 
used to determine a choice situation.  
 

1. The relative desirability of the possible pay-offs 
 

2. The relative likelihood of the events affecting them 
 

3. And a possibility of a third dimension that did indeed violate the Savage Axioms, ”... 
the nature of one’s information concerning the relative likelihood of events. ” [11, p. 
657]. The issue is stated as being ambiguous for the participant not understanding the 
choice of their actions in discontinuation of the Savage Axioms [11]. 

 
In assigning a confidence index to match the pattern of decisions revealed during experi-
ments, the following formula was devised: 
 

𝑌0: possible probability distributions 
 

𝑦0: single probability distribution that is the best estimate 
 

𝜌: evaluators degree of confidence 
 

𝑚𝑖𝑛𝑥: is the minimum expected pay-off to an act x over the range of 𝑌0 
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𝑒𝑠𝑡𝑥: is the expected pay-off to act x corresponding to 𝑦0 
 
𝑞 = (1 − 𝜌) 

 
A simplified way to calculate the Ellsberg’s index is determined by the formula: 
 

𝜌 ∙ 𝑒𝑠𝑡𝑥 + 𝑞 ∙ 𝑚𝑖𝑛𝑥 [11]    (1)
  

  
𝜌 in this manner, can be either pessimistic or optimistic belief, from 0 to 1, and the result is 
the indicator, where the choice with the highest index is decided on [11]. A use for this for-
mula can be found in [Appendix A] where it exemplifies it’s uses in terms of assigning confi-
dence to estimates assuming confidence has been determined via a knowledge maturity scale. 
 
2.3.2 Prospect Theory  
 
The experiments conducted by Kahneman and Tversky showed empirically that violations of 
the axioms used in subjective utility theory happened often and an alternative was proposed, 
prospect theory, because they felt Expected Utility Theory was not an ”…adequate descriptive 
model…” [12, p. 263] [19]. 
 
Kahneman and Tversky found that in gambling, people chose certainty over moderate gains, 
but when certainty is about the same for two prospects and the gain slightly higher the choice 
differed significantly. The findings also showed that subjects expect the worst in risk when 
prospects are gains (risk aversion), and expect the best in chance when prospects are losses 
(risk seeking). This type of mirroring on either side of a reference point (normatively origo) 
they labeled the reflection effect [12]. In this manner, a decision maker will side 
conservatively with assuming the worst and thus likely take the deal more certain of a risked 
gamble for gains [11]. In the case of losses, the reflection effect established the opposite of the 
overweighting of certainty to significant gains, where the case of a significant loss and the 
subsequent risk-seeking elicited that certainty does not prevail. This type of consideration, 
overweighing the certainy of outcomes, was labeled the certainty effect, overweighing 
outcomes considered certain versus probable outcomes [12]. Subjectively the entire 
evaluation of the prospects are considered limited cognitively, because of the isolation effect, 
”... a pair of prospects can be decomposed into common and distinctive components in more 
than one way, and different decompositions sometimes lead to different preferences.” [12, p. 
271]. 
 
Kahneman and Tversky extended their work on Prospect Theory by instead of segregating 
decision weights, making it a cumulative effort. The new experiments showed that higher 
likelihoods gave way to risk seeking for gains and risk aversion for losses, but the old 
research still applied for prospects of lower likelihoods of risk seeking for losses and risk 
aversion for gains. The cumulative extension was labeled cumulative prospect theory and 
incorporated both risks and uncertainties. [29][Fig. 7] 
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Fig. 7. Value over losses, showcasing the S-shaped curve, concave for gains and 

convex for losses, where at larger magnitudes the effect tapers off. It also 
shows losses as steeper than gains. [30] 
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Prospect theory involves a set of operations carried out in two consequtive phases [30][Tab. 
2]: 
 

Phase 1 The editing and 
preliminary 
analysis serve to 
better represent the 
prospects through 
simplification  

 

For single 
prospects: 
 

Coding The expectations of the decision 
maker and their perception impact the 
formulation of the prospects. The 
reference point is typically dependent 
upon the current asset position which 
after coding shows gains and losses of 
outcomes. 

 Combination Simplifying prospects through 
combination, eg (100, .10) and 
(100, .10) can be expressed as 
(100, .20) 

 Segregation Riskless components can be simplified 
through the certainty effect, and the 
overweighing. Eg (100, .10; 50, .90) 
can be seen as a certain gain of 50 and 
a prospect of (100; .10) 

Including 
multiple 
prospects: 

Cancellation Because of the isolation effect, similar 
components can be disregarded in 
decision making and series of events 
can be overlooked. 

Phase 2 The evaluation of 
the prospects, 
whereupon the 
prospect with the 
highest value is 
chosen 

 

Tab. 2. The 2 phases of prospect theory and its operations including coding, com-
bination, segregation and cancellation.  

 
 
In the case of prospects not adding up properly, faults can be traced down to faulty reference 
points, transformations or the case of probabilities or decision weights having been 
manipulated. It can also come down to the fact that the prospects have not been generalized 
correctly or specified to a point where it is useful in a particular context. [30] 
 
In the later stages of prospect theory’s development, formally what developed into cumulative 
prospect theory, the editing phase was removed under the guise that most of the procedures 
are already incorporated through the remaining operations of the model. In lieu of this simpli-
fication, framing effect was disregarded [15]. As with other descriptive methods and the lack 
of application, prospect theory is not applied very often because of the inherent difficulties of 
its operations [31]. 
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Other methods were considered for assessing uncertainty such as fuzzy set memberships and 
regret theory. Fuzzy set memberships attach degrees of membership to partial probabilistic 
knowledge indicating a vagueness for the uncertainty. The vagueness indicates the possibility 
of a probability and is intended to be a supportive framework over whether expert opinion is 
reliable. However, it is a non-statistical measure. This can be read more about in the article 
The treatment of uncertainty in knowledge-based systems using fuzzy sets and possibility the-
ory [32]. Another theory, regret theory is based on expected utilities with binary attributes, 
where the payoff is set in relation to how much one would regret. It is a theory that was pro-
posed in conjunction by multiple authors [33] [34] [35]. It takes regret into consideration in 
terms of losing less or gaining more, similar to what is taken into consideration with prospect 
theory as it is based on gains and loses rather than final states.  
 
Early in a stage gate process there is a lack of knowledge surrounding the design of a product 
or service, provoking the design paradox. Knowledge maturity serves to better manage the 
lack of information by conveying confidence in contextual source material for evaluation via 
a knowledge maturity scale. In the case of lack of specific knowledge, knowledge maturity 
has yet to define a precise way to deal with uncertainty. These uncertainties in high-
consequence risk industry settings have shown to be either neglected or simply observed until 
more information elucidates the issue. Ellsberg’s index can differentiate between the value of 
probabilistic outcomes based on partial probabilistic knowledge through input of confidence, 
and cumulative prospect theory can help in evaluation by use of descritpive theory and partial 
probabilistic knowledge, all of which relates to how epistemic uncertainty can be managed in 
decision making. 
 

3. Research Approach and Methods 
 
3.1  Framework 
 
The framework and the methodological approach is that of Design Research Methodology 
[36]. This falls in line with exploratory and confirmatory research that reaches a prescriptive 
solution, from identifying a function or solution that could be added, to a confirmatory study 
where the findings are shown to be applied prescriptively. Since the work in this thesis 
involved both exploratory and prescriptive elements related to design, the methodology was 
considered apt. Originally an approach in alignment to action research [37] was considered as 
the end goal of providing a prescriptive solution. Although, the topic at hand in the paper was 
not developed enough to a point where action research would be considered applicable, as no 
detailed method existed of conjoining descriptive decision theories pertaining to uncertainty 
and knowledge maturity or the knowledge maturity scale. 
 
Design research methodology follows the outline of first a research clarification. It supported 
the early explorative parts of the research as the different steps led the work to be defined 
clarifying topics, purpose, research plan and determining areas relevant for the research, the 
latter which resulted in the first stage of the litterature review. The methodology is neither 
rigid nor necessarily linear, as phases can be reiterated or worked on in parallel [36]. 
 
Because of the lack of information surrounding the area of research in the beginning, a 
simplified literary review was used to clarify the research area. Early keywords were drafted 
following an initial purpose for the research. These were used to search for reading material 
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on the same databases that would later be used for the primary literary review. The material 
was selected based on how well the headlines and keywords fit, but also in consideration of 
how many times the work was cited in other works to indicate semblance of formative 
literature. To better assess the relevancy, papers were handpicked and evaluated based on 
initial criteria. Papers chosen were peer reviewed, and the age of the papers published varied 
depending on topic in order to be generalizable for the paper within the conjunction of 
different topics. Knowledge maturity as an area of research is still in its early stages of being 
explored, leading to more recent time frames than prospect theory, whereby the fundamentals 
for cumulative prospect theory were established in 2000 [30] and later dates signify specific 
studies surrounding less generalized subjects. Within the subject of treating uncertain 
probabilities and outcomes, the culmination of the many theories have not been advances 
from one norm to another, rather different comprehensions resulting in some being neglected 
over their lack of use or critique while the rest remained [13]. The main focus of the study 
was revealed later after the initial searchings, which was refined by logging answers to the 
following questions based on resource determination from the research clarification chapter 
[36, p. 52]: 
 

 What (what is the objective)? 
 

 Why (why have the authors done so)? 
 

 How (which research methods were used)? 
 

 Results (what are the findings)? 
 

 How good (what is the quality of the research)? 
 
 
Descriptive studies according to design research methodology focuses on better understanding 
the findings from the research clarification, through literary reviews, empirical evidence and 
research. The culmination of the study will result in a confirmation and point to something 
prescriptive [36]. The literary reviews based on the research clarification became more 
adamant and interviews were conducted on staff involved with evaluation and decision 
making at a high-consequence risk company in order to gather data. Interviews were deemed 
appropriate as to answer the research questions in what was considered partially new 
academic territory, the expansion of knowledge maturity and the propogation of uncertainty 
management. It was required in order to go deep into the subject but comes with issues 
regarding company involvement which will later be stated in the interview section.  
 
The prescriptive end of a study continues off the descriptive study by using the theoretical and 
empirical data to propose a method or solution [36]. The proposed furthering or solution to 
the thesis problem is a culmination of the literature review and interviews. 
 
3.2 Literature Review 
 
A literature review was initiated out of an ARC diagram (Areas of Relevance and 
Contribution) [36], that is used to identify and narrow down more specific research areas and 
keywords to use for the search of literature. The diagram can generally be described as a 
combination between a mind map and a venn diagram. Initially a number of larger topics of 
interest and broader areas of research taken from the research clarification were dedicated to a 
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middle and circles of sub-categories were sub-sequentially drawn, where clusters of sub-
categories represented relevance to the area or topic of research.  
 
Multiple ARC-diagrams were orginally drawn to represent many areas relating to evaluation, 
uncertainty and risk. As the topic of reasearch was narrowed down, the many diagrams were 
deserted and the remaining one was focused on. 
 

 
Fig. 8. ARC diagram depicting relevance and area of research that would later 

be turned into keywords and phrases for scouring literature. 
 
Databases were scoured for academic literature. These databases consistend of Google 
Scholar, ISI Web of Science and primarily BTH Summon. Initial searches were filtered based 
on relevance and qureried in the same manner as for the research clarification stage for all 
available material whose headlines did not stray from the keywords or initial purpose of the 
thesis. Specific references in literature that were relevant to the purpose of the study and 
found in multiple works were sought up on Google, by filtering the search to only include 
files that were in the PDF format. This was done in order to avoid unnecessary costs if 
unavailable in the aforementioned databases when the document was freely available on 
educational websites or archives. Keywords were phrased based on the areas of research that 
were found using the ARC diagram. The main keywords were: Risk and Uncertainty, 
Uncertainty and Risk Assessment, Uncertainty and Risk Analysis, Uncertainty and Decision 
Making, Decision Making, Decision Theory, Stage Gate Process, Normative Theory 
Descriptive Theory, Knowledge Maturity.  
 
Material was read from the basis of the diagram and further papers were found through cross 
referencing citations from multiple papers, narrowing down fundamental litterature. The 
number of citations contained within these were used as leads for trails of more information 
on certain topics or subjects, but they ranged greatly depending on the academic field, making 
single delimitation set by number of citations idle (Cooper’s Stage Gate Process papers range 
from 801 to 1519 citations for more recent and earlier work respectively on Google Scholar 
as opposed to Kahneman and Tversky’s original paper on Prospect Theory which ranges from 
9820 to 43687 citations for more recent and earlier work respectively). 88 works were 
selected based on the search results,including literature that was perused. Source material that 
did not contain commonalities between each other or relevant information to the main topics 
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in the ARC diagram were disregarded. More of the material was added and removed 
throughout the study as the thesis continously narrowed down in terms of research area. 
 
3.3 Interview Structure and Coding 
 
Interviews hold the benefit of capturing details that are difficult to observe [36] and expresses 
the meaning and significance of operations [38]. Issues with interviewing include the process 
and how it is conducted as obstacles arise, such as from interruptions, miscommunication and 
misleading directions during actual interviews [36]. Interviews also suffer from lack of 
resources or time put in [38] which was compensated for by preparing the right questions and 
literature related research. The main template for the interview questions can be found in [Ap-
pendix C]. 
 
The interviews were conducted with staff at GKN Aerospace Trollhättan who were associated 
with decision making in research and development. Interviews were held over the phone and 
recorded using software by the name of Call Recorder – Another Call Recorder developed by 
NLL. Based on availability, 6 interviews were conducted to get in-depth interviews required 
to answer the research questions. The participants were handpicked by GKN to represent 
different levels of experience and involvement in decision making, including project 
management and program management. This affects validity and credibility as the company 
could try to safeguard by bias as not to present themselves as incompetent or weak. As such, 
the questions drawn were directly related to factual details rather than personal performance 
where possible, and to counteract fear of self-infliction from staff the participants were kept 
anonymous. Interviews were conducted in Swedish, but later quotes were translated into 
English to be presented in the results. Additionally, feedback was given post-interview over 
transcripts to confirm what was said and correct details for 4 of the participants, as the 
remaining participants were unavailable at the time. 
 
The structure of the interview was that of a semi-structure. A semi-structural interview is an 
engaging conversation between two or more participants following themes and questions of 
inquiry prepared by the interviewer. Prepared themes and questions are formulated based on 
the area of research and inquiry. These questions and themes however, are not strictly 
exercised, as they are sometimes used loosely in order to engage in a meaningful and learning 
conversation that is kept fluid and flexible. This is to enable the interviewer to follow up on 
the ongoing discussion and probe for answers if need be [39]. 
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Summary of interview subjects and data related to the interview [Tab. 3]: 
| 

Position in 
Company 

Responsibility # Transcript 
Pages 

# of 
minutes 

# coded 
segments 

Director and 
Head of Chief 
Engineering 

Responsible for the 
group of Chief 
Engineers making 
all of the decisions 
at a Program level. 

5 30 84 

Chief Engineer Program Lead 4 31 62 
Supply 
Management 

Project 
Management 

5 30 49 

Engineer in 
Charge 

Project 
Management 

5 28 100 

Process Manager  Program Lead 5 35 42 
New Product 
Introduction Lead 
– Design 
Manager 

Development Team 
Leader - 
Project 
Management 

3 30 49 

Tab. 3. Interview Subject Data showing position in the company that par-
ticipants had, the responsibility that it entails and the date, number 
of transcript pages and number of coded segments. 

 
3.3.1 Coding 
 
Coding is applied to interviews to simplify the management of the data in order to minimize 
overload. It also helps in delving deeper into the subjective meaning of the data. Coding 
generally works as a method of applying keywords and categorization to batches of texts 
which can later be used in order to analyze the data as a whole. It is usually divided into two 
cycles. The first one pertains to the actual categorization and the second cycle pertains to the 
handling of the data. The second cycle is used to further analyze and confirm the complex 
analysis and data resulting from the first cycle [40] however it is only done so in necessity 
[41]. Definitions are applied to the codes to help detail and define the categories. The primary 
coding on paper can often leave room for interpretation, and to better clarify the meaning with 
the research so that a common understanding can be achieved, the codes need to be defined in 
detail [40]. 
  
The first cycle of coding is the actual categorization of batches. There is a vast number of 
approaches, all split into different aspects depending on the analysis needed. Elemental 
methods are the fundamental approaches of coding that are used most often. Affective 
methods have the benefit of capturing the subjective interpersonal experiences of the 
participants. Coding approaches can also be sometimes used in combination as it is a heuristic 
effort, and some Simultaneous Coding was applied [40] [41].  
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Many popular appraoches to coding were considered, most were disregarded because of the 
approaches not befitting the nature of the research. These are a number of approaches that 
were not applied and the reasons for that [40]: 
 

 Evaluation Coding was neglected because of the timely constraints of the reserach  
 Provisional Coding needed an extensive preliminary setup of code that was non-

existant 
 Hypothesis Coding would have first needed a hypothesis which did not exist during 

the time of the interview 
 Protocol Coding and Causation Coding were too open ended to warrant the approach 

based on the semi-structural interview 
 Attribute Coding would have required multiple case studies and variable research 

whilst this research was limited to staff at one company 
 Magnitude Coding was deemed to be more aligned to research that was purely rooted 

in social sciences 
 Holistic Coding, while considered preferable to beginners, seems also specifically 

preferable when you have a lot of data from different collections and predefined 
batches. It is to scour whilst you know what you’re after, which was not the case of 
this part explorative research 

 
Other approaches to coding were mainly disregarded for their socially subjective objectives or 
their historical objective concerning the interviews such as, Emotion Coding, Process coding 
and Dramaturgical Coding. Furthermore, grammatical methods used to add mechanics to the 
approaches were also disregarded for their added complexity in a case of wide variety of data 
and detail, which was deemed unfit for this research, with the exception of Simultaneous 
Coding [40].  
 
In Vivo coding is the participants language encapsulated to be coded for the batches [40], it is 
”... the terms used by actors in that field themselves.” [42, p. 33] in order to more specifically 
portray the answers given. This is poignant in capturing the phrases and acronyms riddled in 
practical engineering throughout industries, as staff would use terms more commonly 
associated to them which was better suited to the research that was meant to build support for 
said engineers. Their frames and perceptions were also important to the data collection and 
was better kept in-tact because of this. In Vivo coding is also a preferable approach to 
beginners of coding, because of its ease of use [43].  
 
Descriptive coding was partially used because of its practicality as it, like In Vivo coding, is a 
good and easy to understand approach for researchers who are beginners, however, it is also 
typically more appropriate when there’s a wide variety of data in different mediums to 
consider and this research only utilized coding for the interviews. Descriptive coding is the 
topical breakdown of batches of transcripts that is usually assembled in tables for further 
analysis and second cycle coding, eg a conversation surrounding the definition of uncertainty 
would be labeled uncertainty definition [40] [43].   
 
To confirm some of the validity of the exploration of the research a values coding approach 
was integrated into the overall coding. Values coding captures the interpersonal beliefs, 
values and attitudes towards the topics discussed [43]. It captures the ”... participant 
experiences and actions in case studies, ...” [40, p. 75] and was preferred for identifying 
current understandings of the workings of evaluation in research and development. 
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Based on the literature reviews and knowledge gathered surrounding the areas of research 
some initial codes were draw up very similar to the keywords used in the literary search that 
were shown to be fruitful, something Huberman et al refer to as deductive coding [40, p. 85]. 
The code is applied to the initial analysis and coding of the transcripts, and is later scrutinized 
to verify consistency. Opposite are the codes that appear from and during the analysis of the 
transcripts, which is the inductive coding. [40] 
 
Coding of transcripts can change in terms of code and even approach or type of coding used 
[40], referring back to the heuristics of the method [41]. However, when the type of coding is 
changed and the need arises for simultaneous coding the research has to stay clear as to not 
”... suggest an unclear or incomplete vision for a coding system and, thus, research design.” 
[40, p. 86]. At certain points code bulks up if it appears to hold true in most batches, 
necessitating subcodes to more easily render the data. [40] 
 
To save time and increase effectivity, a CAQDAS, Computer Assisted Qualitative Data 
Analysis Software was beneficiary in analysing qualitative data, in this case coding 
transcribed interviews. CAQDAS can be used to compile the data into a network or hierarchy 
that can be more easy and palatable to traverse. Editing and revising code is also easier to 
perform utilizing computerized software and it can help via features in regards to such things 
as applying the deductive coding into the analysis [40]. For the purpose of this, this thesis 
uses MAXQDA, ”... a professional software for qualitative and mixed methods data analysis.” 
[44]. 
 
4. Results 
 
4.1 Stage Gate Process and Evaluation 
 
The following transcript includes answers to questions surrounding the stage gate process 
considering product and service development. The questions were posed to get a better under-
standing of what constituted early design stages in the company’s customized stage gate pro-
cess. One participant summarized the overview considering the stage gate process used in 
product development as: 
 

[P6]: “… you could say it is made up of three processes. The top tier one is called pro-
gram gates, which is owned by the program lead. Underneath it there are two types of 
reviews: design reviews and industrial reviews. The intention is that the design re-
views and the industrial reviews-, the result is fed upwards into the program gates 
where you make the decision to go on ahead with a program into the next phase etc. 
“Do we have the right level of risk or do we not?”, is what you consider based on the 
recommendation from these industrial reviews and design reviews.” 
 

The participant as well as the others were describing three processes used by the company to 
create and manufacture components and services, all including stages and gates. Two pro-
cesses serve as the fundamental ways of designing and producing the product through the pro-
gram. The third process oversees the other two processes by way of decision making and 
moving the program into the next stage: 
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This transcript contains answers to questions involving the interrelations of the stage gate pro-
cess and evaluations: 

 
[P2]: “We have a program lead process and then a design related process that coin-
cides with the program lead process but both of these are gated, like sort of phases or 
steps. And every phase ends with two things, there is a design review and there is a 
program gate where a decision is made into the next design phase.” 

 
, stating the actual process as design reviews for the design stages and program gates for the 
program stages. Another participant went into a deeper explanation unveiling the intentions of 
the interplay between design stages and program stages: 
 

[P6]: “... The intention is that the design reviews and the industrial reviews-, the result 
is fed upwards into the program gates where you make the decision to go on ahead 
with a program into the next phase etc. “Do we have the right level of risk or do we 
not?”, is what you consider based on the recommendation from these industrial re-
views and design reviews.” 

 
, and the last quote specifies the composition of people involved in the risk assessments to-
wards evaluations: 
 

[P4]: “… risk assessments we do in the project groups, it is kind of like, it is a team 
that’s made up of all sorts of disciplines, everything from manufacturing, purchasing, 
construction, aero-thermo, mechanics of materials, material techies, all disciplines 
are actually involved…” 

 
Program lead gates coincide with the design and industrial stage gates and the gates between 
stages are synonymous with evaluations which is when the knowledge maturity scale should 
be used as a support. During design and industrial reviews, recommendations on mitigation 
plans and risks are fed by project members, a group of managers from different departments. 
 
This transcript deals with more in depth questions surrounding the design portion of the stage 
gate processes, commenting on the separate stages and gates contained from early concept de-
velopment to final design relating to the product development process: 
 

[P5]: “… we have a very clear description of how our product development chain 
looks through the different moments, from concept selection, preliminary design, final 
design and so on… It is a classical gated product development process…”  

 
, as to what initiates the process and leads to the first stage, another participant said: 
 

[P3]: “… early stages mean that there is some form of deal I was not involved in. I got 
involved when there was an existing deal … and there was a proposal, a draft for an 
engine… When I came in it was about starting in the first gate, the concept develop-
ment, concept phase, where you develop a concept that seems best to meet the specifi-
cations that exists.” 
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The previous interview subject summarizes the rest of the chain in the following transcript 
that includes a brief detail of what constitutes the concept choice stage: 
  

[P5]: “… Concept selection is the second step in this chain." , " Concept selection 
works in principal by starting with a couple of conceptual ideas that could be limited 
in terms of production platform or limitations, how wide you can open the funnel in 
the concept generation part … then you establish concept selection criteria … it could 
be producibility, costs … then you analyze these concepts based on these criteria and 
it can be anything, from doing a cost estimate for each concept, you do a structural as-
sessment for each concept … and you look at other aspects, for example aerodynamics, 
where pressure loss over our components are an important aspect.”, "...then we have 
our concept and move on to then refine this with preliminary design and final design.” 

 
After an initial deal and draft for an engine, the program will traverse through the design stage 
gate process, coupled by a concept development stage, a concept choice stage where different 
concepts are evaluated, followed by a preliminary design and a final design stage. The above 
descriptions are summarized in [Fig. B.1] [Appendix B]: 
 
These excerpts contain answers surrounding the routine operations of the evaluations and the 
procedures as to whether they held meetings and how these were handled: 
 

[P1]: “Quite clearly a risk list is presented with which you work on periodically, with 
meetings where you have action plans and mitigate the risks. In recurring meetings, 
you follow up on new risks which is delegated and it is followed up on in that sense. 
When it is yourself that is driving the risk, you are the one in charge of justifying the 
decision that shall be taken to mitigate the risks.” 

 
, but this differs for the program lead in the overseeing stage gate process, as another partici-
pant went on to state: 
 

[P2]: “… There are program managers that are involved in the development every day 
and they meet on a regular basis. They handle risks every day.” 

 
The routines of handling evaluations are periodical for the project group working on the con-
cepts and designs while the program lead meet regularly to evaluate. As to these routines over 
how decisions were made and confidence related to these decisions, the question was asked 
whether decisions made were based on documentation to which one participant responded: 
 

[P3]: “Yes, we have a pretty good feeling about which decisions can be questioned 
and we will make extra careful documentation around it, maybe extra evaluation 
around it to show alternative solutions and show why these are worse than the alter-
native we chose.” 

 
, in the context of a lack of knowledge, another participant said this about documentation 
when asked about making risky decisions when there is a lack of information: 

 
[P6]: “Normally you make several assumptions, am I right. We document these as-
sumptions relatively well and underpin them to the best of our abilities … the im-
portant thing is that it is documented and based on these assumptions we make choices 
and decisions well aware that it is built on just that.” 
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The evaluation process includes risk assessments that are treated regularly and handled con-
tinuously, all of which is documented and in line with the routines of the knowledge maturity 
scale and indicates that it could be used as support. On the topic of making assumptions when 
lacking information, the following question was posed: 
 

[Q]: “Is this normal then, that there isn’t much information to go on?” (risk assess-
ments) 

 
[P6]: “Yeah, it can be like that, and sometimes- often we will make these assumptions 
together with the client. So we usually have to- best case we get bought off by the cli-
ent who says ”alright this seems reasonable, we’ll go ahead with this” and sometimes 
if it is a really crucial decision we can take it as far as us saying ”if we’re going to go 
ahead with this we need you to buy us off and if you don’t then we’ll stand still and 
wait until more information becomes available, or we go ahead, but at your risk e.g. if 
changes come up you’ll have to pay for the party.” 

 
, demonstrating procedures based on conversations with the client of either conservatively 
holding off on a decision or going ahead but at the clients cost. This was expanded upon by 
referring to their evaluation procedures being internal followed by a similar evaluation with 
the client to reach an accord: 
 

[P6]: “… our internal procedure, we always do that one, and a similar one which we 
also have-, a reconciliation with the client…” 

 
, to which another participant also mentioned a similarity and referred to it as an internal as 
well as an external procedure: 
 

[P3]: “I would have tipped that it is 90, 95 percent the same, but we actually have at 
every gate two evaluations, one internal and one external with the client.” 
 
[P3]: “… we had to redo a construction and so we recommended a certain technical 
concept and it was accepted both internally and by our clients- the technical repre-
sentative of our clients, but when the financial representatives of our client realized 
this they stopped it. Then we had to stop-, we had to go back and redo it.” 

 
The evaluation of the company includes an external evaluation for the program stage gate pro-
cess, including the stakeholder or in their case the client, further conforming to the features 
protruded by the knowledge maturity scale. 
 
The use of knowledge maturity to support uncertainty assessment can be generalized to other 
parts of a stage gate process, beyond early design. Although initially applying to the early 
stages of design in a stage gate process, the design phase of the stage gate process includes 
stages of design and stages of concept development [Fig. B.1] [Appendix B]. The participants 
of the interviews mentioned risk assessment during the stages of concept development:  
 

[P4]: “… and it becomes for every individual concept that you discuss that these in-
clude more or less risks. And this risk assessment is made within the project group, be-
coming a parameter to take heed of until you have to pick a concept.” 
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, this could be used to generalize the same uncertainty assessment purposes intended for spe-
cifically early design stages. It is also no different in theory that the design paradox applies 
for the program lead stage gate process that oversees the design phase, since the evaluations 
transfer from design gates to program lead gates via recommendations: 
  

[P3]: “After a review has been made the review group leaves a recommendation to the 
program and then it is the program lead and the chief engineers whom decide how to 
take the recommendation given by the review group.”  

 
This further generalizes the early stages of design to encompass the concept development and 
choice stages as well as the program lead gates relating to the corresponding gates of design 
because recommendations based on decision making in design also transfers to program lead. 
 
4.2 Decision making in uncertainty 
 
On the topic of how prevalent uncertainties were in early stages of design and how routine it 
was, some participants sporadically out of questions of uncertainty and risk talked about 
where uncertainty is prevalent: 

 
[P4]: “… we don’t have exact offers of what it is going to cost, then it is more of an 
uncertainty that the basis is diffused and that we ourselves have maybe made an as-
sessment that says it should not cost more than this.” 

 
[P4]: “… always a fact that we don’t have a complete foundation to go out on and ask. 
You have to choose suppliers based on that you know what you’re developing even if 
you don’t directly know what it is going to look like.” 
 
[P6]: “… in the beginning when you first develop a product there is nothing but risks 
…” 

 
[P3]: “In principal, we can never calculate what the risks are. Instead risk is always 
some form of personal assessment I would say.” 

 
The first excerpt relates to examples of uncertainty wherein an example was presented by the 
participant. The second and third shows that there is undoubtedly uncertainty in the early 
stages of design. The latter participant tells of their risk assessment always being some form 
of personal assessment, wherein expertise supplements knowledge. If partial certainty only 
exists, uncertainty is present and risk is not. 
 
Questions were asked of where and when decisions took place in relation to recommendations 
being forwarded as opposed to actual decisions being taken. One participant stated as to what 
happened with the recommendations: 
 

[P3]: “If we receive a recommendation to make changes from the review group it is 
the chief engineer and the program manager that decides whether we should follow 
the recommendation. If it becomes a larger decision to make it would also involve the 
overall program manager for that particular client.” 

 
, however, on whether any decisions at all were taken by the project group during design re-
views and design evaluations another subject said the following: 



27 
 

 
[P2]: “No, some decisions are made during the journey. Not all decisions are made by 
the program lead, it is more about decisions on a higher level. What we deal with are 
pretty large and expensive designs that consists of multiple sub parts, so some deci-
sions for individual sub parts can be made during the journey.” 

 
The program managers, a group consisting of chief engineers, make the final decision after 
the reviews, albeit smaller decisions in terms of their impact need be taken mid-stage by the 
project group. This next transcript is about examples in the staff’s industry of what they con-
sidered high uncertainty areas: 
 

[P3]: “The thing is that in early stages particularly when it comes to a completely new 
engine then there is a lot of things that are uncertain really, which you take note of in 
different ways. But it can be very difficult to take note of certain things, for example 
the uncertainty I have experienced the most throughout the years that I’ve worked is 
thermal uncertainty, the thermal loads, that is, the temperature, on the turbine frame 
in the back, that’s probably been the biggest challenge, it affects very very much, tech-
nical life span and other things.” 
 

This demonstrates an epistemic uncertainty affecting technical life spans, wherein the uncer-
tainty over thermal loads is and impacts life spans to a certain degree. The last transcript is 
about how uncertainty would be handled in a case where they cannot be mitigated:  
 

[P1]: “It is not always that you can mitigate risks, but they’re kept open until you’re 
able to mitigate them. You cannot exactly close the risk, instead it increases the prior-
ity of working with it if it has not been solved.”, “You will just have to get benchmarks 
out, look up references to get it ballpark correct until the information is in place.” 
 

Mitigation plans for a particular outcome is kept open until you can mitigate it, increasing pri-
ority to work on it until you can solve it but up until then estimates are assumed using bench-
marks and references until knowledge is no longer lacking. 
 
Evaluations culminating into decisions are deemed less or more crucial depending on impact 
or consequences, as a smaller decision might be taken in the middle of a stage based on as-
sumption even if no information might exist in the early stages of a product, whilst decisions 
with greater consequences will be postponed. 
 
4.3 Differentiation, Definition and Input Categorization 
 
The following transcripts are based on participants being asked questions as to whether uncer-
tainty and risk was considered the same thing. Other parts of the transcript were excerpts from 
following questions posed after the initial question on differentiation. Two participants when 
asked if the company was differentiating in their evaluations stated: 
 

[P6]: “No, they’re used synonymously, there’s no difference that I see. Uncertainties 
create risk. Risks aren’t something that exists by itself it is created out of something.” 

 
[P3]: “I don’t know that we differentiate between risk and uncertainties in relation to 
evaluations to any degree.” 
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This indicates that there’s no differentiation in practice. However, some of the participants 
eluded to understanding uncertainty or the differentiation as in the following transcripts: 
  

[P1]: “It is a risk depending on how clearly it is described. If it is loud and clear then 
it matters in how the decision is taken, but if it is unclear then you are less likely to 
make a decision and then you will have to postpone and clarify the decision at a later 
point.” 

 
Clarity might indicate knowing probability to outcomes as opposed to being unclear on the 
matter, however that cannot be deduced. Nonetheless, the excerpt explains that in an unclear 
circumstance it is less likely that a decision will be made, rather it will be postponed. Drawing 
on examples to try and make sense of the question they thought was unclear, two subjects 
tried to define the interrelations of risk and uncertainty: 
 

[P2]: “We are talking about uncertainties and risks. If we are going into a deal, it 
might be the case that our customers are not completely prepared and have all the 
facts, i.e. there is usually an uncertainty in the levels for the component loads. We 
know by experience that the component loads we receive from the customer will 
change, and that is a risk in itself. So, I allege that uncertainties and risk are interre-
lated.” 

 
[P4]: “… it probably isn’t the same thing, right? … uncertainty I think is more … that 
we have not discussed with the suppliers what things and such will cost … so we don’t 
have exact offers … is more of an uncertainty that the basis (of costs) is a bit diffused 
… I think that’s more of an uncertainty… Risk is more about an outcome that may or 
may not happen. That’s the way I see it at least.” 
 

The answer from most of the participants was that either uncertainty and risk were not differ-
entiated between or they were used synonymously. Two participants seem to indicate that a 
difference was understood, particularly the last quote. However, later and earlier sections of 
these results relating to treatment of risk assessments, evaluations and existence show no un-
certainty in account of evaluation, or expert assumptions being made without specific treat-
ment.  
 
4.4 Confidence in decision making 
 
The following subsection relates to decisions made and their interrelation with confidence in 
making decisions. This transcript shows significance of confidence in evaluating and decision 
making: 

 
[P2]: “If somebody or someone makes a decision I personally argue that it depends on 
who made the decision. If it is people you have a high confidence in then you believe it 
was the right decision to make, so to speak." 

 
This interrelates confidence and people, and that confidence in a person leads you to believe it 
was the right decision to make. 
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[P3]: “Confidence in decisions we’ve taken in the review group, or? I think that we 
have a high confidence in the review group. If it is a difficult decision to make then we 
know it and make particularly longer explanations as to why a decision was taken-, 
more slides in PowerPoint that talk about the evaluation for the decision." 

 
The participant demonstrates that a difficult decision will require more elaboration to inquire 
the confidence needed. On the topic of confidence needed a participant was asked how confi-
dence mattered in decision making relating to confidence in a source material: 
 

[P6]: “What foundation was the decision based on, was it based on a bunch of loose 
assumptions, then the confidence isn’t very high but if it is built on trustworthy foun-
dations and analyzed assumptions and even some sort of confirmation from the client, 
saying “yeah … this seems right, this is how we usually do it” then the decision gets a 
boost in confidence …” 

 
Here the participant discusses clients having an influence on confidence and hints to loosely 
based assumptions giving the decision a lower confidence. To gauge a simple answer over 
confidence in evaluations, a situation of more value, more risk and less value, less risk was 
presented, and the participant was asked to make a choice and elaborate: 

 
[P2]: “It depends on what type of risk we’re actually talking about. If it was a risk 
connected to product safety, then you probably would take the conservative option and 
not gamble. If it is the implementation of a new technology that we could make a lot 
more money on, well then you maybe would be able to motivate a higher risk for more 
money. It depends on the case.” 
 

This supports confirmation of conservative behavior in high-consequence risk and showcases 
a spectrum of confidence in that it can be either optimistic or pessimistic depending on the 
case.  
 
5. Discussion 
 
The chapter starts with reiterating the research questions for the thesis followed by a detailed 
explanation of these and ending with some inconsistencies. 
 

 How does an engineer in a high-consequence risk company deal with epistemic 
uncertainty in engineering design decision making? 

 
High-consequence risk companies deal with epistemic uncertainty by waiting for more infor-
mation or developing mitigation plans to circumvent the uncertainty. In uncertain cases 
where they need to act, assumptions are built to give best estimates which are then decided 
on. 
 

o How is epistemic uncertainty managed in decision making of early product 
development? 

 
A project group works on the early product and service development stages, evaluates and 
feeds recommendations to a program lead group. This group then evaluates the recommenda-
tions and make decisions into the next stage of a product or service.  
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o How can epistemic uncertainty be managed to increase decision makers’ 

awareness of uncertainty during evaluation in engineering design? 
 
By defining and handling uncertain estimates, decision making can be more effectively man-
aged, as it will not be neglected, lingered on waiting for more information in indecision or de-
cided on by gut decisions. Treating uncertain estimates using knowledge maturity and theo-
ries such as prospect theory and Ellsberg’s index aids in evaluation. 
 
5.1 Epistemic Uncertainty in Design Engineering 
 
The case company treats evaluations in a manner that would synergize stage gated processes 
with the knowledge maturity scale. The knowledge maturity scale was part developed to sup-
port evaluation and decision making surrounding uncertainty including shared evaluation with 
stakeholders. This process requires common denominators and traceability which is con-
ducted via documentation during the evaluations. The company already provides documenta-
tion throughout the course of the evaluations within the stage gate process and they also in-
clude their stakeholders in the evaluation as the process includes an internal and external por-
tion for the program lead decision making. This means that both counterparts could use the 
knowledge maturity scale, define the scale and evaluate under similar conditions and denomi-
nators together. 
 
Defining uncertainty, and understanding that it is conceptually different than risk was consid-
ered important by the US NRC to properly evaluate choice options as not doing so distorts the 
perceived valuation and subsequent outcomes through neglect or wrongful estimates. In the 
case of the US NRC, this type of neglect was shown to exist when communicating uncertain-
ties as seemingly minor uncertainties were simply ignored and major ones were postponed for 
mitigation or more data gathering.  
 
In some cases, a decision can be made bearing uncertainties if the confidence is deemed ap-
propriate, but this cannot be reflected if it is not assessed. As safety standards increase, this 
neglect is mentioned to increase as complexity of systems and requirements are increased. 
This is made worse and more complex when risks and uncertainties are being used 
synonymously which often is the case. When the terms are used synonymously, it draws the 
point further away from it being classified as an uncertainty, prompting for example, a con-
servative engineerial response, where the positive outcome of an interval is likely 1% to 10 % 
but might be locked in as an assumption of 1% conservatively and neglected in comparison to 
other otherwise viable options. This might lead to other issues, such as decisions based on a 
disregard for uncertainty, permeating the issues throughout as the design paradox gap of free-
dom diminishes and the maneuverability of the project decreases. 
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The principles put forth by the US NRC towards better management of risk assessments under 
uncertainty is deemed fundamental in establishing routines and the level of care. These are a 
comparison between the features of the knowledge maturity scale and its compatibility to deal 
with uncertainty assessments. To conduct assessments that include uncertainty, the following 
principles should be adhered to in a high-consequence risk industry: 
 

“1. Risk assessments should provide a quantitative, or at least qualitative, description 
of uncertainty consistent with available data. The information required to conduct de-
tailed uncertainty analyses may not be available in many situations.” 

 
The scale allows for any input as it is a support tool, and consistency of data is a feature that 
is encouraged throughout use of the scale in a stage gate process. It also recognizes that in-
formation may be scarce, to which point the scale was developed for in the first place. 
 

“3. The depth, extent, and detail of the uncertainty analysis should be commensurate 
with the importance and nature of the decision to be informed by the risk assessment 
and with what is valued in a decision. This may best be achieved by early engagement 
of assessors, managers, and stakeholders in the nature and objectives of the risk as-
sessment and the terms of reference (which must be clearly defined).” 

 
Through more standardization of a knowledge maturity scale coupling with refined uncer-
tainty assessment, this should complement stakeholders well, considering stakeholders within 
the aerospace industry of GKN Aerospace generally use the same stage gate processes for 
product and service development. As for the nature of the decision and the detail of the analy-
sis, the knowledge maturity scale portrays this through the scale’s documentation and the 
confidence it represents. 
 

“4. The risk assessment should compile or otherwise characterize the types, sources, 
extent, and magnitude of variability and of substantial uncertainty associated with the 
assessment…” 

 
This principle is solved through use and implementation of the knowledge maturity scale 
where the input source is documented as per procedure. 
 
Uncertainty should be defined and categorized as such before assessed within a knowledge 
maturity scale to avoid the neglect of uncertainty assessments. The case company did not ex-
hibit differentiation between risk and uncertainty in evaluation procedures for the stage gate 
process. A lack of information in cases of uncertainty means the assessment will wait until ei-
ther more information enters the evaluation or a mitigation plan is put together that will cir-
cumvent it all together. Per theory and empirical evidence in a high-consequence risk industry 
this leads to uncertainty assessments being either neglected or simply presented, rather than 
used in evaluations. A knowledge maturity scale can support assessments under uncertainty, 
but it does not have features that define nor differentiate between risk and uncertainty in as-
sessments. The definition of uncertainty can be in the risk-uncertainty continuum described as 
a lack of information via Alexanders expressed spectrum of terms defining available 
knowledge.  
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Assuming a knowledge maturity scale is implemented over the stage gate process, the recog-
nition of a potential uncertainty assessment is identified in the input of the source material 
used for evaluation. This can be done by categorizing the source input material as defined 
through probabilistic knowledge by Alexander [Tab. 1]: 
 

Knowledge Situation Spectrum 
Certainty Deterministic Knowledge 
Risk Complete Probabilistic Knowledge 
Uncertainty Partial Probabilistic Knowledge 
Ignorance No Probabilistic Knowledge 

Tab.1. Knowledge Situation for Certainty to Ignorance and the knowledge that it 
represents. [23] 

 
This spectrum of knowledge accurately distincts the difference between risk and uncertainty 
as well as ignorance in the case of source material being probabilistic, even if subjectively so. 
It also does well in defining uncertainty, “Partial Probabilistic Knowledge” in relation to risk 
and assessments in general. 
 
For implementation of a knowledge maturity scale in a stage gate process to evaluate uncer-
tainty and ambiguity, framing needs to be considered as an important aspect. Not making a 
distinction between levels of ambiguity and uncertainty distorts whether more information 
will support a decision, as information gained might not elucidate the epistemic uncertainty. 
The treatment of epistemic uncertainties in the context of early design stages in a high-conse-
quence risk industry by use of partial probabilistic knowledge only applies to circumstances 
in which ambiguity is low.  
 
During the interviews, it was hard to gauge whether some uncertainties were described as 
risks, since the analysis indicated that they did not differentiate in evaluation practice. This 
points to a need of differentiation not only in uncertainty assessment practice but for contin-
ued analysis over the differences between risk and uncertainty which should be established 
ahead of time. 
 
5.1.1 Ellsberg’s Index and Knowledge Maturity 
 
Confidence was claimed to be related to reaching a conclusion in decision making, and con-
servative behavior is observed in the case company’s careful evaluation. The knowledge ma-
turity scale is based on confidence in the input source material, the method used to assess and 
the experience and expertise of the assessors. This would be ranked, making for a score over 
the confidence in and during an evaluation process. In an uncertainty assessment, a decision 
will differ depending on the confidence of the evaluators, which could traverse between pessi-
mism and optimism. Using Ellsberg’s index, the confidence in the scale could be translated 
into a confidence over partial probabilities and used for evaluation in an uncertainty assess-
ment.  
 
Methods generate more or less confidence in the knowledge maturity scale. The confidence is 
reflected in the scale itself. The scale is a generalized method of assessing the level of 
confidence during evaluation. For use of Ellsberg’s index in cases of uncertainty to 
complement the knowledge maturity scale, the index would be used on a source material for 
evaluation as a method, which in the case of uncertainty is partial information with some 
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knowledge of a distribution and or outcome. The result is an index indicating descriptive 
behavior during decision making based on confidence, where the option with the highest 
index is chosen. This means that the index considered under uncertainty, can be used 
descriptively to describe how one makes decisions under certain confidence or to show how 
you would like to make decisions based on pessimistic or optimistic confidence. A 
demonstration of this is located in the appendix [Appendix A], showcasing the use for a 
binary interval under uncertainty, in opposition to simply stating the interval as in the cases 
treated by the US NRC, it is used in an assessment and evaluated upon. 
 
5.1.2 Prospect Theory Assessing Uncertainty for Knowledge 

Maturity 
 
Epistemic uncertainties were described and found to exist in early design or concept stages, 
where applications of components might have changed which would incur uncertainties 
around cost estimates. Further epistemic uncertainties were implied in supplier or technical 
risk assessments, where a concrete example was given of thermal implications of a compo-
nent over other components during changes in design. Supporting evaluation concerning these 
uncertainties with a knowledge maturity scale, and developing relevant strategies is some-
thing the scale is lacking in. That is why prospect theory should be used as a method to pro-
cess partial probability for uncertainty assessment and evaluation. The findings related to pro-
spect theory such as risk seeking and aversiveness paves way to strategies in management and 
evaluations in decision making and managing uncertainty. 
 
Prospect theory descriptively represents the subjective rationale towards making decisions 
based on complete or partial probability distributions, which is deemed more accurate for 
decision making purposes than strictly normative decision theory. It does this by describing 
the evaluation through the decision weights and subjective value. This also applies in cases 
for partial probabilistic knowledge with cumulative prospect theory. Applying prospect theory 
to uncertainty assessments as a method would attain a boundary of values for uncertain 
distributions as prospects are cumulative. This in theory should increase knowledge through 
uncertainty assessment, raising the confidence from a knowledge maturity perspective and 
ultimately lead to more accurate decision making in terms of attaining preferred outcomes 
[14] [45].  
 
In case of interbalance between input, method and expertise of the knowledge maturity scale, 
where one might supplement the other for a higher confidence, prospect theory should be a 
considered method for risk assessments that particulary lack in input or expertise, because it 
processes partial knowledge and expresses the weighing of outcomes people would adhere to. 
 
Implications of the findings for prospect theory to be used as a method in an uncertainty 
assessment would indicate: 
 

Reflection effect: Risk seeking for losses and risk aversion for gains. Subjects expect the 
worst in risk when prospects are gains (risk aversion), and expect the best in chance 
when prospects are losses (risk seeking). Loss aversion was also found to be steeper 
than gains, meaning a loss hurts more than a gain of the same magnitude. This affects 
uncertainty the same way it would risk. 
 
Certainty effect: Certainty increases aversiveness of losses and desireability of gains. 
This harkens to conservative behavior shown in engineering where the worst is assumed 
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and certain prospects will be grealy overweighed. It is also reflected, in that losses are 
prone to risk seeking behavior in decision making, and less likely outcomes are 
overweighed.  
 
Isolation effect: Cognitive limitation occurs depending on how prospects are framed. 
This follows how prospects are processed in that probability distribution components 
can be represented in different ways, leading to different interpretations that could affect 
the evaluations and sub-sequentially decision making. 

 
The editing phase serves as the framing of the prospects. Combination, Segregation and 
Cancellation aim at simplifying the amount of details of prospects in order to ease the 
evaluation. Coding sets the pre-requisite reference point for gains and losses which has 
several implications for the way in which the options are framed. The specifics of what is 
gained and what is lost can adjust depending on context, as may the reference point. Both of 
these aspects can significantly change the way in which choices are evaluated, as losses more 
negatively impacts than a gain would positively. If a set of choices before a decision were 
framed a certain way, it could affect the decision maker in that they would avert risks, 
approach losses more negatively than gains and cling to certainty, expressing the reflection 
effect and the certainty effect. This could translate into strategies for use with external 
evaluators, the stakeholders, if a certain decision was wished to be mimicked or agreed upon 
it could be structured in such a way as to better your chances for a unified decision following 
evaluation, even in cases of uncertainty. 
 
Specifying these prospects in terms of constants affecting weight and subjective value help 
make it useful to a particular context, and eventual faults in calculations should be tracable to 
reference points, transformations or manipulation of probabilities and or decision weights. 
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6. Conclusion 
 
The objective of this thesis was to define epistemic uncertainty assessment in a knowledge 
maturity scale in the context of systems engineering regarding a tier aircraft engine sup-
plier/manufacturer from a high-consequence risk industry to reach uncertainty management in 
the decision making of a stage gate process. It involves a literature review for uncertainty in 
relation to evaluation, decision making and methods used to process partial probability esti-
mates, as well as a qualitative study of staff at a high-consequence risk company on early de-
sign engineering, evaluation, decision making and uncertainty.  
 
Reiterating the research questions for the thesis: 
 

 How does an engineer in a high-consequence risk company deal with epistemic 
uncertainty in engineering design decision making? 

 
High-consequence risk companies deal with epistemic uncertainty by waiting for more infor-
mation or developing mitigation plans to circumvent the uncertainty. In uncertain cases 
where they need to act, assumptions are built to give best estimates which are then decided 
on. 
 

o How is epistemic uncertainty managed in decision making of early product 
development? 

 
A project group works on the early product and service development stages, evaluates and 
feeds recommendations to a program lead group. This group then evaluates the recommenda-
tions and make decisions into the next stage of a product or service.  
 

o How can epistemic uncertainty be managed to increase decision makers’ 
awareness of uncertainty during evaluation in engineering design? 

 
By defining and handling uncertain estimates, decision making can be more effectively man-
aged, as it will not be neglected, lingered on waiting for more information in indecision or de-
cided on by gut decisions. Treating uncertain estimates using knowledge maturity and theo-
ries such as prospect theory and Ellsberg’s index aids in evaluation. 
 
High consequence risk and the design paradox is prominent in the aerospace industry, and this 
extends to cases of uncertainty, where it is difficult to evaluate early designs. To increase the 
amount of knowledge in early design product development and conform to increased safety 
standards of the industry, uncertainty assessments need to be implemented in evaluations to 
improve decision making in terms of accuracy and efficiency. 
 
The knowledge maturity scale is lacking in refined ways to deal with uncertainty. Part of its 
intended purpose is to bring forth uncertainty boundaries so that engineers may better grasp 
the confidence surrounding uncertainty in evaluations. However, knowledge maturity is a 
topic in its infancy and needs further development and so this feature is lacking. 
 
The contribution to the knowledge maturity scale takes a first step towards refining its uncer-
tainty assessment features. It now categorizes material used for evaluation from certainty to 
ignorance and methods can be used to make more refined decisions in uncertainty. The asso-
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ciation of Ellsberg’s index and prospect theory as methods to be used in uncertainty assess-
ments translates confidence from the knowledge maturity scale and enables a more detailed 
understanding of uncertainty and the evaluation process.  
 
Risk and uncertainty should be treated separately in assessments since they are different. Un-
certainties have tendency to be neglected because of lack of information which makes for in-
decision. Even when uncertainties are recognized they seem to be simply mentioned and if it 
were to be treated subjectively by locking in assumptions, it might be treated normatively in a 
way that would not accurately represent decision making, hindering the quality of decisions. 
 
This thesis shows that uncertainty in the early stages of design is either lingered on until more 
information is made available or circumvented by developed mitigation plans. It has been 
noted that this induces costs for the company and stakeholders in a variety of ways and coun-
tering prevalent uncertainty decreases the knowledge needed in early design stages to increase 
maneuverability within the design paradox. It was also described how evaluations are carried 
out in early design considering uncertainty. Lastly it implicates that uncertainty assessments 
are applicable through use of a knowledge maturity scale in a stage gated process.  
 
The topic of knowledge maturity, epistemic uncertainty assessment and this paper can be gen-
eralized to areas outside of early product and/or service development. The reason for the study 
of early design stages in high-consequence risk industries is because uncertainty assessments 
are of a high prevalence in this area. 
 
Further studies are associated with the academic development of knowledge maturity which 
includes assessing the usefulness empirically of the methods, Ellsberg’s Index and Prospect 
Theory, in conjunction. Also, the validity of other methods and their ability to be used in con-
junction with the knowledge maturity scale should be ascertained. The ability of uncertainty 
assessment is dependent on the development of theory that can be agreed on by all fields rele-
vant to the further studies on the topic of risk assessment, uncertainty assessments and deci-
sion theory. 
 
There is a growing theory named uncertainty theory by Baoding Liu [7] aimed at measuring 
uncertainty which was not included because of its depth, intricacies and the goal of this thesis. 
Over the considerations of Lindley [26] [27] towards simplifying rather than making uncer-
tainty management more complex the work of Liu has not been brought up in favor of less 
complex descriptive theories mentioned in this thesis.  
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Appendix  A: Ellsberg’s Index for Uncertainty 
Assessment 
 
This showcases a simplified example of market success and payoffs and how this could be 
evaluated using Ellsberg’s index: 
 

𝜌 ∙ 𝑒𝑠𝑡𝑥 + 𝑞 ∙ 𝑚𝑖𝑛𝑥 [11]    (1) 
 
𝜌 in this manner, can be either pessimistic or optimistic belief, indexed from 0 to 1. Since 
conservatism is sometimes favored by engineers [1], for the first case, pessimism will be 
used. 
 

𝜌 = 0.15 
 
A project is in the stage of choosing multiple concepts A.1-A.6 towards a product service sys-
tem. They have been given an arbitrary success rating and the choices are based on what type 
of development processes will be used. The individual monetary payoffs are:  

 
Success 
Rating 

65 90 50 60 45 

Concepts A.1 A.2 A.3 A.4 A.5 A.6 
Choice 1 0 0 0 600’000 0 450’000 
Choice 2 400’000 0 0 0 0 0 
Choice 3 0 200’000 0 0 0 0 
Choice 4 0 0 600’000 0 500’000 0 

Tab. A.1. Concepts, success ratings and payoffs concerning 4 choices based on type 
of development process. 

 
For further simplicity, the payoffs are simplified to more easily assess. 

 
Success 
Rating 

65 90 50 60 45 

Concepts A.1 A.2 A.3 A.4 A.5 A.6 
Choice 1 0 0 6 0 0 4.5 
Choice 2 4 0 0 0 5 0 
Choice 3 0 2 0 0 0 4.5 
Choice 4 0 0 6 0 5 0 

Tab. A.2. Simplification of [Tab. 5.1] 
 
Assuming we do not know the actual rating for either concept 3 or 4, we do know that one of 
them or both will attain a certain success rating. This is under the guise that at least one of 
these products must be close to successful, where producing all concepts would guarantee 
success, e.g rating 310 equals a likelihood close to 1. 
 
(65, 90, 50, 60, 45) → (0.2, 0.3, 0.15, 0.2, 0.15) account for the minimum exepected payoffs. 
 
Uncertainty boundary in this case is binary, showing the sets going from: 
 

(65, 90, 𝟓𝟎, 𝟎, 60, 45) → (0.2, 0.3, 𝟎. 𝟏𝟓, 𝟎, 0.2, 0.15) 
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To 
(65, 90, 𝟎, 𝟓𝟎, 60, 45) → (0.2, 0.3, 𝟎, 𝟎. 𝟏𝟓, 0.2, 0.15) 

 
As concepts 3 and 4 can be anything from 0 to to 50 respectively.  
 

Concepts A.1 A.2 A.3 A.4 A.5 A.6  𝑚𝑖𝑛𝑥 𝑒𝑠𝑡𝑥 Index 
Choice 1 0 0 0 6 0 4.5  0.7 1.0 0.7 
Choice 2 4 0 0 0 0 0  0.8 0.8 0.8 
Choice 3 0 2 0 0 0 0  0.6 0.6 0.6 
Choice 4 0 0 6 0 5 0  1 1.3 1.0 

Tab. A.3. Example of results under pessimistic conditions for the 4 choices.  

Choice preferred should be the one with the highest index, e.g Choice Nm 4. Investing in 
these production processes is more likely to yield a desireable payoff with the development of 
concept 3 and 5 if investing conservatively. 
 
If the knowledge maturity scale would surmount to something with a higher confidence, this 
could be reflected by increasing confidence in the Ellsberg’s Index. Increasing the confidence 
to something closer to optimistic shows increased value for Choice Nm 1 over Nm 2 and 3: 

 
𝜌 = 0.75 

 
Concepts A.1 A.2 A.3 A.4 A.5 A.6  𝑚𝑖𝑛𝑥 𝑒𝑠𝑡𝑥 Index 
Choice 1 0 0 0 6 0 4.5  0.7 1.0 0.9 
Choice 2 4 0 0 0 0 0  0.8 0.8 0.8 
Choice 3 0 2 0 0 0 0  0.6 0.6 0.6 
Choice 4 0 0 6 0 5 0  1 1.3 1.8 

Tab. A.4. Example of results under optimistic conditions for the 4 choices. 
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Appendix B: Stage Gate Process for Design 
Stages and Program Lead 

 
Fig. B.1. (a) Program Lead, Design and Industrial Stage Gate Process used in devel-

oping a product or service. Project stages go from left to right. (b) Design 
Stage Gate Process, picturing all stages, gates and how evaluations are fed 
into the Program Lead Gates as recommendations.  
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Appendix C: Main Template Interview Questions 
 

1. Could you give a short brief of your role at the company and your purpose? 
  
2. From what I understand, you use a stage gated process for evaluations, whereby you make deci-

sions that come to fruition at planned meetings. Could you give a short description of the process 
as far as you know or are involved, relating to evaluation at the early stages of product develop-
ment? 

 
3. What choice is made if no information exists surrounding an area, but a choice must be made? 
  
4. What happens in the case when the pros of a project outweigh the risks, where the development 

is so crucial for the company it must succeed? 
a. Has a situation like this ever arisen? 
b. Is there a procedure for handling such situations, some protective measure? 

  
5. Do you make these decisions or are they forwarded upwards within the company? 

  
6. Do you differentiate between risk and uncertainty in evaluation? 

 
7. How do you feel confidence plays a role in decision making when met with uncertainty in a pro-

ject? 
a. Is the confidence described towards a decision in meetings? 
b. Is this documented in some sense?  

 
8. How are uncertainties presented in evaluations? 

 
9. What do you do when a risk cannot be mitigated? 

a. Does this happen often? 
 

10. If no standardization exists in handling a certain risk, who decides how the risks are presented? 
a. How does this come about? 

  
11. Are risks calculated and shown during decision making? 

a. Are the risks weighted? 
b. Are the risks mostly based on qualitative descriptions or some form of estimate? 

 
12. Is the way you handle risks within the company always a standardized process or do new meth-

ods for handling risk come about? 
a. Is it a norm?  
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