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"Thus the task is not so much to see what no one yet has seen, but to
think what nobody yet has thought about that which everybody sees”

- Arthur Schopenhauer -



Preface

This master’s thesis is written in the domain of Systems Engineering at the Faculty of Civil Engineering
and Geosciences at the TU Delft. This thesis aims to develop a decision support tool for the fleet
renewal challenge at the Port of Rotterdam. The methodology employed is founded upon two distinct
approaches that are taught in the Systems Engineering programme: the Preferendus Methodology and
the Idealized Design methodology (both are explained in the report).

It could be argued that this master’s thesis represents a reflection of my personal development dur-
ing the period of my studies. This encompasses all extracurricular activities undertaken at the study
and rowing association, in addition to the employment at construction company BAM. My professional
jJourney started when | was a beginner in the Bachelor’s programme in Civil Engineering. | was keen
to undertake this programme as it is both technically oriented and it is at the core of society. Despite
my desire to go to this study at the TU Delft, | had to obtain an extra secondary school diploma, as
the first was not ’high’ enough to go to the university. This process took an additional two years, but
in retrospect, it was undoubtedly worthwhile. At the midpoint of my studies, | was eager to pursue a
part-time role in the civil engineering sector, as | could already foresee my future in this field. Quite
coincidentally, my part-time job led me to BAM, as during a work visit to a client’s home | met someone
who worked there. Sometimes luck is on your side. | can confidently state that my time working for
BAM was a crucial factor in my decision to transition from civil engineering to construction manage-
ment, with a particular emphasis on systems engineering. | came to the conclusion that | was better
placed to adopt a more comprehensive approach, encompassing aspects beyond the purely technical.
Thankfully, the Master’s Track in Systems Engineering brought together both the technical and social
aspects of design. The programming skills | acquired at BAM, and the system design perspective |
gained during the master’s track, are both reflected in this master’s thesis as | have developed a tool. |
am grateful for the opportunity to further refine my programming skills and gain valuable experience in
the complex process of transforming a design assignment from a theoretical framework into a functional
product.

The creation of the tool was challenging. It is important to understand that developing is very different
from researching. | gained this insight during the course of my studies, and | must say that | really
discovered this during the process of working on my thesis. It was a mentally challenging, yet highly
informative process to differentiate between these divergent methodologies. Allow me to share three
key learning points.

Firstly, | had to focus entirely on the fleet renewal issue. In my enthusiasm for the project, | decided to
proceed with a very large-scale approach because | saw all kinds of possibilities. However, | discovered
that it was necessary to begin with a very small scale, and that developing something 'small’ is already
a considerable challenge in itself.

Secondly, | discovered that | was able to delve deeply into the theoretical aspects of the subject. While
| found it to be satisfactory, it did require a significant investment of time. Nevertheless, | found it very
interesting to gain a better understanding of the underlying principles of the Preferendus methodology.

Finally, throughout the development process, | have noted that design involves various levels of ab-
straction, including problem analysis, tool design, mathematical formulation of the problem, interface
design, workshop facilitation, and consideration of both the Port of Rotterdam and the university su-
pervisors. Above all, it is essential to be able to articulate your ideas clearly in writing. This writing
process presented a notable challenge. | always explain things in as much or as little detail as needed,
but I think there is a balance to be found somewhere in between. The report should be concise yet
informative. | would like to express my gratitude to my academic supervisors for their assistance in this
process. | can confidently state that | gained significant learning from the overall experience, as they
provided me with all the autonomy and consistently offered feedback that was 'spot on’.

R.G.M. Grobben
Delft, March 2026

11



Acknowledgement

| would like to express my gratitude to all those who provided assistance during the process of my
master’s thesis.

Firstly, | would like to express my gratitude to Ruud Binnekamp for offering courses on management,
systems thinking, and design thinking that were both engaging and informative. | am grateful to him
for my increased awareness of design and its true significance. | also found his coaching style during
the supervision of my master’s thesis to be beneficial. He provided me with sufficient autonomy to
navigate my own path and face challenges independently. Above all, | found his coaching to be highly
constructive, motivating, and inspiring.

Secondly, | would like to express my gratitude to Sander van Nederveen. His patience and willingness
to listen were extremely valuable to me, helping me to maintain perspective during a challenging period
of my graduation project. | would also like to express my sincere gratitude for his patience in explaining
the design process and how to report on it repeatedly.

Thirdly, | would like to thank Bob Madlener, the supervisor of the Port of Rotterdam. His passion for his
work and his vision were inspiring, and made working on my thesis a pleasure every day. Above all, |
am extremely grateful for the opportunity he gave me to conduct my thesis research on his project.

Fourthly, | would like to express my gratitude to Robert Wittenberg for his invaluable guidance in the
organisation of the Port of Rotterdam and for the insightful brainstorming sessions.

Furthermore, | would like to thank Frans van Gunsteren, who kindly helped me to refine my thoughts
during the analysis phase. | would like to express my sincere gratitude for the invitation and hospitality
at his home.

Finally, | would like to express my sincere gratitude to Hein Masselink and my father, Bart Grobben.

Hein provided invaluable support at the most critical moments and was extremely helpful in the final

stage of the process. As always, my father provided me with the courage and motivation by acting as
one of my biggest supporters.

R.G.M. Grobben

Delft, March 2026

11



summary

By 2040, the Port of Rotterdam Authority (PoR) intends to replace its fleet with vessels that do not
emit greenhouse gases and are modernised. Replacing the entire fleet also presents an opportunity to
review and improve the operational processes and the equipment used. This is a complex challenge
due to the following three factors: (1) the high number of stakeholders complicating the decision-making
process, (2) risk aversion in modifying current business operations due to a lack of clarity regarding
the impact of decisions, and (3) the challenge of determining what is feasible while also meeting the
expectations of all stakeholders.

The PoR expressed a need and interest in becoming familiar with more scientifically based decision-
making methods to help them achieve their ambitious goal. The method should facilitate improved
decision-making for complex choices and should consider how the impact of different choices will be
made visible, allowing users to explore various fleet combinations regarding the system performance.

Therefore, this master’s thesis aims to develop a decision-support tool based on the Preferendus
Methodology (from H. J. van Heukelum et al., 2024; Zhilyaev et al., 2022), a state-of-the-art approach
specifically designed to bridge the gap between what is 'desirable’ and what is ‘feasible’. By doing this
they tool facilitates the finding of the best ’fit for purpose’ renewed fleet composition.

This Master’s thesis demonstrates the successful development of a 'Preference Based Idealized De-
sign’ tool and methodology that integrates the Preferendus and Idealised Design methodologies. The
tool and methodology are conceptually tested at the Port of Rotterdam for its Fleet Renewal Challenge.
The tool facilitates the finding of a solution that is both ‘desirable’ and ‘capable’ by integrating multi-
ple stakeholders’ objectives and preferences into the modelled system. Additionally, the tool enables
transparent collaborative decision-making and the integration of both technical and social aspects by
incorporating stakeholder preferences.

Furthermore, the tool is developed with object-oriented-programming principles that ensure the main-
tainability and scalability of the tool. This makes it suitable for extensions and applications in other
projects.

Additional research can be conducted by applying the Preference-Based Idealised Design tool and
methodology to other projects. Ideally, this would be done with a project team that has fully adopted
the methodology. It is particularly interesting to apply this tool and methodology to a project involving
organisational issues, as the Idealized Design approach is designed for organisational redesign.

v
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Introduction

In January 2026, three key advisory bodies (Court of Audit', National Ombudsman?, Council of State?)
of the Dutch national government jointly issued a rare public statement. They warned that the govern-
ment has a tendency to make unfulfillable promises, which is eroding public trust (Pieter Duisenberg
et al., 2026). These institutions, which typically operate independently and behind the scenes, empha-
sised the urgent need for more realistic policymaking. Their unprecedented collaboration underscores
the severity of their statement that the government must align its commitments with feasible objectives
to restore confidence.

It can be argued that this act of making unfulfillable promises in policymaking is primarily driven
by the desire to achieve a ‘desired’ outcome without giving full consideration to the ’feasibility’ of that
particular goal. The study by Ferreira et al. (2025) demonstrates that this phenomenon also has a
parallel in the infrastructure sector. As illustrated in Figure 1.1, the authors’ findings indicate that not all
planned (and thus desired) offshore wind farms are feasible, as some fall outside the 'theoretical upper
limit of offshore wind energy extraction’. They particularly mention the Dutch government’s policies, as
these show the ’largest mismatch’ between policy (desirability) and ’aerodynamic limits’ (feasibility).

This observation indicates that the successful execution of societal (mega) projects is a challenging
endeavour. This is consistent with the conclusions of Flyvbjerg and Gardner (2022, p. 8) on mega-
projects. They mention the so-called 'iron law of mega-projects’, a concept identified as a significant
challenge for mega-project management, wherein projects consistently are "over budget, over time,
under benefits, over and over again”. In this context, the 'under benefits’ aspect is of particular interest,
as it can be regarded as a failure to achieve the desired functionality; in other words, the project is not
’fit for purpose’.

Flyvbjerg and Gardner (2022, p. 9) explains the failure of mega projects by arguing that 'projects do
not go wrong, they start wrong’. They highlight the tendency of individuals to 'prefer action over talking’,
suggesting that people would rather perform a task than debate which direction is right. Flyvbjerg
and Gardner (2022, p. 25) illustrates how large-scale projects usually operate, using the example of
the Pentagon, the headquarters of the United States’ military: 'Purpose and goals are not carefully
considered. Alternatives are not explored. Difficulties and risks are not investigated. Solutions are not
found’.

To address these pitfalls of mega-projects, Flyvbjerg and Gardner (2022, p. 17) simplifies the project
lifecycle into two distinct phases of 'planning’ and ’delivery’, and provides the advice to 'think slowly’ in
the planning stage and ’act fast’ in the delivery stage. The latter is made possible by careful preparation
in the former stage.

One organisation that is implementing this strategy from Flyvbjerg and Gardner (2022), either con-
sciously or unconsciously, is the Port of Rotterdam Authority with its Fleet Renewal Programme. While
this project is not as large-scale as mega infrastructure projects worth several billion euros, it is nev-
ertheless significant for the organisation. They are well aware of their ambitious goal (desirability) of
making their fleet completely fossil fuel-free, but are also carefully considering the feasibility. They have

'NL: Algemene Rekenkamer
2NL: Nationale Ombudsman
3NL: Raad van State



1.1. The Port of Rotterdam's Challenge of Renewing its Fleet. 2

expressed a need and interest in becoming familiar with more scientifically based methods to help them
achieve their ambitious goal. Therefore, this master’s thesis aims to develop a decision-support tool
based on the Preferendus Methodology (from H. J. van Heukelum et al., 2024; Zhilyaev et al., 2022), a
state-of-the-art approach specifically designed to bridge the gap between what is 'desirable’ and what
is 'feasible’.

60

National policy/project

55 1

25 4 =—— Theoretical limit with 10% losses
,%? Existing wind farms (real data)

Wind Farm Capacity Factor (%)

11 1.2 1.3 1.4 1.5 1.6

Wind Farm Wind Factor ¢y r = U‘:’E

Figure 1.1: A theoretical upper limit for offshore wind energy extraction. The x-axis is defined by the 'Wind Farm Wind Factor’,
a measure of the maximum capacity factor that can be achieved for a given wind farm layout, given a specific set of
location-related conditions. The y-axis is defined by the 'Wind Farm Capacity Factor’, representing the ratio of the actual
energy produced to the hypothetical maximum possible in a given period. Particularly, the Dutch government’s policies show
the ’largest mismatch’ between the policy (desirability) and the "aerodynamic limits’ (feasibility). (Ferreira et al., 2025)

1.1. The Port of Rotterdam's Challenge of Renewing its Fleet.

The Port of Rotterdam Authority (PoR) is a private company, owned by the municipality of Rotterdam
(70%) and the Dutch national government (30%). This organisation is responsible for the ’sustainable
development, construction, management and operation’ of the harbour region, as well as ensuring the
'safe’, ’effective’ and ’efficient’ handling of cargo (Port of Rotterdam, n.d.-b).

Currently, the Port of Rotterdam has a fleet consisting of 16 vessels, 12 cars and approximately
160 personnel, which contribute to the port’s responsibilities of “safe, smooth, sustainable, and secure
handling of shipping” (Port of Rotterdam, n.d.-a). Although this is an oversimplification, for the ease
of this introduction, it is useful to compare their services to firefighting and law enforcement. In syn-
ergy with their corresponding crews, the vessels have specialised tasks for which the ship is equipped,
and the crew” is trained. Other internal stakeholders involved, besides the crew, are Asset Manage-
ment (AM) and multiple coordination departments: Port Coordination Center®, Traffic Management®,
Harbour Master Policy and Development’. Together, they play a pivotal role in the port’s safety and
security architecture, collaborating closely with external stakeholders such as local fire brigades and
law enforcement agencies.

By 2040, the Port of Rotterdam (PoR) intends to replace its fleet with vessels that do not emit green-
house gases and are modernised. Therefore, the objective of the Fleet Renewal Programme is to
build "Tomorrow’s Fit For Purpose Sustainable Fleet”. For PoR, *fit for purpose’ means that the fleet is

4Ship and Environmental Safety Department (NL: Scheeps- en milieuveiligheid (SMV))
5NL: Haven Coérdinatiecentrum (HCC)

6NL: Verkeersafhandeling (VA)

"NL: Havenmeester Beleid & Ontwikkeling



1.1. The Port of Rotterdam's Challenge of Renewing its Fleet. 3

equipped to perform its tasks to the highest requirements, with the best possible performance. ’Sus-
tainable’ means that no greenhouse gas emissions are produced.

Replacing the entire fleet also presents an opportunity to review and improve the operational pro-
cesses and the equipment used. This is a complex challenge due to the following three factors: (1)
the high number of stakeholders complicating the decision-making process, (2) risk aversion in modi-
fying current business operations due to a lack of clarity regarding the impact of decisions, and (3) the
challenge of determining what is feasible while also meeting the expectations of all stakeholders.

The Complexity Explained

To illustrate the complexity of the fleet renewal challenge, consider a fleet deployed in the largest har-
bour in Europe. The responsibility of this fleet lies in providing an agreed pump capacity (P) for fire-
fighting operations within an agreed critical time-frame (T) at any location (X) within the harbour. This
service is currently delivered through the deployment of a specific number (N) of incident response
vessels, each equipped with the necessary pump systems. This can be expressed mathematically as
shown in equation 1.1.

These parameters can be changed with the redesign of the entire fleet. This can be expressed
mathematically as shown in equation 1.2. For instance, one can state that it is beneficial to lower the
critical response time. However, the decision should be made on whether this is to be achieved by
adding an extra ship, thereby reducing the responsible area coverage per vessel, or by having faster
vessels. The first option would require the allocation of additional personnel and maintenance capacity.
The latter option may require a larger battery pack (or other fuel tank), which impacts the vessel's
design and raises questions about its feasibility due to the limitations of the size of the battery pack.

Please be aware that this is just one of the many tasks and decisions involved in the fleet renewal
project. In fact, there are many tasks (see section 3.1) and associated relationships that need to be
analysed. This further increases the complexity of the undertaking.

Pcurrent agreed at X = Pcurrent X Ncurrent(Tcurrent agreed at X) (1 -1)
Pagreed atx = sz‘ X Nz‘(Tagreed atX) (1.2)
=1
Pagreedatx = the total pump capacity agreed at any location X
Di = the pump capacity of the Incident Response Vessels of type i.
N; = the number of the Incident Response Vessels of type i, influenced by the critical
response time (Tagreed)-
Tagreedatx = the agreed critical response time at any location X. It depends on the interplay

between the number of operational vessels, the size of the area of responsibility
and the agreed critical response time.

X = any location X in the port where X can be changed due to updated agreements.
agreed = This is the currently agreed parameter that may be considered ‘fixed’ (unchange-
able).

Additional Complexity by Societal Issues

The process of designing and constructing a new fleet is already challenging, due to the complex
interplay of wishes and requirements within the organisation. Nevertheless, it is also important to
consider societal key issues that are critical for the success of the fleet renewal project.

A relevant example of such a concern is that of electrical grid congestion (Madlener, 2025a), which
impacts both the feasibility and the desirability of the project. The fundamental question that must be
addressed is whether the necessary electricity is available (i.e. whether it is feasible) and whether it
is desirable to be fully reliant on electricity. The latter is also of particular importance in the context of
geopolitical tensions and resilience.
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1.2. The Need for a decision-support tool to Solve the Challenge
The fleet renewal programme has the task to coordinate the replacement of the current fleet with new
vessels, using a programmatic approach (as opposed to a project-oriented approach) and based on a
company-wide vision of what the new fleet should look like (Madlener, 2025b).

The project team includes various experts and representatives from other departments. For instance,
there is a technical expert for the construction of the ships, an expert in the field of Modular Func-
tional Design (MFD), and a governance expert for the port authority’s organisation. In addition, the
project team includes representatives with operational experience regarding the ships and the associ-
ated tasks, as well as individuals from the asset management department and a representative from
the Harbour Master®.

The team’s composition reflects the project team’s observation that the challenge is twofold: tech-
nical and organisational, with an emphasis on ’change and adoption’ (Madlener, 2025b). From this
perspective, they are driven to maintain close contact with all stakeholders and incorporate their views
into the decision-making process. In addition to face-to-face communication, they also use documen-
tation, calculation tools and decision-making frameworks to streamline the information flow to facilitate
decision-making.

Although the programme team is committed to providing insight into all relationships and considera-
tions, they have expressed the need and interest for a more scientifically-based methodology to create
a decision-support tool that integrates both technical and social aspects. The tool is expected to facili-
tate improved decision-making for complex choices by making trade-offs more transparent. In addition,
the tool should consider how the impact of different choices will be made visible, allowing users to ex-
plore various fleet combinations, and provide insights into the following questions: in what ways will the
new fleet facilitate the effective performance of their tasks, and which fleet composition best balances
operational effectiveness, environmental goals, costs and other factors?

1.3. Development Statement

With the use of the NADI-framework® (van Boeijen et al., 2020), the development statement is formu-
lated.

Table 1.1: The formulation of the 'Needs’ with the help of the NADI-framework (van Boeijen et al., 2020). The ’solution’ of the
NADI-framework is changed to 'development statement’

Theme The underlying structure of the experience: it is very challenging to create
an entirely fit for purpose new fleet’ based on an integrative and transparent
informed decision.

Goal Building Tomorrow’s Fit For Purpose Sustainable Fleet

Scenario of Inter-| The programme team would like to interact with all the relationships between

action the factors they need to consider. These factors are both technical and social.
Development A decision-support tool is needed to facilitate improved decision-making for
Statement complex choices by making trade-offs more transparent and by integrating

both technical and social aspects. In addition, the tool should consider how
the impact of different choices will be made visible, allowing users to explore
various fleet combinations, and provide insights into the following questions:
in what ways will the new fleet facilitate the effective performance of their
tasks, and which fleet composition best balances operational effectiveness,
environmental goals, costs and other factors?

8This person, the Harbour Master, manages the Harbour Master’s Division, which forms part of the Port of Rotterdam Authority.
The Harbour Master and its departments are responsible for harbour safety and shipping on behalf of the Dutch government,
performing duties under public law (Port of Rotterdam, n.d.-d).

9NADI = Needs & Aspirations for Design & Innovation
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1.4. The Social-Technical Systems Perspective for Problem Solving

In order to construct a decision-support tool, it is first necessary to gain an understanding of the phe-
nomenon that it is intended to address. As demonstrated in Figure 1.2, the fleet operations can be
characterised as a system-of-systems phenomenon. The abstract value that should be created is
"safety”, which is delivered by the fleet of vessels. These vessels can be categorised into distinct types
and personnel, each equipped with a pump system and other features.

To be more specific, the fleet operations can be seen as a multi-layered 'social-technical’ system. The
vessels are not merely individual technical assets; on the contrary, they function within and contribute
to a much larger social-technical network shaped by people, procedures, environmental conditions
and strategic goals. As previously stated, the fleet operations are characterised by the involvement
of multiple departments of the Port of Rotterdam. Collectively, they are responsible for the delivery
of safety services to the harbour region (the service takers). Furthermore, the performance of these
services is influenced by the expectations of both internal and external stakeholders. For instance,
the fleet should be designed to provide fire-fighting services with a certain capacity, while also taking
measures to minimise the impact on the environment. This is illustrated in Figure 1.3.

This social-technological systems perspective is important as the decision-support tool is expected
to facilitate analysis with a focus on enhancing the overall system performance. For instance, it could
be proposed that the system might be improved by delivering the currently agreed amount of pump
capacity with more vessels, fewer vessels, or even with different kinds of equipment, such as drones.
Alternatively, it could be proposed that the delivery of 1/4 of the pump capacity at any given location, 3
times faster, is potentially ’superior’ compared to the current operations.

Figure 1.2: Example of systems of systems characteristic of the Fleet Renewal Challenge about safety and pump-capacity.
Note, in addition to the crew of the vessels, other departments are also involved. For instance, in the maintenance and
coordination of incident responses. (own illustration)
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Figure 1.3: Graphical lllustration of Social-Technical Systems of Systems in Fleet Operations. The "design-for-ty” can be

defined as the 'vague’ attribute of fleet operations, while the "design objective” is the specific goal of minimising fossil fuel

emissions. The "system’s performance” is defined as the actual emissions of the fleet, which are determined by the "fleet
composition” that exists due to the crew and the individual technical systems, etc.

The subsystems of the vessels, such as the electrical system or the floating-system (hull), are examples of technical and
mechanical systems, following the characteristics as described by Wolfert (2023): "integrate the parts”, "are causal”, and
“neither the parts nor the whole are purposeful’. In contrast, the workforce of the Port of Rotterdam, including the ship crews, is
an example of a social system. Wolfert (2023) describes these systems as those that "differentiate from the whole”, are
“goal-oriented”, and "where both the parts and the whole are ‘purposeful”. Together they form the social-technical system..
(own illustration)

1.5. The Best Approach for Problem Solving: Dissolving by Ideal-

1zed Design

As previously explained, the challenge of renewing the fleet has a significant impact on both the techni-
cal systems (i.e., vessels) and the social systems (i.a., business processes) at different system levels
within the Port of Rotterdam. Together with the pursuit of enhancing system performance, it is essen-
tial to adopt a holistic approach, rather than considering each component in isolation. As Ackoff (2003)
explains, design is the only approach that 'deals with the whole and moves to the parts’. Consequently,
he emphasises that only design can bring a solution for a systems problem, which he refers to as 'a
mess’ or ‘'messes’ for 'systems of problems’.

To clarify the argument for why design is the most effective approach, it is useful to consider Ackoff
et al. (2007, p. 117) four ways of dealing with problems: ’Absolution’, 'Resolution’, 'Solution’, and
'Dissolution’.

In the context of the Port of Rotterdam’s fleet renewal challenge, the objective of establishing a
"Tomorrow’s Fit for Purpose Sustainable Fleet” necessitates a comprehensive approach that does not
rely on ’absolution’ and ’resolution’. Absolution is regarded as the act of maintaining the current state
of operations without implementing any modifications (Ackoff et al., 2007). It is not possible to seek
absolution in this case, as the current system is not future-proof (Madlener, 2025a). There are two
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approaches to resolution. The first approach entails the utilisation of prior experiences to address
present challenges, whereas the secondary approach involves the elimination of the underlying cause
(Ackoff et al., 2007). Both are not applicable, given the absence of prior experience with fossil fuel-free
vessels and the perceived impracticality of removing the underlying cause. This is because the vessels
are essential for ensuring safety in the harbour.

The remaining approaches of dealing with problems are ’solution’ and ’dissolution’, both applicable
to solving the fleet renewal challenge. However, dissolution is regarded as a superior method in com-
parison to solution. Whereas the act of solving is merely an attempt to achieve the most favourable
outcome, the act of dissolving is an approach that deals with problems by redesigning the system to
improve the performance in the future by preventing the problems from occurring again (Ackoff et al.,
2007). Once again, note the importance of ’design’ in dissolving problems.

The Idealised Design methodology from Ackoff et al. (2007) emphasises the importance of design
even further and is particularly relevant to the challenge of renewing the Port of Rotterdam’s fleet. The
Idealized Design Methodology has been developed for 'creating an organisation’s future’. It is partic-
ularly relevant given that the Port of Rotterdam must adapt to fulfil its long-term public responsibilities
(Madlener, 2025a). Consider, for example, the emergence of new technologies such as drones and
artificial intelligence, and society’s aspiration to reduce greenhouse gas emissions.

The methodology does not plan for the future by thinking about what one wants at that moment
in the future. Instead, it is a process of formulating the desired organisational state at the present
moment in time, and plans for the steps required to achieve that state in the future. By conducting
this process iteratively, the organisation will achieve success in the 'unknown future’. Although the
desired organisational state will also evolve over time, the organisation moves step by step to a more
successful organisation (Ackoff et al., 2007).

1.6. 'Fitness for Purpose' in Design

The decision-support tool should help to determine the optimal composition of "Tomorrow’s Fit For
Purpose Sustainable Fleet”. Therefore, it is important to explain what *fit for purpose’ means from both
the perspective of the Port of Rotterdam and the theoretical perspective.

For the Port of Rotterdam (PoR), *fit for purpose’ means that the fleet is equipped to perform its tasks to
the highest requirements, with the best possible performance. 'Sustainable’ means that no greenhouse
gas emissions are produced. The order is important and has been chosen on purpose. In this context,
it is more important to make sure that the equipment works well, rather than that it is environmentally
friendly (Madlener, 2025b). Although this formulation is important to the PoR, a holistic perspective on
fit for purpose’ would consider sustainability and task performance as both part of the overarching goal
to find a solution that is *fit for purpose”.

From a theoretical perspective, the concept of ’fitness for (common) purpose’ is understood through
the frameworks provided by van Gunteren et al. (2011) and Wolfert (2023).

"Fit for purpose’ is defined as 'quality’ by van Gunteren et al. (2011, p. 15). He identifies seven types
of quality as can be seen in Figure 1.4. According to van Gunteren et al. (2011, p. 15), maximising
fitness for purpose’ in projects requires covering as much of the (circle of) 'non-realized quality’ while
minimising the (circles) 'excuse- and wasted quality’. In the context of the fleet renewal challenge, the
minimisation of critical response time in comparison to the current situation can be considered part of
the (not-yet) 'non-realised quality’. Conversely, the currently defined amount of firefighting foam may
be excessively high and can be reduced. In this conceptual example, the latter may be regarded as
part of ‘'excuse- or wasted quality’.

To extend the concept of ‘fithess for purpose’, Wolfert (2023, p. 174) explains that the *fit’ is found in
the overlap of what is ‘capable’ (e.g. feasibility) and what is 'desirable’. According to him, this should
be the aim of projects: bridging the gap between desirability and capability as can be seen in Figure
1.5. Desirability stems from social preferences, while capability is rooted in physics, mathematics, and
current knowledge and technology (Wolfert, 2023). In the context of the fleet renewal challenge, the
feasibility of diesel vessels is recognised, though their desirability is low. Conversely, the feasibility of
fully electric vessels is uncertain, though their desirability is high.
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To evolve from ‘fitness for purpose’ to ‘fithess for common purpose’ (a phrase from Wolfert, 2023), it
is essential to heavily involve the perspectives of all stakeholders (clients, users, contractors, etc.) and
consider their expectations and desires, which is referred to as 'stakeholder preferences’.
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Figure 1.4: Classification of seven categories of quality. According to van Gunteren et al. (2011, p. 15), maximising "fithess for
purpose’ in projects requires covering as much of the 'non-realized quality’ while minimising the 'excuse- and wasted quality’.
(van Gunteren et al., 2011))
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Figure 1.5: Socio-technical interplay between (un)desirability and (in)capability. 'Fitness for common purpose’ is both desriable
as capable. (Wolfert, 2023)
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1.7. State-of-the-art Decision-making: Preference Functional Mod-
elling (PFM) and Preferendus Methodology

It is observed that the challenge of the fleet renewal project must be regarded as a systemic problem
that requires a design-oriented approach to find the best ’fit for common purpose’ fleet composition.
However, the method by which (system-design) alternatives and choices are evaluated remains to be
addressed.

Multi-Criteria Design Analysis (MCDA) and Multi-Objective Design Optimisation (MODO) are widespread
methodologies employed within the engineering discipline for the evaluation (MCDA) and optimisation
(MODO) of design alternatives and the selection of the best design (Wolfert, 2023).

MCDA is utilised for the evaluation of alternatives that have already been produced (a posteriori)
in accordance with the multiple criteria defined. The evaluation of each alternative is conducted by
assigning a score for each specified criterion. Each criterion is assigned a specific weight, thereby
enabling the calculation of an overall aggregated score for each alternative, often done with a weighted
sum (Wolfert, 2023).

MODO utilises an algorithm to search for the most 'optimal’ design. This is frequently implemented
with the assistance of computer power to explore the design space by generating a range of design al-
ternatives. The algorithm uses ’objectives’ that are weighted to guide the search process. For instance,
an objective could be the maximisation of pump capacity for firefighting with a weight factor of 0.3, or
the minimisation of critical response time with a weight factor of 0.7.

However, MCDA and MODO are frequently implemented incorrectly due to the following reasons:

(a) the lack of stakeholder involvement at the initiation and throughout the design process, leading
to the chance of not identifying the 'optimal’ design (H. van Heukelum et al., 2023);

(b) the misperception that all objectives can be translated to a metric other than preferences (e.g.
money) (H. van Heukelum et al., 2023);

(c) mathematical errors regarding preference- measurement and aggregation found by Barzilai (2022)

(d) the misunderstanding that a design process can lead to multiple designs that are all equally pre-
ferred (for example, using the Pareto front), when in reality there is always one 'best’ design
chosen based on preferences (H. van Heukelum et al., 2023; Wolfert, 2023).

Two methods are developed to address the mistakes: the Preference Functional Modelling (PFM)
from Barzilai (2022), and the Preferendus Methodology from H. J. van Heukelum et al. (2024). PFM is
responsible for the correction of mathematical errors regarding preference- measurement and aggrega-
tion. This is useful for both MCDA and MODO. The Preferendus Methodology is developed for MODO
purposes and is based on PFM. To be more specific, the Preferendus is an a A-priori Preference-Based
Multi-Objective Multi-Stakeholder Optimisation. This approach allows for the integration of stakeholder
preferences into the design process, ensuring that the final design aligns with what is ’desirable’. The
integration of design performance functions ensures that the design is also 'feasible’. This is essential
for finding a solution that is fit for purpose”, which has been defined earlier as a solution that is both
desirable and feasible in terms of design.

1.8. Academic Contribution

The Port of Rotterdam expresses the need and interest for a decision-support tool to facilitate improved
decision-making for complex choices by making trade-offs more transparent and by integrating both
technical and social aspects. The Preferendus Methodology serves as the foundational framework
for this tool, as it has previously demonstrated its value in incorporating stakeholder preferences while
ensuring the feasibility of the project. The methodology ensures transparent and well-informed decision-
making for complex projects by systematically integrating these preferences.

The development of the Preferendus, related to the Open Design Systems (Odesys) methodology
(Wolfert, 2023), is based on former work. The first concept in the direction of the Preferendus is formu-
lated in the paper of Zhilyaev et al. (2022). In this study, the authors have developed the first concepts
of the Preferendus and have applied it to a 'real-life multi-store building design case’. Followed by this
paper, the Preferendus is developed and first introduced in the work of Van Heukelum, Binnekamp
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and Wolfert (H. J. van Heukelum et al., 2024). This paper provides a demonstration of the value of
the Preferendus Methodology by applying it to a ’railway level-crossing life-cycle design’ and a ’floating
wind turbine installation design’.

In later stages, the Preferendus is evaluated and implemented across a range of contexts: for off-
shore projects (H. J. van Heukelum, 2022; H. J. van Heukelum et al., 2023), resolving on-shore wind-
farm development (Teuber & Wolfert, 2024), in urban development (Pallandt, 2025; Raaphorst, 2024;
van Eijck & Nannes, 2022), applied for quay walls assessment (Aulbers, 2023), and to enhance collab-
oration within a project team for developing a data centre (Mol & Schriever, 2024),

As outlined, the Preferendus Methodology has been employed in a variety of contexts for a range
of purposes. However, the application of a systems-of-systems concept to this methodology, and its
implementation in an existing operational organisation, in conjunction with the Idealized Design Method-
ology from Ackoff et al. (2007), such as a continuous fleet operation, remains unexplored. This master’s
thesis attempts to address this gap.

1.9. Structure and Reader Guide

This thesis is structured to provide an understanding of the decision-support tool developed for the
Fleet Renewal Challenge at the Port of Rotterdam. The report is organised into six main chapters,
followed by references and appendices.

» Chapter 2: Theoretical Fundamentals - The present chapter provides an exposition of the the-
oretical fundamentals of the two methodologies used. The Preferendus Methodology is outlined
in sub-chapter 2.1, and the Idealised Design methodology is outlined in sub-chapter 2.2.

* Chapter 3: Data Gathering — Outlines the system analysis to introduce the stakeholders and
the operational context of the fleet operations. In addition, the mathematical formulations are
explained: design variables, design objectives, bounds, constraints and preference curves.

* Chapter 4: Model Building — Presents the development of the decision-support tool, including
needs and requirements, conceptual model framework, process flow, and data flow.

» Chapter 5: Analysis & Solution Selection — To demonstrate the functionality of the tool, an
analysis and solution selection process is conducted with the end goal of finding the best fleet
composition.

» Chapter 6: Discussion — Reflections on the tool and methodology. This includes a reflection
on the integration of methodologies, application to systems of systems problems, and alignment
of desirability with capability. Moreover, the section outlines the reflections on the Preferendus
Methodology of the project team from the Port of Rotterdam.

» Chapter 7: Conclusion — Providing a conclusion of the master thesis aims to develop a decision-
making tool for the fleet renewal challenge at the Port of Rotterdam.

* References — List of all references used in this thesis.

» Appendices — Additional material and detailed information supporting the development of the
decision-making tool for the fleet renewal challenge at the Port of Rotterdam.



Theoretical Fundamentals

This chapter provides an exposition of the theoretical fundamentals of the two methodologies used.
The Preferendus Methodology is outlined in sub-chapter 2.1, and the Idealised Design methodology is
outlined in sub-chapter 2.2.

2.1. Preferendus Methodology

The Preferendus Methodology is used as the foundation of the decision-support tool to facilitate decision
making and the evaluation of design alternatives. This methodology, developed by H. J. van Heukelum
et al. (2024) and first introduced by Zhilyaev et al. (2022), is an a-priori multi-objective design and deci-
sion support optimisation methodology that can be used for multi-stakeholder social-technical systems.
For a more detailed explanation of multi-objective and multi-stakeholder analyses and optimisation,
please refer to Wolfert (2023) and Technical University of Delft (2023).

The methodology uses Integrative Maximised Aggregated Preferences (IMAP) (H. van Heukelum
et al., 2023) as an optimisation method based on Preference Functional Modelling (PFM) from Barzilai
(2022), which accurately aggregates preferences. Therefore, the methodology accurately incorporates
the different preferences of various stakeholders regarding their objectives within the system. The
workflow of the Preferendus can be seen in Figure 2.2, and for a more detailed explanation, see Wolfert
(2023) and H. J. van Heukelum et al. (2023).

Conceptual Framework

The Preferendus mathematically connects the spheres of ’capability’ and ‘desirability’. This is done
by having three types of functions within the mathematical model, besides the usual bounds and con-
straints (Wolfert, 2023):

1. Design Performance Functions (Capability — Object)
2. Objective Functions (Integration — Object & Subject)
3. Preference Functions (Desirability — Subject)

To illustrate the conceptual framework, imagine the deployment of incident response vessels in the
largest harbour in Europe, the harbour of Rotterdam. A simplified overview of the objectives can be
outlined as follows: minimising expenditure and minimising critical response time.

The safety authorities, constrained by limited financial resources, are driven to optimise the value they
create, regardless of budgetary limitations. Consequently, this approach may also result in reduced
expenditure if it is considered to be an optimal utilisation of resources. This is due to the fact that
scarce and saved funds can also be allocated to other important matters.

The critical response time, in this example, is determined exclusively by the number of vessels. The
increase in the number of vessels leads to a reduction in the size of the operational areas per vessel.
Consequently, this results in a decrease in the maximum response distance, and therefore a decrease
in the critical response time.

11
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» Design Variables
A multitude of parameters may be considered as design variables within the system. The Pref-
erendus Methodology has been developed for the optimisation of these parameters. In this ex-
ample, the design variables are the different vessel types, each of which has a predetermined
capital expenditure value.

T (2.1)

where z; = the number of vessels of type i

» Design Performance Functions
Design performance functions represent the way the system works and its characteristics.
Capexvehicle,i (22)

where it is dependent on size, quality, and functionalities (e.g., extinguishing capacity) and
additional factors

Length One Sector = Total Length Harbour/ Z x; (2.3)

i=1

Design Objective Functions

The Objective Functions integrate the spheres of "capability” and "desirability”. These functions
are constructed on the basis of the design performance functions and calculate a single metric for
each objective. Specifically, in the context of computer coding, the objective function facilitates
the integration of the preference function, thereby enabling the synthesis of the 'capability/feasi-
bility’ from the design performance functions with the 'desirability’ formulated with the preference
functions.

CAPEX =) " ; - CapeXyenicie ; (2.4)
=1
Length One Sector
Critical Maximum Speed

Critical Response Time = (2.5)

Critical Maximum Speed = the minimum maximum speed of all vessels deployed

Preference Functions

Preference Functions provide a subjective evaluation of the defined objective functions. Objective
functions can be regarded as the neutral calculation of a metric, whereby the preference function
provides the subjective assessment. To illustrate this point, the preference function can be used
to indicate whether a significant financial expenditure is deemed acceptable or undesirable. It
should be noted that multiple preference functions can be generated, one for each stakeholder,
that correspond to one objective.

Creating a preference curve can be done by specifying a best alternative, a worst alternative, and
an alternative in between, see (Zhilyaev et al., 2022). These alternatives get the scores of 100
and 0, respectively, and any number in between 100 and 0. Note that O (least preferred) and 100
(most preferred) are arbitrary, and any other scale can be taken (see the work of Barzilai (2022)).
See Figure 2.1 below for an example of preference curves.
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Figure 2.1: Example preference curves critical-response-time and CAPEX. A preference curve can be done by specifying a
best alternative, a worst alternative, and an alternative in between, see (Zhilyaev et al., 2022). These alternatives get the
scores of 100 and 0, respectively, and any number in between 100 and 0. Note that O (least preferred) and 100 (most
preferred) are arbitrary, and any other scale can be taken (see the work of Barzilai (2022)). (own illustration but based on the
work of Zhilyaev et al. (2022))

Practical Example

Although this master’s thesis employs the Preferendus Methodology, thereby demonstrating its func-
tionality, a worthwhile example is the research of Teuber and Wolfert (2024), about a wind farm design.
Their web-based 'Odesys dynamic toolbox’ is of particular interest in this regard, as it allows the user
to easily experiment with the tool themselves. The authors’ findings revealed that in a wide range of
configurations, no viable solutions were identified. In summary, it was determined that the construction
of the wind farm was not a viable proposition; its construction should be avoided. This was because
the required wind speed was 'impossible’ (Teuber & Wolfert, 2024).

Methodology Step by Step

The steps of the Preferendus Methodology are explained below and are based on Zhilyaev et al. (2022).

1. Define the Design Problem: by formulating the design variables, objectives, bounds, and hard
constraints.

2. Finding the minima and maxima of the objective functions: to explore the solution space.
This can be done by Single Objective Design optimisation (SODQ’s), wherein a single objective
is given full weight, while the remaining objectives are set to zero.

3. Defining Preferences: by drawing preference curves. This can be done by specifying a best
alternative, a worst alternative, and an alternative in between (see Zhilyaev et al. (2022)). These
alternatives get the scores of 100 and 0, respectively, and any number in between 100 and 0.
Note that O (least preferred) and 100 (most preferred) are arbitrary, and any other scale can be
taken.

4. Specifying Weights: by giving a weight for each objective. The total weight of all the scores
should be 1.

5. Setting Up the optimisation Problem: by creating a model that includes all the defined design
variables, objectives, bounds, hard constraints, preferences, and weights. Zhilyaev et al. (2022)
has done this in Matlab (The MathWorks Inc., 2025), this master’s thesis uses Python (Python
Software Foundation, 2026).

6. Generating the Initial Population: by running the Genetic Algorithm (GA), the initial population
is generated with randomly generated members. These members include a random number for
each design variable within the given bounds. Each unique member represented a unique design
alternative.


https://deepnote.com/app/odesys-toolbox-2/Windfarm-4x4-CBCA-13678eab-714e-487c-a68a-934298a161dc
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7. Preference Aggregation and Evaluation: by using the Integrative Maximisation of Aggregated
Preferences (IMAP) method (H. J. van Heukelum et al., 2024) that is based on the PFM-theory
of Barzilai (2022). Each member is assigned an aggregate preference score, and all members
are evaluated based on this score. The feasibility of the members is also evaluated according to
the constraints. Note, the score of every alternative is relative to all the alternatives (scoring).

8. Selecting the Best Individual: the member that has the highest preference score and is feasible
is selected and is considered as the optimal design solution

9. Result Verification: by evaluating the resulting solution by the stakeholders. In the case that the
stakeholders express dissatisfaction with the result, they have the option of making adjustments
to their preferences, weights, objectives, and constraints. Thereafter, they shall repeat the pre-
ceding steps. Should the stakeholders be satisfied with the proposed optimal design solution, the
final design will be adopted.
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Figure 2.2: The workflow of the Preferendus, presented as concept diagram (Wolfert, 2023)

2.2. Idealized Design Methodology

The Preferendus Methodology, as explained in the previous section, is integrated with the Idealized
Design Methodology, from Ackoff et al. (2007), in terms of the sequence of steps in the process. The
Idealized Design Methodology has been developed for ’creating an organisation’s future’. It is partic-
ularly relevant given that the Port of Rotterdam must adapt to fulfil its long-term public responsibilities
(Madlener, 2025a). Consider, for example, the emergence of new technologies such as drones and
artificial intelligence, and society’s aspiration to reduce greenhouse gas emissions.

The methodology does not plan for the future by thinking about what one wants at that moment
in the future. Instead, it is a process of formulating the desired organisational state at the present
moment in time, and plans for the steps required to achieve that state in the future. By conducting
this process iteratively, the organisation will achieve success in the 'unknown future’. Although the
desired organisational state will also evolve over time, the organisation moves step by step to a more
successful organisation. See Figure 2.3 for the graphical representation.

The following steps are defined in Idealized Design from Ackoff et al. (2007, p. 6) and separated into
two phases of Idealization and Realization:
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Idealization

In the ’Idealised Design’ phase, the organisation determines the desired state for the com-
pany, in comparison to its current state. This approach differs from the strategic planning
process, which involves formulating future predictions to determine the desired state of an
organisation in the future. Instead, the ideal state should be considered in relation to the
present context.

1. Formulating the Mess
In order to establish a defined ideal state of the organisation, it is first necessary to
ascertain the threats and opportunities currently facing it. The combination of these
threats and opportunities, in addition to their interactions, has been described by Ackoff
et al. (2007) as 'a mess’. According to Ackoff et al. (2007, p. 6), this formulation of the
‘'mess’ is aimed at determining 'how the organization would eventually destroy itself if
it were to continue doing what it is doing currently’.

Formulating the mess is conducted in four steps:

* Prepare a system analysis — Description about how the current organization func-
tions.

* Prepare an obstruction analysis — Formulating the parts of the organisation that
are ‘obstructing’ or resistant to change.

» Prepare reference projections — Formulate a future projection for the organisa-
tion if it does not change. This analysis provides a framework for understanding
how the organisation might face destruction if it does not modify its current strategy
and working practices.

* Prepare a presentation of the mess — Integrate all the previous steps into one
presentation that makes clear what the future self-destroying scenario would be.

2. Ends Planning
This stage involves the determination of the desired current state of the organisation,
without consideration of any current limitations. This state is referred to as the ’Ide-
alized Design’. Following this, the 'gap’ can be determined between the ideal design
and the organisation as it is currently. Please note that the ideal design should prevent
the self-destruction of the organisation formulated in the previous stage of formulating
the mess’.

Realization

3. Means Planning
In this step, the organisation should formulate a plan to approximate the ideal design
as closely as possible, as defined in the preceding step of ‘ends planning’.

4. Resource Planning
The implementation of idealised designs should incorporate the consideration of avail-
able resources. Determine which resource (human, financial, technical, etc.) should
be allocated to which task and at what time, and formulate a plan to address shortages
of resources.

5. Design of Implementation
The creation of a detailed schedule and the allocation of resources to the tasks to be
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carried out should be undertaken at this stage.

— From Ackoff et al. (2007, p. 6) —
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Figure 2.3: Visual Representation of Idealized Design (Ackoff et al., 2007). It is a process of formulating the desired
organisational state at the present moment in time, and plans for the steps required to achieve that state in the future. By
conducting this process iteratively, the organisation will achieve success in the 'unknown future’. Although the desired
organisational state will also evolve over time, the organisation moves step by step to a more successful organisation. This is
different from thinking about the ideal organisation in relation to the unknown future. (own illustration)



Data Gathering

The Port of Rotterdam expressed a need and interest in becoming familiar with more scientifically based
decision-making methods to help them achieve their ambitious goal. Therefore, this master’s thesis
aims to develop a decision-support tool. By doing this they tool should facilitate the finding of the best 'fit
for purpose’ renewed fleet composition. This chapter describes the analysis of the operational context
and the mathematical model used for modelling the fleet-renewal challenge.

The first main section provides an analysis of the current situation with regard to the stakeholders, tasks,
and resources involved in fleet operations at the Port of Rotterdam (see section 3.1). Furthermore, it
evaluates the key societal issues that are critical for the success of the fleet renewal project. Section 3.3
outlines the "design for -ty” objectives employed, which represent the stakeholders’ interests. These
objectives are related to the design variables, which are optimized (chapter 3.2). The bounds and
constraint functions can be located in chapters 3.4 and 3.5, respectively. The final section of the text
presents the preference curves.

3.1. System Analysis

This section provides an analysis of the current situation with regard to the stakeholders, tasks, and
resources involved in fleet operations at the Port of Rotterdam. Furthermore, it evaluates the key
societal issues that are critical for the success of the fleet renewal project.

Context Fleet Operations: Stakeholders, Tasks and Resources

This section provides an overview of the current situation regarding the stakeholders, tasks and re-
sources of the fleet operations at the Port of Rotterdam. In terms of organisations, the system bound-
aries have been set between the Port of Rotterdam’s internal and external stakeholders. Due to limited
time and resources, this master’s thesis does not take external stakeholders into account. A com-
prehensive analysis of the stakeholders can be found in Appendix A, and the organisational system
boundaries, set between the internal and external stakeholders, are visualised in Figure A.1.

Harbour Master Department

The Harbour Master Department, led by the Harbour Master itself, plays a pivotal role in keeping the port
'safe, smooth, clean and secure’ (Port of Rotterdam, n.d.-a). This department of the Port of Rotterdam
Authority functions as an independent entity (under public law), and has the following sub-departments:
Port Coordination Centre (HCC) ', Traffic Management 2, Harbour master policy and development 3
and Ship and environmental safety . All are related to the fleet operations, and their responsibilities
are defined as:

» Safe and efficient management of maritime traffic,

"NL: Haven Coérdinatiecentrum (HCC)
2NL: Verkeersafhandeling (VA)

3NL: Havenmeester Beleid & Ontwikkeling
4NL: Scheeps- en milieuveiligheid (SMV)

17
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» Enforcing regulations

 Providing (first) incident response services,

+ Coordinating emergency situations (e.g. fires and accidents)
* Protecting the environment

Asset Management

The Asset Management (AM) department, under the supervision of the Chief Operating Officer of the
executive board, is responsible for the management of the port’s physical assets throughout their life-
cycle. This includes maintenance, upgrades, and strategic planning for the port’s infrastructure and
equipment. A sub-department of AM has been designated to manage the fleet and is named "AM Fleet”
(Port of Rotterdam, 2025). The Fleet Renewal Programme is of significant importance to AM-fleet due
to their expertise in the maintenance of the current fleet and their involvement in the management of
the future fleet.

Finance, Procurement and Innovation

The Fleet Renewal Programme is a major innovative program, one of the largest in terms of bud-
get, timelines, and stakeholders involved. Therefore, the finance, procurement, and innovation de-
partments, supervised by the Chief Financial Officer (CFO) of the executive board, are also important
(internal) stakeholders.

Incident Response & Law Enforcement - Tasks and Resources of Fleet Operations

The fleet of the Port of Rotterdam currently consists of 16 ships, 12 cars and approximately 160 per-
sonnel. While the port also operates two surveying vessels and one tour boat, these fall outside the
scope of this thesis. See Figure B.2 for an overview of the vessels.

The crew is trained, and the vessels are equipped for their specialised tasks. These tasks are incident
response (red-tasks; e.g. firefighting) and patrols & enforcement (blue-tasks; e.g. inspections). In
addition to its specialisation, all ships have general tasks ( ; €.9. search and rescue) they
must perform. See Figure B.1 for the overview of tasks (also named fleet services).

Although the current service level provides a clear baseline for ongoing operations, the new fleet is
scheduled to be deployed in 2030 and will remain operational for a considerable period thereafter. The
issue is whether the current tasks will remain unchanged or be subject to modification. Furthermore, the
question arises of whether it is possible to predict these changes and adjust the new fleet accordingly.

Law Enforcement (Blue-Tasks)
Law enforcement is carried out by Special Investigation Officers (BOAs °), whose duties include:

* Providing requested and unrequested advice based on legislation and procedures regarding haz-
ardous and harmful substances;

» Conducting security inspections for ships and terminals;

» Detecting economic crimes related to unfair competition.

» Supervision and policing during events.

Law enforcement operations are subdivided into two components: shore-based inspections, conducted
by vehicle at onshore and near-shore locations, and water-based inspections, carried out by vessel at
locations on the water or near the shoreline.

Incident Response (Red-Tasks)
Incident response operations are conducted exclusively on water by Incident Response Vessels (IBVs®)
and their dedicated crews. These specialised teams are trained for operations in hazardous areas and
have the following responsibilities:

* Providing water and fire-fighting foam to the fire brigade in the event of incidents occurring along
or on the water.
 Providing water to terminal fire extinguishing systems. These are large quantities of water under

5NL: Buitengewoon Opsporings Ambtenaar (BOA)
6NL: Incident Bestrijdings Vaartuig
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high pressure.
« Source mitigation’ of a fire or hazardous substances.
* Deploying (oil) containment barriers in unsafe areas.

Besides the specialised tasks, both teams also have general tasks:

» The provision of first incident response services in safe areas, including: first aid, containing
water pollution, creating a safe nautical situation, deploying water pumps for rescue operations,
and bringing other vessels to safety by pushing or towing them.

» Search and Rescue (SAR).

Providing information to the users and guests of the harbour area.

» Supervision of port activities to ensure compliance with the law.

Inspecting damaged infrastructure.

 Supervision and policing during events. In collaboration with the fire brigade, police, ambulance

service, Rijkswaterstaat, and military police.

Transportation of persons (emergency workers and colleagues) and equipment.

Assisting other safety agencies in the nautical management area. These include the police, fire

brigade (including diving teams) and ambulance services.

* Remove objects from the water

Collection and sharing of information. In collaboration with the Port Coordination Centre, traffic

control centres, the camera network, drones and other resources.

Physical traffic control in the event of failure of the Traffic Centres (TCH, VCR).

» Physical escorting of large seagoing vessels is carried out by a vessel while sailing. The crew of
the vessel assists the traffic control centres in monitoring the surroundings and communicating
with other shipping traffic.

» The recovery and transport of dead bodies.

Deploying (oil) containment barriers in safe areas.

Societal Key Issues
It is already very challenging to come up with an entirely new fleet and make an informed decision
based on all stakeholder preferences while considering social-technical feasibility. This is due to the
large number of factors and relationships within a socio-technical domain, where both the organisation
and the technologies must be ready for change.

However, in addition to social-technical feasibility, it is also important to consider the societal key
issues that are very risky for the success of the Fleet Renewal Programme. This section outlines these
key issues.

Shortage of (skilled) Workforce (organisation issue)

Forecasts suggest that a shortage of workers and this will not change in the future (Volkerink et al.,
2024). The main drivers for this issue are an ageing population and fewer graduates entering the
labour market (Madlener, 2025a). Currently, the situation is acceptable; however, in the future, there
will be fewer (skilled) workers. Potential solution directions may include lowering service level expecta-
tions, seeking synergies with other agencies and organizations and ensuring fewer staff are required
by making smart use of other semi-autonomous resources.

Electrical Grid Congestion (resource issue)

The increasing demand for electricity resulting from sustainability measures is causing shortages on the
electricity grid, with significant economic and social consequences. Grid congestion is a major problem
in the Port of Rotterdam, meaning that expanding electrical grid capacity does not seem possible until
after 2030. This could delay the implementation of electric-driven vehicles. The main drivers for this
issue are the energy transition and workforce shortages (Madlener, 2025a; TenneT, 2025). Currently,
the situation is urgent, but in the future, it is possible but uncertain. Potential solution directions may
include designing a fleet that is resilient to grid congestion, obtaining political guarantees for assured
capacity, and avoiding the use of electric vehicles.

”NL: Bronbestrijding
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New and More Hazardous Substances (safety issue)

New and more dangerous substances are appearing in the port area. These substances arrive as cargo
and are used on board as energy carriers for ships, making them especially dangerous during bunker-
ing. The Port of Rotterdam Authority must adapt the way they conduct inspections and responds to
incidents to cope with this new situation. The main driver for this issue is the energy transition (Madlener,
2025a). Currently, the port deals with substances like kerosene, benzene, LNG, and LPG. In the future,
these substances will be extended by ammonia, batteries, hydrogen, and methanol. Potential solution
directions may include adjusting harbour legislation, training crew, and using new technologies to keep
the crew and surroundings safe.

Increasing Undermining (safety and security issue) Various threats on the horizon could lead to
different types of unauthorised hostile activity in the port, including criminal activities, terrorist attacks,
and extreme activist activities aimed at disrupting the harbour operations. These activities are associ-
ated with hybrid warfare (espionage, sabotage, disinformation, and cyber-attacks). The main drivers
for this issue are increasing drug-related crime, increasing geopolitical tensions, and increasing polit-
ical and societal tensions (Madlener, 2025a). Currently, the situation is urgent, and it is expected to
become even more urgent in the future. Potential solution directions may include increasing patrols
and employing additional technologies like cameras and drone surveillance.

Less Oil Industry and Differentiated Feedstock Chemical Industry (economic issue) The chemical
and oil industries are well represented in the harbour of Rotterdam. However, it is expected that the
oil industry will shrink, while the chemical industry will remain stable. The chemical industry is shifting
towards using other materials like biomass and recycled materials instead of oil. The main driver for this
issue is the energy transition and higher energy prices (BNR Webredeactie, 2025; Lakens & de Jongh,
2025; LyondellBasell, 2025; Port of Rotterdam, n.d.-c; UPM, 2025). Currently, the port has an oil and
oil-based chemical industry, but in the future, this remains uncertain.

Unpredictable and More Severe Weather Conditions (operational issue) Storms become heavier,
and ships grow larger. The risk of ships breaking loose (drifting) increases. During a storm, we can rely
less and less on tugboats because there are too few of them. The main driver for this issue is climate
change (Madlener, 2025a). Currently, the situation is manageable, but in the future, the expectation
will be more and larger ships drifting in severe weather conditions. Potential solution directions may
include having more and better equipment for dealing with drifting vessels.

3.2. Design Variables
The design variables are the number of different types of vessels, cars, and other vehicles, represented
as ;.

3.3. Design Objectives

In this section, the objectives are outlined to test the model. In order to formulate the objectives of
the stakeholders with regard to the fleet renewal challenge, and consequently design the new fleet
composition, the ’design for -TY’ framework is utilised. The design for -ty objectives represents the
interests of the various stakeholders. For instance, ’Affordability-TY’ is the 'vague need’ of the project
leader that the design should be affordable.

The stakeholder interests linked to the ’design for -ty principles’ are shown in Figures J.2 and J.3.
As can be seen, the 'design for -ty’ objectives are considered as the ’highest abstract level’ and can
contain several sub-objectives.

These ’'vague needs’, formulated by the ’design for -ty’ objectives, are used to define the objectives
that need to be addressed for the fleet renewal challenge. The objective 'Safety & Security’ reflects
the tasks and therefore the purpose of the fleet. These tasks are already explained and can be seen
in Figure B.1. Note that these tasks are the current, ‘Present Mode’ services the fleet needs to provide.
However, this set of tasks may be defined differently in 'Future Mode’, with more or fewer tasks or a
different understanding of the task.

It is important to acknowledge that these objectives do not fully capture address the complexity of
the issue. However, the principal objective of this thesis project was not to provide a complete repre-
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sentation of the problem into the model, but rather to develop a tool that would facilitate the finding of
the solution.

Affordability
Renewing an entire fleet is a large investment. The Port of Rotterdam must carefully consider the initial
purchase costs and operational expenses.

* Minimizing Capital Expenditures (CAPEX)

MIN CAPEX = " x; - capeXyenicie ; (3.1)
=1
where:
— z; is the number of vehicles of type i (z; > 0).
— CapeXyenicie ; 1S the capital expenditure per unit for vehicle type i.

* Minimizing Operational Expenditures (OPEX)

MIN  OPEX =" y; - 0P€Xyenicie,i (3.2)
i=1
where:
— z; is the number of vehicles of type i (z; > 0).
— OP€Xenicie,i IS the operational expenditure per unit for vehicle type i.

Sustainability
The transition to a zero-emission fleet is an essential step in reducing the carbon footprint in the oper-
ational phase. However, it is also fair to consider emissions from the construction of the new fleet.

» Minimizing Carbon Footprint Investment (construction, transportation, etc.)

MIN CFl =" ;- cfi; (3.3)
=1

where:
— x; is the number of vehicles of type i (z; > 0).
— cfi; is the carbon footprint of the investment for vehicle type i.

» Minimizing Carbon Footprint Operations
— (See K.1 for overview calculation structure)

MIN CFO = vavgi - OpH, - E; (3.4)
i=1
where:
— vavg i iS the average speed of vehicle type i
— OpH, is the operational hours vehicle type i.
— E, is the average carbon emissions per km vehicle type i.
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Maintainability
In the context of fleet management, the maintenance and repair of a fleet with a reduced number of
components is beneficial. The maintenance is therefore related to the complexity of maintenance. For
now, this is represented as the different vessel types in the fleet.

* Minimizing Complexity

1 ifax; > 1,

. (3.5)
0 otherwise.

MIN Complexity = Z {
where:
— z; is the number of vehicles of type i (z; > 0).

Safety & Security
The objective 'Safety & Security’ reflects the tasks and therefore the purpose of the fleet. These tasks
are already explained and can be seen in Figure B.1. Note that these tasks are the current, ‘Present
Mode’ services the fleet needs to provide. However, this set of tasks may be defined differently in the
future ('Future Mode’), with more or fewer tasks or a different understanding of the task.

» Maximizing Number of Barge Inspections (NL: Binnevaart Inspecties)
— In order to ensure that barge operators comply with the established regulations, inspections
are routinely conducted.
— (See K.2 for overview calculation structure)

MAX Numb Barges Inspections = Total Vessels - InspH - OpT (3.6)

Assumptions:
— InspH is calculated based on the average of 350 inspections per month (30 days) with 3
operational vessels working 12 hours per day:

350

InspH = — >0 _
NSPR = 303 12

0.32 (3.7)
where:

— InspH is the average number of inspections per hour done by one car.

— OpT is the total operational time of the cars.

— Total Vessels is the total number of patrol vessels available..

* Maximizing Number of Inspections Seafarers (NL: Zeevaart Inspecties)
— In order to ensure that seafarer operators comply with the established regulations, inspec-
tions are routinely conducted.
— (See K.3 for overview calculation structure)

MAX Numb Seafarers Inspections = Total Cars - InspH - OpT (3.8)

Assumptions:
— InspH is calculated based on the average of 250 inspections per month (30 days) with 5
operational cars working 8 hours per day:

250

InspH =
NSPH =30 58

=0.21 (3.9)

where:
— Total Cars is the total number of cars available.
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» Maximizing Patrol Distance
— Physical presence in the port contributes to port safety. This is represented by the distance
at which vessels sail.

MAX Patrol Distance = Average Patrol Speed - OpT (3.10)

where:
— Average Patrol Speed is the average speed at which patrols are conducted.

* Maximizing Availability Capacity Coverage Incident Response
— It is important that the incident response vessels (red-tasks) are available on a 24/7 basis.
For instance, in the event of an incident occurring during the battery recharge period for
one vessel, there should be another vessel available to continue operations. This objective
represents ’availability’.
— (See K.5 for overview calculation structure)

Total Operational Hours Fleet
Required Operational Total Time

MAX Ratio Capacity Coverage Incident Response = (3.11)

where:
— Total Operational Hours Fleet is the total operational hours of the fleet.
— Required Operational Total Time is the total required operational time.
Assumptions:
— It is assumed that every incident response vessel should be operational 24/7. When they
are recharging or refuelling, there should be a stand-in vessel to fill the gap during this time.
— A ratio of 1 indicates precisely the right capacity. A ratio above 1 indicates overcapacity,
while a ratio below 1 indicates undercapacity.

* Maximizing Availability Long Term Deployment in Incident Response
— Inthe event of an incident that lasts a long time (24/7 for one week, for example), a specified
number of vessels must be continuously operational on site. In the event of downtime due
to battery recharging, this must be compensated for by another vessel.
— (See K.6 for overview calculation structure)

Total Operational Hours Fleet

MAX Ratio Avai. Long Term Depl. in Incidents = Required Operational Total Time (3.12)
where:
— Total Operational Hours Fleet is the total operational hours of the fleet during an incident
response.

— Required Operational Total Time is the required operational time for incident response (24/7

for one week).
Assumptions:

— At least two Incident Response Vessels are required for incident response.

— The required operational time is one full week (24/7), which equals 168 hours.

— The time needed to sail to an incident and return to the home base is assumed to be 25
minutes each way.

— If the number of Incident Patrol Vessels is less than 2, the ratio is penalized to 0.01.

— The operational time is calculated considering the time needed to sail to the incident and
back.

» Minimizing Critical Initial Response Time



3.4. Bounds 24

— It is important that the vessels arrive at their designated location within the port within a
specified time frame for incidents.

Length One Sector

MIN Critical Response Time = Critical Maximum Speed

(3.13)

where:

— Length One Sector is the distance of one sector that needs to be covered, calculated as
Total Port Length
Number of Incident Response Vessels -

— Critical Maximum Speed is the minimum maximum speed among all incident response ves-

sels.
Assumptions:

— This function determines the critical initial response time for the first vessel required to ap-
proach the location of an incident.

— The total port length is assumed to be 42 km.

— The response time is calculated based on the distance of one sector and the minimum max-
imum speed of the vessels.

Societal Key-Issues

* Minimizing Electricity Dependency
The net congestion is calculated based on the ratio of electricity-dependent kilometres to the total
kilometres in operations by all vessels within a certain time frame.

MIN  Electricity Dependency Ratio = »

i

{T°‘a'%::.%‘;?:;'ﬁz"::3?;:;‘zz"'°“y X>1
otherwise.
where:
— X is the total quantity of vessels.
— Total Operational Distance Electricity is the action radius of the fleet based on electricity.
— Total Operational Distance is the total action radius of the fleet.

Minimising the Risk of Shortage (Skilled) Workforce

The key-issue of the shortage of (skilled) personnel can also be modelled. For instance, one
can determine the required skill-set for each vehicle type and couple this to a ratio like the net
congestion. However, the Human-Resources (HR) part is not taken into consideration in this
master’s thesis project and therefore left out. As an alternative, the parameter of the available
crew members can be adjusted to simulate, for instance, a shortage of workforce (for the effect
of this feculence see, for example, the constraint function 3.15 and the objective functions)

3.4. Bounds

The optimisation model should be enabled to operate with maximum freedom so that the solution space
can be investigated in its full potential. In consideration of the present fleet's composition, which is
approximately 15 ships, the upper limit for each vehicle has been set at 30. This decision has been
made on the basis that a configuration exceeding 30 vehicles is deemed to be unrealistic and will
cause slow convergence of the algorithm. It is impossible for a negative vehicle number to exist in
reality; therefore, the bounds of all vehicles (z;) are set between 0 and 100 for each vehicle.
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3.5. Constraints

A constraint is added that ensures the number of incident response vessels is lower than or equal to
the capacity of the crew members who have received special training for incident response services
(e.g., fire-fighting). Although human resources are embedded in the objective functions, this constraint
provides faster convergence of the algorithm. There is no explicit restriction on the number of law
enforcement vessels, as no additional training is required for this purpose. Consequently, all crew
members are permitted to sail.

The inequality constraint function is defined as:

Nlncident response vessels X Rnumber crew S Cincident response (3-15)

where:
* Nincident response vessels = the number of incident response vessels
* Rnumber crew = the minimum required number of crew members for each incident response vessel
* Cincident response = the capacity crew members incident response vessels. This is calculated based
on the total number of crew members required to ensure the continuous operations of the vessels
on a 24-hour, 7-day basis. This means that, for example, 1 ship requires approximately X crew
members to be operational 24/7, taking into account the utilisation rate.

3.6. Preference Curves

The subsequentillustrations are the preference curves that were utilised in the analysis and optimisation
processes. For enlarged figures, see appendix L.2

Critical Initial Response Time Red Safety & Security - Availability Capacity Coverage Incident Response

100 ® Points «  Preference Points
—— PC based on Pchipinterpolator 100 Alternatives > x_max are capped (not considered)

Preference Score
Preference Score

0 0 20 40 60 80 100
response time [min] availability [shortage < 100 < over capacity]
(a) Preference Curve Critical Initial Response Time as (b) Preference Curve Availability Capacity Coverage Incident
sub-objective from 'Red Tasks Safety & Security’ (design for -ty Response as sub-objective from 'Red Tasks Safety & Security’
objective) (design for -ty objective)

Red Safety & Security - Availability Long Term Deployment in Incident Response

* Preference Points
100 Alternatives > x_max are capped (not considered)

3
8

IS
&

Preference Score

20

0 20 a0 60 80 100
availability [shortage < 100 < over capacity]

(c) Preference Curve Availability Long Term Deployment in
Incident Response as sub-objective from 'Red Tasks Safety &
Security’ (design for -ty objective)

Figure 3.1: Preference Curves for Red Tasks Safety & Security. The Port of Rotterdam has not yet initiated the tender process,
therefore some figures have no values on the x-axis.
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Figure 3.2: Preference Curves for Affordability, Sustainability, Maintainability and Blue Tasks Safety & Security. The Port of
Rotterdam has not yet initiated the tender process, therefore some figures have no values on the x-axis.



Model Building

The Port of Rotterdam expressed a need and interest in becoming familiar with more scientifically based
decision-making methods to help them achieve their ambitious goal. Therefore, this master’s thesis
aims to develop a decision-support tool. By doing this they tool should facilitate the finding of the best
fit for purpose’ renewed fleet composition.

This chapter describes the construction of the decision-support tool. These include the needs and
requirements set out in section 4.1, the conceptual model framework outlined in Chapter 4.2, and
the process flow of the usage of Preferendus Based Idealized Design in chapter 4.3, which is used for
applying the decision-support tool. Moreover, the reader is directed to Chapters 4.5 and 4.6 for detailed
explanations of the tool’s code architecture and the enhancements made to the Preferendus algorithm,
respectively.

4.1. Needs & Requirements

The fleet renewal challenge is regarded as a complex socio-technological system. The challenge roots
in the complex interplay of various factors, including: stakeholder preferences, technical requirements,
and desired objectives. The decision-support tool should interconnect all of these factors and, con-
sequently, map their relations. The Table 4.1 below provides the overview of the needs and the cor-

responding requirements. An verification/evalulation of the requirements can be found in appendix
G.

Table 4.1: Needs and Requirements for the Fleet Renewal decision-support tool

Need Requirement

Transparent
P * An interface that is understandable and provides feedback on

the taken actions.

» Preference curves (Preferendus Methodology) to make stake-
holder wishes and desires (= preference) transparent.

» The usage of weight factors to prioritise design objectives.

Interactive
» Aninterface that is as friendly as possible in the interaction with

the users.

Continued on next page

27



3.6. Preference Curves

28

Table 4.1 — Continued

Requirement

Preference curves (Preferendus Methodology). To properly in-
tegrate design objectives with different metrics (e.g., money in
comparison with fossil fuel emissions) and to properly integrate
the preferences of the different stakeholders.

Proper preference calculations (Preferendus Methodology).
Based on the work of Barzilai about PFM.

Need
Integration of so-
cial and technical
aspects
The tool should
be designed for

complex systems

The tool should be designed with the principles of Object-
Oriented Programming (OOP). This socio-technical system of
fleet operations is a systems of systems problem. Working
with objects is beneficial to make the code understandable,
maintainable, and extendable. It is also easier for the model-
interface integration.

To make the Preferendus Genetic Algorithm (GA) workable with
OOP, the PFM-calculations need to be locally automated and
integrated into the GA.

How the
should be
(social-need)

solution
found

Collaborating with internal and external stakeholders to create
economic societal value.

Be adaptable to respond effectively to geopolitical tensions and
rapid technological advances

Apply systems-of-systems thinking to investigate the solution
space and address the systems-of-systems complexity of fleet
operations.

What the solution
should include
(technical-need)

Synergies to improve the safety and security of the harbour
region, despite the key-issues, by enhancing collaboration
among the various internal and external stakeholders.

The company-wide vision to create and implement a new fleet
that creates value for all stakeholders.

Sustainable practices to create the most sustainable port and
fleet.

Modern equipment and workflows to be a leading port with the
latest technologies, equipment and workflows to ensure mod-
ernisation.

Technical resources as enabler for service delivery.

Human resources as enabler for service delivery.

Current tasks as design requirements and baseline.

Future tasks, making sure "Tomorrow’s Fit for Purpose Sustain-
able Fleet”.

Service-level-expectations of the stakeholders as an influential
determinant of defining task performance.

Preference of all Stakeholders to create a widely supported so-
lution.
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4.2. Conceptual Model Framework

The schematic overview of Figure 4.1 represents a conceptual model framework for the fleet renewal
decision-support tool. It includes the following aspects: stakeholders’ preferences, service level ex-
pectations, design for -ty objectives’, defined tasks, the available resources, and the key-issues. The
‘system’ has been differentiated between Present Mode and Future Mode. The Present Mode is the
current situation, and the Future Mode is the future situation where the fleet composition is feasible
and aligned with the desired service levels and is aligned with social-technological feasibility. This is
referred to as a solution that *fits for common purpose’ that reflects the 'synthesis’ of what is ‘desirable’
with what is 'capable’.

See Appendix E for the detailed description of the object-oriented programming modules.

"Design for -ty Objectives’ are the different design perspectives of the stakeholders, e.g., Affordability. More about this in
section 3.3)
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4.3. Process Flow Preferendus Based Idealized Design
The decision-support tool is used by following an integrated process flow of the Idealized Design
methodology and the Preferendus Methodology, as outlined below and visualized in Figure 4.2. The
Idealized Design is used as the basis. See section 2.2 for the description of the Idealized Design and
section 2.1 for the Preferendus Methodology. Note, an important part of the process is the system
analysis and the continuous reflection after each step.

In instances where the step in the process flow is based on Idealised Design, this is indicated with
”(ID)”. Similarly, if the step is based on the Preferendus Methodology, this is indicated with "(PM)”".

Idealization (ID)
1. Formulating the Mess (ID) | Design the Design Problem (PM)

* Prepare a system analysis (ID) - is the input of 'Ends Planning’

* Prepare an obstruction analysis (ID) - is the input for the 'Means Planing’.

* Prepare reference projections (ID) - is the input of the 'Means Planning’ and 'Ends Plan-
ning’.

* Prepare a presentation of the mess (ID) - is the input of the 'Ends Planning’.

These findings are used to create the computer model.

2. Ends Planning (ID)
Based on the analysis of 'Formulating the Mess’, the ’ideal’ design is configured by the use of the
Preferendus Methodology. For this, it is required to the following steps:

» Define Preferences (PM).
» Specifying Weights for each (Idealized) objective (PM).
* Run optimization to determine the ideal design (PM).

Check if the result is satisfying. If that is the case, proceed to the 'Realization’ stage. If not, repeat
the previous steps from ‘'Formulating the mess’.

Realization (ID)

3. Means Planning (ID)
Based on the analysis of 'Formulating the Mess’ and especially the 'obstruction analysis’, the
'means planning’ is conducted. The risks and obstructions are formulated as key-issue objectives
and modelled. Thereafter, the following steps are followed:

» Define Preferences (PM).

» Specifying Weights for each (Realization) objective (PM). The weights of the Idealized
objectives and the Realization objectives remain the same.

* Run optimization to determine the design based on the Idealization and Realization
(PM).

Check if the result is satisfying. If that is the case, proceed to the next stages of 'Resource
Planning’, ’'Design of Implementation’, and 'Design of Controls’. If not, the ideal-design is not
reachable. Repeat the previous steps from 'Formulating the mess’ until the gap between the
‘ldeal Design’ and the 'Real Design’ is considered as satisfied.

4. Resource Planning - out of scope.
5. Design of Implementation - out of scope
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6. Design of Controls - out of scope

Optimization t
T Idealized Output

Means
Planning
1

Idealized Design I

Formulating the Mess

- Optimization
Realization Output

Resource .

Figure 4.2: Process Flow A-priori Preference Based Idealized Design. (own illustration)
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4.4. Data Flow

The fleet renewal challenge is regarded as a complex socio-technological systems challenge, as previ-
ously outlined. Therefore, the Preferendus Algorithm, from H. J. van Heukelum et al. (2024), is made
compatible with an ’Object-Oriented System of System’ extension (see the modules explained in sec-
tion E). This extension is created to integrate and facilitate the system’s calculations (vessel type 1 +
vessel type 2 + car type 1 = Fleet Composition 1 — System Performance). The figure 4.3 shows the
position of these modules within the Preferendus workflow.
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Figure 4.3: The workflow of the Preferendus, presented as a concept diagram (Wolfert, 2023). Additionally, the position of the
extensions created by this master’s thesis is presented.

The Figure 4.4 provides a graphical visualization of the data flow of the 'Object Oriented System of
System’ extension and the ’ldealized Design Preferendus’ module.

First, the 'design variables’ are randomly generated for each alternative and stored in a design-
variables-matrix. Each row in the matrix is considered as a design alternative (fleet), where each design
variable represents the quantity of that corresponding vessel/car type. Based on this information, the
‘VehicleMix’ is created and represents the fleet consisting of a certain amount of different vessels and
cars (this can be extended in further research, for example, with drones).

The 'VehicleMix' is equipped with standard design performance functions based on its fleet-characteristics.
Together with the other design performance functions (PortGeographics, HumanResources), the met-
ric of an objective function can be calculated (the objective value). Based on the preference function
and the objective value, the preference score can be determined. This score is stored in a prefer-
ence matrix, where each row represents the corresponding alternative of the previously mentioned
design-variables-matrix. This is done for each objective for both the Idealization- and the Realization
objectives.
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4.5. Code Architecture Decision-Making-Tool

As previously outlined, the fleet renewal challenge is regarded as a complex socio-technological sys-
tems challenge. It is therefore essential to ensure that the tool can be easily expanded as the project
progresses and additional system layers are incorporated. Furthermore, it is beneficial if the tool is
designed in such a manner that it can be utilised to analyse other matters within the scope of the fleet
renewal programme or other relevant questions in relation to fleet operations. Therefore, the tool should
comply with the need of “utility?”. In order to guarantee this, the tool must be both maintainable and
expandable, while also being clearly readable from a computer coding perspective. Another benefit is
that the tool can be used by other projects interested in using the Preferendus Methodology.

Objected-Oriented Programming Principles

Object-Oriented Programming (OOP) has been demonstrated to be effective in meeting these criteria
for utility. According to Saide (2024, p. 1), OOP ‘leverages principles such as encapsulation, inheri-
tance, and polymorphism to enhance flexibility, scalability, and modularity in software systems”.

The term 'encapsulation’ is used to describe the functionality that prevents data within the objects
from being modified or read by unintended purposes. This is beneficial, as this prevents errors (Amos
& Python, n.d.; GeeksforGeeks, 2025; Stemmler, 2022).

The ’inheritance’ functionality establishes a connection between all individual 'vessel’ objects and
the parent object of the same type (Amos & Python, n.d.; GeeksforGeeks, 2025; Stemmler, 2022). The
property of action-radius is common to all these vessels. However, with “inheritance” functionality, this
property only needs to be specified for the parent object, i.e. "Vessel”, rather than for each ship type
separately. The rationale behind this phenomenon is that the various ship types automatically inherit
the action-radius functionality. However, it should be noted that the data employed in the calculation
of the range is defined at the sub-object level. Inheritance is therefore important for ‘code reuse’ and
'simplifying maintenance’ (Saide, 2024).

‘Polymorphism’ is a characteristic that enables a single interface to be utilised for a wide range of
objects, without the necessity of full knowledge of the working of the other objects, as long as the
behaviour of the objects remains the same (Amos & Python, n.d.; GeeksforGeeks, 2025; Stemmler,
2022).

The functionalities of encapsulation, inheritance and polymorphism in conjunction facilitate the con-
cept of 'abstraction’. Abstraction can be defined as the functionality of hiding the inner workings of
an object, thereby exposing only the functionality that is considered essential. This facilitates simple
communication between objects (Amos & Python, n.d.; GeeksforGeeks, 2025; Stemmler, 2022).

Coding Language

The Python programming language is relatively easy to use and capable of handling OOP-coding (Amos
& Python, n.d.; GeeksforGeeks, 2025; Stemmler, 2022). Therefore, the tool is created using the Python
programming language.

The Tool that is Created
The fleet renewal decision-support tool is created based on object-oriented programming principles
and contains several modules. Appendix E provides an overview of the code structure of the tool.

4.6. Preferendus Algorithm Extension and Improvements

This chapter outlines the extensions and enhancements made to the Preferendus Genetic Algorithm
(GA) and the Integrative Minimisation of Aggregated Preferences (IMAP), originally developed by H. J.
van Heukelum et al. (2024) and first concepts developed by Zhilyaev et al. (2022). The text addresses
the key limitations in elite selection and diversity calculation. It also introduces an object-oriented pro-
gramming approach and a locally deployed PFM module to enhance functionality and the robustness
of the software.

Extension - PFM-algorithm Deployed Locally as PFM-module
The Preferendus of H. J. van Heukelum et al. (2024) employs the Multi-Criteria-Decision-Analysis
method of Barzilai (Barzilai, 2022) based on his Preference-Functional-Modelling algorithm, utilising

2NL: bruikbaarheid
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preferences to find the best alternative. For further information about the MCDA, please see Scien-
tificMetrics (2002, 2025) and Wolfert (2023). Van H. J. van Heukelum et al. (2024) made use of the
Scientific Metrics server to apply the PFM-algorithm.

Although the server is adequate for relatively simple problems, the connection is lost when the cal-
culations are more substantial, as is the case in this master’s thesis. Consequently, a Python class
has been developed to facilitate these calculations without the necessity for an external server. This
approach offers the additional benefit of understanding the mathematical operations involved by the
author. The functionality of the developed class is verified with the use of the ChoiceRobot (Scientific-
Metrics, 2002) and with the test data of H. J. van Heukelum et al. (2024).

The developed PFM-module can be found on GitHub: LINK.

Improving the functionality and robustness by object-oriented programming principles

The Preferendus of van H. J. van Heukelum et al. (2024) is modified to a more object-oriented program-
ming style by separating the code into methods and functions. A significant advantage of this approach
is that it enables the development of unit tests, thereby ensuring the correct functionality of the code.

Preferendus Algorithm Improvements - Issues Resolved

During the analysis of the code of the Preferendus of H. J. van Heukelum et al. (2024), certain issues
were identified and subsequently resolved. For a comprehensive overview, please refer to appendix
D.

Selecting Elites for Next Population Genetic Algorithm (GA)
The initial algorithm of H. J. van Heukelum et al. (2024) had two issues with selecting the elites (see
code listing D.1):

1. Incorrect elite selection: The algorithm identifies the highest scores as elites. This is incorrect
for a minimization algorithm where the goal is to find the lowest scores.

2. Alternative loss with identical scores: The algorithm only saves the first population member
that matches a unique score, and does not save the other members with the same score. This
can lead to the loss of potentially valuable alternatives because two different alternatives can
have the same score. For instance, alternative A with x1=2 and x2=5 can have the same score
as alternative B with x1=10 and x2=1.

An improved elites method addresses these issues by (see code listing D.2):

» Correct elite selection: Selecting the elites based on the lowest scores, which is in line with the
minimization algorithm.

* Preserving all alternatives: Saving all different alternatives that have the same score by check-
ing if the selected population member has already been saved, ensuring no valuable alternatives
are lost.

» Only unique populations: The code makes sure that all elites are unique populations.

Diversity Calculation for Populations in Genetic Algorithm (GA)
The initial algorithm of H. J. van Heukelum et al. (2024) for calculating the diversity had two issues (see
code listing D.3):

1. Diversity confusion: H. J. van Heukelum et al. (2024) calculates the diversity over the full matrix.
For example, with apples and chairs ([apple, chair]), the diversity of [[1, 2], [2, 3]] is calculated as
3. These indices (design-variables) do not represent the same ‘object’. In other words, 2 chairs
and 2 apples can not be compared with each other, and therefore, the diversity should be 4. For
example, ([apple, chairs]) [[1, 2], [3, 4]] has the same diversity as [[2, 2], [3, 3]]. Therefore, the
diversity of the full matrix has no meaning.
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2. Intuitive scale: A higher diversity-number means lower diversity, which is counterintuitive.
An improved diversity calculation method addresses these issues by (see code listing D.4):

« Comprehensive population diversity: Calculating diversity for the entire population to provide
an overall measure of variance of numbers within the dataset.

» Variable-specific analysis: Calculating diversity for each variable separately to offer a more
nuanced understanding of the data.

+ Intuitive scaling: Employing a more intuitive scaling system where a higher number indicates
higher diversity, making interpretation and analysis more straightforward.

» Detailed uniqueness quantification: Calculating the number of unique values per variable sep-
arately to provide an additional parameter next to diversity.



Analysis & Solution Selection

This chapter is a demonstration of the decision support tool that has been specially created for the Port
of Rotterdam Fleet Renewal Challenge. This is achieved by employing a process that integrates the
Preferendus- and Idealized Design Methodologies (see section 4.3). To demonstrate the functionality
of the tool, an analysis and solution selection process based on a study from the Port of Rotterdam.
They have a study conducted that compares the different fleet compositions. This study is utilised to
illustrate the functionality of the tool and to compare the optimisation outcomes.

The study, which was conducted by the Port of Rotterdam, made a comparison between the differ-
ent fleet compositions. Six alternatives have been developed, each of which makes a clear distinction
between the ‘red-’ and ’'blue-’ tasks (see Figure B.1). Red-tasks can be seen as the fire-fighting de-
partment, and the blue-tasks can be seen as the law enforcement department. Therefore, the tool is
tested with these alternatives, and the results are represented as red tasks, blue tasks, and combined
tasks (both red- and blue-tasks). The purpose of the combined tasks is to demonstrate the synergies
that the model can provide.

The scope of this section is limited to the consideration of the combined tasks when applying the
Preferendus Methodology in conjunction with the Idealised Design Methodology, which are integrated
into one process (see Section 4.3). Please refer to the Appendix L for all the figures and tables of the
results for blue, red, and combined tasks.

In instances where the step in the process flow is based on Idealised Design, this is indicated with
(ID)”. Similarly, if the step is based on the Preferendus Methodology, this is indicated with "(PM)”.

Note, this master’s thesis has the objective of developing a decision-support tool and not for the pursuit
of a solution to the fleet renewal challenge. Therefore, the modelled system should be considered as
a simplified abstraction of reality. Consequently, one should be cautious when using the outcomes of
the analysis.

Idealization (ID)

1. Formulating the Mess (ID) | Design the Design Problem (PM)

» Prepare a system analysis — is formulated in Section 3.1 and includes the tasks, resources and
stakeholders. This is the input of the ’Ends Planning’ and Design Performance Module.

* Prepare an obstruction analysis — is formulated in Section 3.1 and includes the societal key-
issues. This is the input for the 'Means Planning’.

* Prepare reference projections — is formulated in Figure C.1 and describes the future scenarios
regarding the interplay between tasks, resources, and societal key-issues. The figure provides an
insightful analysis of the problem of staff shortages due to ageing and the need to sail fossil-free
to combat climate change.
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* Prepare a presentation of the mess - is not specifically formulated in this master thesis, as it
involves a presentation of all the findings. However, you can see the previous sub-steps as the
presentation of the mess.

These findings are used to create the computer model. See chapter 3.3 for the (mathematical) formu-

lations.

2. Ends Planning (ID)

Based on the analysis of 'Formulating the Mess’, the ’ideal’ design is configured by the use of the

Preferendus Methodology. For this, it is required to the following steps:

» Define Preferences (PM) — See the preference curves in Section 3.6.

» Specifying Weights for each (Idealized) objective (PM) — See Table 5.1 below.

Table 5.1: Weight Distribution Idealization Optimization Combined Tasks

Objective Weight Sub-Objective Sub- Optimization-
Weight Weight
Affordability 18.421 OPEX 50.00 0.092
CAPEX 50.00 0.092
Sustainability 18.421 Carbon Footprint Investment (con- | 50.00 0.092
struction)
Carbon Footprint Operations 50.00 0.092
Maintainability 5.263 Minimize Complexity Number Ves- | 100.00 0.053
sel Types
Red Tasks Safety & | 28.947 Maximizing Availability Capacity | 33.33 0.097
Security Coverage Incident Response
Maximizing Availability Long Term | 33.33 0.097
Deployment in Incident Response
Minimizing Critical Initial Re- | 33.33 0.097
sponse Time
Blue Tasks Safety & | 28.947 Maximizing Number of Barge In- | 33.33 0.097
Security spections
Maximizing Number of Inspec- | 33.33 0.097
tions Seafarers
Maximizing Patrol Distance 33.33 0.097

* Run optimization to determine the ideal design (PM) — See Table 5.2.

Table 5.2: An overview table of the aggregated performance of the different fleet compositions when both blue and red tasks
are considered. Keep in mind that PFM scores are compared to other scores. If X scores close to Y, it is because Z scores very
differently. For more information about Preference-Functional-Modelling see Barzilai (2022)

Alternative |

A1 A2

| B1 B2 B3 B4 | Baseline | Optimization

PFM score ‘ 29.34 46.19 ‘ 14.83 15.18 30.03 0.0 ‘

28.60

100.0

» Check if the result is satisfying. — This result of 3 'IBV-AWS’ vessels for the combined tasks
is considered as the ’ideal’ design (See table L.1). This corresponds to the optimisation result.
Alternative A1 and A2 have also 3 'IBV-AWS’ vessels, but include additional vessels for law-
enforcement purposes. However, the optimization provides only 3 vessels that are used for both
the incident response and law-enforcement services.
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Realization (ID)

3. Means Planning (ID)

Based on the analysis of 'formulating the mess’ and especially based on the ’obstruction’ analysis,
the 'means planning’ is conducted. The risks and obstructions are formulated as key-issue objectives
and modelled. See the mathematical formulation chapter 3.3. For demonstration purposes, only the
key-issue of Net Congestion is used.

The following steps are followed:

» Define Preferences (PM) — See below the preference curve of Net Congestion in section L.14.
The preference scores for the fleet composition alternatives are also presented.

» Specifying Weights for each (ldealized) objective (PM) — The Net-Congestion objective is
added, and therefore the weight distribution for optimization is also changed. See Table 5.3

below. Note, the weight of the Net-Congestion is very low compared to the other objectives.

Table 5.3: Weight Distribution Realization Optimization Combined Tasks

Objective Sub-Objective Optimization-
Weight
Affordability OPEX 0.0875
CAPEX 0.0875
Sustainability Carbon Footprint Investment (construction) 0.0875
Carbon Footprint Operations 0.0875
Maintainability Minimize Complexity Number Vessel Types 0.05
Red Tasks Safety & Security Maximizing Availability Capacity Coverage In- | 0.0917
cident Response
Maximizing Availability Long Term Deploy- | 0.0917
ment in Incident Response
Minimizing Critical Initial Response Time 0.0917
Blue Tasks Safety & Security Maximizing Number of Barge Inspections 0.0917
Maximizing Number of Inspections Seafarers | 0.0917
Maximizing Patrol Distance 0.0917
Societal Key Issues Net Congestion 0.05

* Run optimization to determine the design based on the Idealization and Realization (PM)

Table 5.4: An overview table of the aggregated performance of the different fleet compositions when both blue and red tasks
are considered in the Realization (including Net Congestion). Keep in mind that PFM scores are compared to other scores. If X
scores close to Y, it is because Z scores very differently. For more information about Preference-Functional-Modelling see

Barzilai (2022)

Alternative A1 A2 B1 B2 B3 B4 Baseline Optimization Optimization
Idealization Realization

PFM score 29.34| 46.19| 14.83| 15.18| 30.03| 0.0 28.60 100.0 -

Idealization

PFM score 31.47| 45.04| 16.99| 16.36| 30.80| 0.0 38.47 89.89 100.00

Realization

» Check if the result is satisfying - solution selection.

Purchase vessels that are not solely dependent on electricity
The result of the realisation, including the objective 'net congestion’, is three fossil-fuel-powered
IBV-vessels that are currently in use. It is important to note that, despite its relatively low weight,
the objective net congestion is nevertheless influential. The solution that is provided by realisation
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is independent of electricity. By contrast, the ideal design is composed of three fully electrical
vessels. Although it seems that the PFM-score of ’ideal design’ is relatively close to the 'realisation
design’, this is misleading. When interpreting PFM scores, it is important to consider that these
scores are relative to each other. In other words, if the score of alternative X is found to be closely
aligned with that of Y, is this because Z scores very differently. In conclusion, the findings of the
analysis indicate that it would be advisable to procure new vessels that are not dependent on
electricity. If the development of electric ships is still considered, it is essential to ensure the
reliability of the supply side.

Identify synergies between the blue- and red- departments

The optimisation process resulted in three vessels, contrasting with the predefined alternatives,
which involved a greater number of vessels, see Table L.1. This is likely a consequence of the
mathematical model’s omission of the maintenance period, during which vessels are planned or
unplanned out of service. Moreover, it should be noted that this model does not encompass
all tasks. Nevertheless, the recommendation is to identify synergies between the blue- and red-
departments. The optimisation of fleet operations, in tandem with the identification of opportu-
nities, is expected to facilitate the adaptation-capabilities to the projected future. For instance,
the optimisation of work processes has the potential to achieve the same level of output with a
reduced number of personnel. This approach may assist in addressing the current shortage of
skilled workers. To conclude, it should be noted that the identification of synergies can be fa-
cilitated by utilising the decision-support tool that has been specifically developed for the fleet
renewal challenge in this master’s thesis, and which has been employed in this analysis.

Performance Radar Chart

Carbon Footprint Operations

combi_alternative_Al
combi_alternative_A2
combi_alternative_B1
combi_alternative_B2
combi_alternative_B3
combi_alternative_B4
combi_baseline
combi_optimization_idealization
combi_optimization_realization

REXEXRX

Inspection Barge Patrol Distance

Inspection Seafarers

Figure 5.1: An overview of the performance of the different fleet compositions when only the red tasks are considered for the
realization (with net congestion) after the idealization. The performance is indicated by PFM-scores. Keep in mind that PFM
scores are compared to other scores. If X scores close to Y, it is because Z scores very differently. For more information about
Preference-Functional-Modelling see Barzilai (2022)



Discussion

The following structure is employed in this chapter. Firstly, an evaluation of the decision-support tool
is conducted, and recommendations are subsequently provided. Secondly, the chapter explores how
the Preferendus Methodology can be used to improve the system. In the final section, the reflections
of the Port of Rotterdam with regard to the methodology of the Preferendus are outlined.

6.1. Decision-Support Tool Reflections & Recommendations

This section outlines the evaluation of the Preference-Based Idealized Design decision-support tool
and methodology, and the process of this master’s thesis.

Integration of the Preferendus Methodology with Idealized Design

The integration of the Preferendus Methodology and the Idealized Design methodology is successful.
However, the verification and validation can be seen as a conceptual and therefore more research is
needed. Additionally, this thesis considers human resources as constants, while Idealized Design is
even more interesting when this is considered as variables. It is recommended to conduct a case study
with an organization that incorporates both technical aspects and human resources.

Although this thesis already shows the implementation of Idealized Design, it is considered important
to investigate whether an objective should be considered as ideal or real as it is used in different stages
of the process. For instance, the objective 'costs’ is categorised as idealised because it is a design
characteristic. The motivation may be a preference for the ideal design to have limited operational
costs. In contrast, temporary budget constraints can be categorised as a realisation objective. A clearer
example is electrical net-congestion. This key issue/risk is real but uncertain and temporary. It has a
significant impact on the realization of the design and can determine a design that is not in the direction
of the ideal design, or can even exclude the realization of the ideal design.

Preferendus Algorithm applied to Systems of Systems Problems

The results show that the tool is capable of connecting vessel and fleet characteristics with overall
system performance. This is done by the systems of systems perspective, where the fleet is created
by its 'unique’ vessels and vehicles. The different vessels’ characteristics together determine the fleet-
performance and therefore the system’s performance of the fleet.

This master’s thesis was only able to incorporate vessels and cars. Conceptually, this is considered
adequate. However, it would be interesting to incorporate more Fleet sub-systems, for example, the
integration of the human resources, drones, etc.

Additionally, the tool only connects the system-level of vehicles/vessels with the fleet based on the
user input of the vessel characteristics. It is possible, in principle, to extend this with additional design
variables from the vessels. For instance, the battery size, the dimensions of the hull, the pump’s
capacity, etc. In this case, three system-levels are coupled: subsystem-vessel, vessel-system, and
fleet-system.
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Best Fit for Common Purpose Fleet Configuration by aligning Desirability with
Capability

The Preferendus Methodology has previously been demonstrated to be capable of identifying the
‘best fit for purpose’ solution in other contexts (Aulbers, 2023; Mol & Schriever, 2024; Pallandt, 2025;
Raaphorst, 2024; Teuber & Wolfert, 2024; van Eijck & Nannes, 2022; H. J. van Heukelum, 2022; H. J.
van Heukelum et al., 2023). This is also the case for this master’s thesis, as it can be considered as an
additional case study that serves to demonstrate the usefulness of the Preferendus Methodology. The
additional value of this master’s thesis is the application to an operational asset management organiza-
tion like the Port of Rotterdam. The results (section 5) demonstrate the capability of the tool to find the
‘best fit for common purpose’ solution. The solution generated by optimisation may be more aligned
with ‘desirability’ and is also 'capable’, compared to the predefined alternatives. This is achieved by
first defining the ideal design through idealisation, resulting in 3 fully electric vehicles. The design is
then determined based on realisation, resulting in 3 fully-diesel vehicles.

However, the concept of a 'common purpose’ is not fully explored in this thesis. Although the Pref-
erendus Methodology has already proven itself conceptually in this area, the environment of fleet op-
erations at the Port of Rotterdam is of particular interest for conducting further research on this topic
with a case study. Unfortunately, this was not examined in its full potential due to the lack of time and
the primary focus on the creation of a decision-support tool. In order to further explore the concept of
‘common purpose’, it is recommended that the developed tool and methodology would be applied with
more internal and external stakeholders in relation to the Port of Rotterdam.

Adaptable and Flexible Tool

In the early developmental stages of the tool, implementing object-oriented programming (OOP) princi-
ples required a significant effort. However, as the project progresses, it has shown evidence of flexibility
and scalability, primarily due to the fact that the objects are only required to be created once. Due to
the concept of inheritance, new objects are easily created.

The integration of the tool with an interface facilitates the deployment of applications based on the
Preferendus Methodology by other practitioners. It would be interesting to create an open-source library
that can be shared with everyone who is interested.

Although the author has developed its coding skills professionally, through side-projects and self-
study, it is important to note that the author of the thesis has not studied computer science. Especially,
the author had never previously created an application, including both the tool and the interface. Due to
the author’s lack of prior professional experience, it is reasonable to assume that a significant number
of enhancements can be made regarding the tool. Specifically, the interface is operating at a rather
slow speed. Perhaps a more appropriate solution could be found in an alternative library to StreamlLit.

Improvement of the Mathematical Model
The mathematical model can be further enhanced by making several expansions and adjustments.

Firstly, it is possible to expand the objective of carbon footprint in operations and construction by
incorporating additional sustainable parameters. For instance, additional objectives in line with the
Nations’ Sustainability Goals, including environmental impact and the total life cycle of the vessels.

Secondly, the model has the capacity to establish links between different tasks and the personnel
with the necessary skills. This approach facilitates the identification of opportunities and synergies to
enhance the effective utilisation of personnel.

Thirdly, the objective of Maintainability-Complexity can be given a more detailed definition in order
to take into account the number of modules and different suppliers, in addition to vessel types. This
expansion ensures a more precise representation of maintenance requirements and workload.

Fourthly, the model differentiates between Barge Inspections and Seafarers Inspections, with the
former conducted exclusively by ships and the latter exclusively by cars. It is recommended that the
model be adapted to ensure that both inspections are feasible, regardless of the chosen mode of trans-
port. This approach also facilitates the optimisation of the system and the identification of synergies
between the currently distinct departments.

Finally, the model may be expanded to incorporate a broader range of security metrics in addition to
the number of inspections that are operationally feasible.
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6.2. Improving the System Using the Preferendus Methodology

This section presents a further reflection on the application of the Preferendus Methodology for the
enhancement of system performance. For a detailed explanation, see appendix I.

Evaluating Alternatives Within the Indicated Preference Curves

The Preferendus Method utilises an algorithm to evaluate the various design alternatives based on
Preference Functional Modelling (PFM) (Barzilai, 2022). PFM is an evaluation technique in which the
score of one alternative is relative to the other alternatives. For instance, if X scores close to Y, it is
because Z scores very differently. Further information regarding Preference-Functional-Modelling can
be found in Barzilai (2022).

The PFM evaluation is conducted by the Preferendus Methodology, on the basis of the preference
scores for all the different objectives. For the purpose of illustration, consider the preference curve of
the objective initial response time, as demonstrated in Figure 6.1.

When the X-value (initial response time) falls outside the defined range, H. J. van Heukelum et al.
(2024) caps the scores to the extremes of the preference score at x i, Or £max. This application can be
characterized as ’inside the preference box’:

If the preference values are outside the limits of 0 or 100, the preference scores are set to
the lower (0) or upper limit (100). This can be called as 'capping’.

100
Outside P.B. Inside the Preference Box Outside P.B.
ot
=
g
2
g
o
NOT CONSIDERED NOT CONSIDERED
AS BETTER AS WORSE
X1 =75 Min Respone Time X2 =85 Min CcO

Figure 6.1: Inside the Preference Box Demonstration Figure (made with Miro (Miro, 2025))

This approach is not considered beneficial when the objective is to enhance the system. The al-
gorithm is unable to identify an enhanced system design when it is unable to determine whether an
alternative score exceeds 100 or falls below 0, due to the restriction of scores at the upper and lower
limits. For instance, 120 is set to 100, and -150 is set to 0. This process is known as 'capping’, with
120 representing the maximum limit of 100.

Difference between 'Capping' and Constraints

To clarify, it is important to note that setting an alternative from, for instance, 120 to 100 (named as
‘capping’) is not the same as setting a constraint. When constraints are employed, design alternatives
with a lower preference rating zp,;, or higher than z,.x will not be evaluated. However, when ’capping’
is used, these alternatives will be evaluated, but the preference rating will be indicated as '0’ or *100’,
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and the model is unaware that an alternative is less preferred by the stakeholders.
Options to deal with Inside-Outside the Preference Box:

* No capping, no constraints: (highly preferred option)
All alternatives are evaluated. If needed by extrapolation. Alternatives and preferences are eval-
uated Inside- and Outside the Preference-Box.

* In the case of capping:
All alternatives are evaluated by extrapolation. Alternatives are evaluated Inside- and Outside the
Preference-Box and preferences are capped to the edges of the preference-box. This means that
the model evaluates alternatives outside the preference box but is unable to determine whether
an alternative is worse or better than the alternatives defined within the preference box.

Design alternatives i with z; < xmin — evaluated but given P = P(znin)
Design alternatives i with ; > zmax — evaluated but given P = P(zmax)

* In the case of constraints:
All the alternatives outside the preference-box are not evaluated. Only alternatives inside the
preference are evaluated by the model.

Design alternatives i with x; < zmi, — not evaluated
Design alternatives i with z; > xmax — not evaluated

Evaluating Alternatives Beyond the Indicated Preference Curves

In order to address the implications of only evaluating alternatives within the preference curves, known
as ’inside the preference box’, it is considered preferable to extrapolate beyond the defined range of
x-values in order to generate the preference value. This method is called ‘outside the preference box’.
However, this raises complications because it is not known how the extrapolation should be done. In
the case of a straight line, it is straightforward to use that slope for extrapolation, as demonstrated in
Figure 6.2. However, when the preference curve has a specific form, it is debatable whether one can
use the slopes at the extremes.

Guidelines for System Improvements

In order to enhance the system as a whole, it is essential to evaluate design alternatives beyond the
defined preferences. However, it is important to consider the validity of extrapolation in the context of
the preference curves related to the objectives. To address the issue of uncertainty surrounding the
validity of the extrapolation, the following guidelines should be followed:

1. Do not restrict extrapolation for the sake of the pursuit to discover design alternatives to improve
the system as a whole.

2. Consider the ethical implications of the objectives. If important, consider using constraints.

3. Discover if extrapolation is ‘valid’ based on the end-slopes of the preference curve. If so, leave it.
If not, ask the stakeholder to define its preference to a broader extent.

4. As a facilitator, you may ask whether the preference points outside the preference box should be
considered. Beyond the two extremes of the x-points, it could be the case that these preferences
can be capped on the extremes. Note that this differs from constraints! Because if you define the
design alternatives beyond the extremes of the x-points as invalid (through constraints), these
design alternatives are not considered at all. If it is not defined as a constraint but capped at the
extremes, the design alternatives beyond the extremes of the x-points are considered, but the
model scores it as the extremes of the preferences (p=0 or p=100).
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Figure 6.2: Extrapolation Outside the Preference Box Demonstration Figure (made with Miro (Miro, 2025))

6.3. Reflections Port of Rotterdam regarding the Preferendus Method-
ology

This section provides a reflection on the application of the Preferendus Methodology at the Port of
Rotterdam, with a particular emphasis on its strategic value. It also offers recommendations for future
collaborative design.

Preferendus Methodology for Strategic Decision Making

At the start of the master’s thesis project, the Port of Rotterdam’s main supervisor outlined the objective
of the present study, as the development of a tool that will facilitate a comparison of different resource
mixes. This model should integrate objective factors (such as cost) as well as subjective, human-driven
factors. The daily supervisor further emphasised a pivotal aspect: the necessity for the tool to analyse
whether the selection of vehicles guarantees the presence of the crew and vessels at their designated
locations and times, equipped with the required equipment.

Both the main supervisor and the daily supervisor have confirmed that these objectives are achieved
by the creation of the tool. Additionally, by presenting the product and the methodology to the pro-
gramme team, they were very enthusiastic and saw the potential in it. In addition, the technical expert
and Harbour Authority Advisor mentioned the following:

“l see that this is very interesting because it gives you a better understanding of the
different relationships”.

- Paraphrased Technical Expert -

“I see possibilities with the Harbour Authority to better grasp what ‘safety’ is. Now we have
metrics that determine how ‘safe’ the harbour is. With your method, we can discuss this
more precisely by integrating these metrics into your model. In this way, these
safety-metrics are more coupled to the (fleet-)operations. Moreover, we can then
determine and motivate (with this model) a decision like: if we do 20 fewer inspections per
month, we have more time to spend on other safety-improving-activities”

- Paraphrased Harbour Authority Advisor -
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In this view, these phenomena are related to the capabilities of the social-technical system of fleet
operations and the related performances that it can provide. Incorporating these factors into a modelled
'system’ creates the opportunity to make strategic decisions based on a systems-of-systems approach.
For further clarification regarding this potential, related to the tool created in this master’s thesis, please
refer to appendix H.

Preferendus Methodology to Achieve Success = Quality x Adoption
The main supervisor has observed that the tool makes a significant contribution to two pivotal factors
for success: quality and acceptance (success = quality x acceptance).

The quality of a solution is defined as the ability to identify a practical solution that fulfils its intended
purpose, in other words: ’fit for common purpose’. This is even more the case when the tool can
provide an understanding of the most significant and differentiating factors, or ’leverage points"’, within
the solution space.

The concept of acceptance, or more precisely, ’adoption’ as defined by the main supervisor, is facili-
tated within the Preferendus Methodology. This process involves the generation of insights with stake-
holders through the incorporation of their opinions and preferences into the model, thereby enhancing
acceptance. This can be considered a form of collaborative design, whereby the model facilitates the
design process of the stakeholders.

Collaborative Design with The Industry to Ensure Fitness for Common Purpose
During the course of a meeting with the project team, the following risk was mentioned: In the event of
an overly specific definition of the requirements, the potential exists for a situation in which no contrac-
tors/yards will apply for the tender. In such circumstances, it is also not possible to achieve ‘fithess for
purpose’.

In this particular context, the model developed by the author utilising the Preferendus Methodology
has the potential to offer a solution. The game can be ’played’ together with the yards/contractors
and the PoR as a client by using the Preferred Methodology. During the iterative design process, it
is possible to determine the impact on the service level (that the fleet can provide) by modelling the
design decisions of the yards/contractors.

One can state that this is the most ’ideal’ form of ‘fitness-for-common-purpose’ where together (yard-
s/contractors and the client) with systems thinking, the preferred solution is defined, given the circum-
stances and resources that are available with both the PoR and the market. In this way, the solution is
both 'capable’ and 'desirable’.

Preferendus Methodology to Investigate the Cost of Complexity
During the master’s thesis project at the Port of Rotterdam (PoR), the fleet renewal programme team
hired an external consultant to analyse and forecast the 'cost of complexity’ of the different fleet compo-
sition alternatives. For instance, while fixed battery packages are more advanced in terms of develop-
ment and usage compared to swappable battery packages, they present several other challenges. The
former option results in lower vessel availability compared to the latter due to the recharge time. Fur-
thermore, the implementation of a fixed battery is affected by net-congestion issues. This is due to the
need for increased peak energy demands during the process of recharging in a short time frame. Fur-
thermore, the required land-side infrastructure differs significantly between these two battery package
options, adding another layer of complexity to the decision-making.

This was a particularly interesting aspect for this master’s thesis, as the PoR supervisors noted the
significant overlap with the tool developed in this thesis. This addresses the need and the potential of
preference-based decision support tools, such as the tool developed in this master’s thesis.

"Maedows (1999) explains ‘Leverage Points’ as “places within a complex system (a corporation, an economy, a living body,
a city, an ecosystem) where a small shift in one thing can produce big change in everything”.



Conclusion

The objective of this thesis was to develop a decision-support tool for the Port of Rotterdam’s fleet
renewal programme, to facilitate improved decision-making for complex choices. In addition, the tool
should consider how the impact of different choices will be made visible, allowing users to explore
various fleet combinations regarding the system performance.

This Master’s thesis demonstrates the successful development of a 'Preference Based Idealized De-
sign’ tool and methodology that integrates the Preferendus and Idealised Design methodologies. The
tool and methodology are conceptually tested at the Port of Rotterdam for their Fleet Renewal Chal-
lenge. The tool facilitates the finding of a solution that is both ‘desirable’ and ‘capable’ by integrating
multiple stakeholders’ objectives and preferences into the modelled system. Additionally, by incorpo-
rating stakeholder preferences, the tool facilitates transparent collaborative decision-making and the
integration of both technical and social aspects.

Furthermore, the tool is developed with object-oriented-programming principles that ensure the main-
tainability and scalability of the tool. This makes it suitable for extensions and applications at other
projects.

Additional research can be conducted by applying the Preference-Based Idealised Design tool and
methodology to other projects. Ideally, this would be done with a project team that has fully adopted
the methodology. It is particularly interesting to apply this tool and methodology to a project involving
organisational issues, as the Idealized Design approach is designed for organisational redesign.
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Stakeholders

The fleet of the Port of Rotterdam plays an important role in the safety architecture of the Rotterdam
harbour area. This section provides an overview of the most critical stakeholders involved.

Port of Rotterdam Authority

The Port of Rotterdam Authority is a private company, owned by the municipality of Rotterdam (70%)
and the Dutch national government (30%). The organisation has approximately 1400 employees and
fulfils two core tasks (Port of Rotterdam, n.d.-b):

1. The sustainable development, construction, management and operation of the port and industrial
area in Rotterdam.

2. The promotion of the safe, effective and efficient handling of shipping in the port of Rotterdam
and the offshore approaches to the port

This master’s thesis employs systems engineering principles to establish a connection between "vague”
goals and ’preferences’ (sphere of desirability) and tangible metrics (sphere of capability) to facilitate
design/business decisions. Consequently, it is worthwhile to explore the strategic framework of the

PoR:

Table A.1: Strategic Framework Port of Rotterdam Authority (Port of Rotterdam, n.d.-e).
The Business Strategy 2025-2029 can be found on their website

Purpose Connecting the world. Building tomorrow’s sustainable port.

Mission We create economic and societal value by working with customers and stakeholders
to achieve sustainable growth in the world-class port.

Vision We are the developer of a leading, safe, efficient and sustainable port where our cus-
tomers can do business successfully.

Focus: We set priorities, make decisive choices and finish what
we start.
Respect: We respect each other, our environment, and the earth.
Core-values Resilient: We are resilient, recover quickly, and are ready for the
future.
Connection: We work together with and for our customers, other stake-

holders, and each other.

Objective Fleet
Renewal Programme | Building Tomorrow’s Fit for Purpose Sustainable Fleet
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Fleet Renewal Programme

Based on the renewed purpose of the Port of Rotterdam in 2023 and the fact that the current incident
response vessels are reaching the end of their operational life between 2030 and 2040, the Fleet
Renewal Programme has been initiated by the departments of Asset Management and the Harbour
Master Department '. The programme’s task is to coordinate the replacement of the current fleet with
new vessels, using a programmatic approach (as opposed to a project-oriented approach) and based
on a company-wide vision of what the new fleet should look like (Madlener, 2025b).

Replacing the entire fleet presents an opportunity to review and modernise operational processes
and equipment, and to make the fleet as sustainable as possible. Therefore, the objective of the
Fleet Renewal Programme is to build "Tomorrow’s Fit For Purpose Sustainable Fleet”. The term fit
for purpose’ means that the fleet is equipped to perform its tasks to the highest requirements, with the
best possible performance. ’Sustainable’ means that no greenhouse gas emissions are produced. The
order is important and has been chosen on purpose. In this context, it is more important to make sure
that the equipment works well, rather than that it is environmentally friendly. Although this formulation
was important to the PoR, a holistic perspective on ‘fit for purpose’ would consider sustainability and
task performance as both part of the overarching goal that is *fit for purpose”.

The Fleet Renewal Challenge is already of considerable complexity, with a lot of stakeholders in-
volved. However, the present time frame is characterised by intensified geopolitical tensions and a
rapid pace of technological developments and innovations. This contributes to the complexity of the
task (Madlener, 2025b).

Internal Stakeholders

Harbour Master Department

The Harbour Master Department, led by the Harbour Master itself, plays a pivotal role in keeping the port
'safe, smooth, clean and secure’ (Port of Rotterdam, n.d.-a). This department of the Port of Rotterdam
Authority functions as an independent entity (under public law), and has the following sub-departments:
Port Coordination Centre (HCC) 2, Traffic Management 3, Harbour master policy and development *
and Ship and environmental safety °. All are related to the fleet operations, and their responsibilities
are defined as:

+ Safe and efficient management of maritime traffic,

» Enforcing regulations

* Providing (first) incident response services,

» Coordinating emergency situations (e.g. fires and accidents)
 Protecting the environment

Asset Management

The Asset Management (AM) department, under the supervision of the Chief Operating Officer of the
executive board, is responsible for the management of the port’s physical assets throughout their life-
cycle. This includes maintenance, upgrades, and strategic planning for the port’s infrastructure and
equipment. A sub-department of AM has been designated to manage the fleet and is named "AM Fleet”
(Port of Rotterdam, 2025). The Fleet Renewal Programme is of significant importance to AM-fleet due
to their expertise in the maintenance of the current fleet and their involvement in the management of
the future fleet.

Finance, Procurement and Innovation

The Fleet Renewal Programme is a major innovative program, one of the largest in terms of bud-
get, timelines, and stakeholders involved. Therefore, the finance, procurement, and innovation de-
partments, supervised by the Chief Financial Officer (CFO) of the executive board, are also important
(internal) stakeholders.

'NL: Divise Havenmeester Rotterdam (DHMR)
2NL: Haven Coérdinatiecentrum (HCC)

3NL: Verkeersafhandeling (VA)

4NL: Havenmeester Beleid & Ontwikkeling
5NL: Scheeps- en milieuveiligheid (SMV)
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Safety Architecture; Inter-Organisational Partnerships
The Port of Rotterdam Authority collaborates closely with other public safety agencies and organisa-
tions, as outlined in the following sub-sections.

Rotterdam-Rijnmond Safety Region

The Harbour Authority works closely with the Rotterdam-Rijnmond Safety Region for coordinating the
incident response and law enforcement. The Rotterdam-Rijnmond Safety Region (VRR) ¢ is a gov-
ernmental organisation that executes critical public safety functions on behalf of thirteen municipalities.
Emergency response, crisis management, risk reduction, fire and ambulance services, and medical aid
are all included in its duties. All thirteen mayors make up the VRR’s governing board, and is chaired
by the mayor of Rotterdam (Veiligheids-Regio-Rotterdam-Rijnmond, n.d.). To provide a perspective on
the size of the VRR, it has the highest population density of the 25 safety regions in the Netherlands
and includes Rotterdam-The Hague Airport and the Port of Rotterdam.

Joint- & Local Fire Brigade

As Europe’s largest port, Rotterdam hosts a large petrochemical industry. Therefore, the necessity for
two fire brigades: (1) the Joint Fire Brigade for the industrial area and (2) the Local Fire Brigade for
both Rotterdam city and the safety region as a whole.

The Joint Fire Brigade’ is a partnership between companies in Rotterdam’s port and industrial area,
and the Municipality of Rotterdam. The brigade fulfils a dual mandate: providing dedicated industrial
fire protection to port and industrial facilities, and also delivering municipal fire services to both the
port’s operational areas and adjacent residential communities (Gezamenlijke-Brandweer, 2025). The
Joint Fire Brigade has specialised tasks, including:

* Rescuing people in hard-to-reach places.

» Deploying (oil) containment barriers in safe areas.

* Firefighting on Vessels.

+ Cold-cutting fire suppression for inaccessible compartments (named: Cobra System).
» Chemical-hazard response and decontamination.

Police, Customs and Military Police

The Port of Rotterdam Authority collaborates with multiple law enforcement agencies, including the
seaport police, customs, and the military police, to ensure safety and security within the harbour. The
Dutch National Police operates a specialised maritime unit conducting patrols and enforcement in the
Port of Rotterdam (Politie, n.d.). The Royal Marechaussee (military police) is responsible for safeguard-
ing the European external border. This includes airports, seaports, and coastal areas (Ministerie van
Defensie, 2019). Dutch Customs, in turn, oversees the supervision and inspection of goods through
the harbour to ensure compliance with trade and security regulations (Nederlandse Douane, n.d.).

Coast Guard and Navy

While the Port of Rotterdam Authority and its direct partners hold primary responsibility for safety and
security within the port, the harbour’s connection to the North Sea introduces additional governance
layers. This involves the Dutch Coast Guard and the Royal Dutch Navy. Given escalating geopolitical
tensions, their collaboration with the port may be of greater significance in the future.

The Dutch Coast Guard shares overlapping responsibilities with the Port Authority in law enforcement
and incident response, though its jurisdiction extends to the wider North Sea region. Its fleet comprises
specialised assets for maritime safety, environmental protection, and fisheries control (Kustwacht, n.d.).
From the perspective of overlapping responsibilities, it would be interesting to investigate the potential
for collaboration between the Coast Guard and the Port of Rotterdam in order to pursue synergies in
terms of equipment, personnel and business processes.

6NL: Veiligheidsregio Rotterdam Rijnmond
"NL: Gezamelijke Brandweer (GB)



Graphical Overview of Stakeholders with the set Organisational-System-Boundary (scope).
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Graphical Overview Tasks and

The Port of Rotterdam Authority Responsabilities:

+ Safe and efficient management of maritime traffic,
Enforcing regulations
Providing (first) incident response services,
Coordinating emergency situations (e.qg. fires and accidents)
Protecting the environment

Resources

Incident Response
Tasks (red):
» Providing water and fire-fighting foam to the fire brigade in the event of
incidents occurring along or on the water.
- Providing water to terminal fire extinguishing systems. These are large
quantities of water under high pressure.
- Source mitigation 7 of a fire or hazardous substances.
= Deploying (oil) containment barriers in unsafe areas.

7x  Incident Response Vessel (4x in operation, 3x reserve)
90x Crew members (ship-master)

Law Enforcement (Patrol and Inspections)
Tasks (blue):
- Providing requested and unrequested advice based on legislation and
procedures regarding hazardous and harmful substances;
- Conducting security inspections for ships and terminals;
« Detecting economic crimes related to unfair competition.
- Supervision and policing during events

5x  Patrol Vessels (3x in operation, 2x reserve)
1x RHIB (Rigid-hulled inflatable boat)
50x Crew members (ship-master)

12x Cars
35x Crew members (inspectors)

General

Tasks (green):

The provision of first incident response services in safe areas, including:
first aid, containing water pollution, creating a safe nautical situation,
deploying water pumps for rescue operations, and bringing other
vessels to safety by pushing or towing them.

- Search and Rescue (SAR).

Providing information to the users and guest of the harbour area.
Supervision of port activities to ensure compliance with the law.
Inspecting damaged infrastructure.

Supervision and policing during events. In collaboration with the fire
brigade, police, ambulance service, Rijkswaterstaat, and military police.
Transportation of persons (emergency workers and colleagues) and
equipment.

Assisting other safety agency in the nautical management area. These
include the police, fire brigade (including diving teams) and ambulance
services.

Remove objects from the water

Collection and sharing of information. In collaboration with the Port
Coordination Centre, traffic control centres, the camera network, drones
and other resources.

Physical traffic control in the event of failure of the Traffic Centres (TCH,
VCR).

Physical escorting of large seagoing vessels is carried out by a vessel
while sailing. The crew of the vessel assists the traffic control centres in
monitoring the surroundings and communicating with other shipping
traffic.

- The recovery and transport of dead bodies.

Deploying (oil) containment barriers in safe areas.

Figure B.1: Overview of the fleet-tasks / services that the fleet provides, (own illustration)
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1BV RPA 13: 2002 (23 jaar)

1BV RPA 12: 2002 (23 jaar)

1BV RPA 14: 1985 (40 jaar)

PVRPA 5 2019 (6 jaar)

PVRPA 2 2002 (23 jaar) PV RPAT: 2005 (20 jaar)

Surveyor 1: 2007 (18 jaar)

Surveyor 2: 2007 (18 jaar) Nieuwe Maze: 1994 (31 jaar)

+ 7 Incident Response Vessels (red-fleet)
« 5 Patrol Vessels and 1 RHIB (blue-fleet)

+ 2 Surveying Vessels
+ 1 Representation Vessel

Figure B.2: Overview of the current fleet (Madlener, 2025b)
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Future Scenarios - Interplay Tasks,
Resources and Societal Key Issues
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Possible Scenario's Future Mode

Tasks (Service Level)

Less Tasks

Mo Change

More and Different

Interplay Resources - Tasks - Issues

(Key)-Issues
New and More Increasing Undermining | Unpredictable and more. e Electrical Grid Less oil industry and
Hazardous Substances (Safety and severe weather Sr ‘E_ n‘nj.‘r.pm Congestion d\ﬂerem\ale-«.j feedstock
(Key Issue) Security Key Issue) | conditions (Key Issue) Aty (Key Issue) Ehtfr:l@;nduitw
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Met by maximising the
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respurces wherever
possible.

Met but human safety
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Met but human safety
risk.

Tasks
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g No Change Initial Mode
=
£ Not the case
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E (Crew, Staff, Present Mode
[-% Equipement)
Tasks h 4
(Service Level) H E
Resouces Less Tasks No Change Mma_r[::ks i
Fewer Crew and Staff d'seslwise LE":! = .
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] ey, ) less safety.
g
ﬁ Conventional Human | Crew and Staff --> Oké
Based Equipement Stakeholders > Not
Diesel happy
Fewer Crew and Staff
(Key Issue)
Service Level is
= adjusted resulting in
o Human Based less safety.
= Equipement
3 Diesel/Hybride Crew and Staff --> Oké
Ci Stakeholders --> Not
Human Based happy
Equipement
Electrical
Fewer Crew and Staff
(Key Issue)
S Lol is st Service Level is met
H 2 - b due the combination of
uman Based Service Level is due the combination of R
- Equipement adjusted resulting in crew, staff and e
o Diesel/Hybride less safety. autonomous vehicles.
=
c
S ,
o Human Based Crew and Staff --> Oké
A Change of crew, staff,
Equipement Stakeholders > Not Change of crew, staff, andgstakehnlders
Electrical happy and stakeholders required.
required. :
(semi)-Autonomous
Equipement
<
=
& .
g The Most Likely
A

Met by maximising the

Met due the use of
autonomous vehicles

Met due use of
autonomous vehicles

No Electricity Needed

Still a concern

still a concern

Still a concern

use of emission-free AND AND Met due the fossil free i 4
S o z Still a concern Still a concern
resources wherever specialised personnel specialised personnel equipement
possible. AND AND
effective workflows effective workflows
[

Figure C.1: Visualization of the interplay between resources, tasks, and key issues and what the possible scenarios are

be found that is better than the current forecasts. (own illustration)

. One scenario has been left blank to emphasise that a solution can still

6S
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Improvements Preferendus Genetic
Algorithm (GA) and Integrative
Maximisation of Aggregated
Preferences (IMAP)

This appendix outlines the enhancements made to the Preferendus algorithm, originally developed by
H. J. van Heukelum et al. (2024).

Selecting Elites for Next Population
The initial algorithm of H. J. van Heukelum et al. (2024) had two issues with selecting the elites (see
code listing D.1):

1. Incorrect elite selection: The algorithm identifies the highest scores as elites. This is incorrect
for a minimization algorithm where the goal is to find the lowest scores.

2. Alternative loss with identical scores: The algorithm only saves the first population member
that matches a unique score, and do not save the other members with the same score. This can
lead to the loss of potentially valuable alternatives because two different alternatives can have
the same score. For instance, alternative A with x1=2 and x2=5 can have the same score as
alternative B with x1=10 and x2=1.

Listing D.1: Initial Elites Selection

# determine the part that is elite
unique_scores = np.unique(scores_feasible)
n_elite = int(self.elitism_percentage * len(unique_scores)) - int(
self.elitism_percentage * len(unique_scores)) % 2
children = list()
if n_elite != 0:
elites = unique_scores[-1 * n_elite:]
for score in elites:
for i, p in enumerate (pop):
if scores_feasible[i] == score:
children.append(p.copy())
break

Works as:
# Sample population: each individual is represented by a list of parameters
pop = [

[1, 2, 31,

[4, 5, 61,

[7, 8, 91,

[10, 11, 12],
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[13, 14, 15],
[16, 17, 18],
[19, 20, 21],
[22, 23, 24],
[25, 26, 27],
[28, 29, 30]

# Sample scores corresponding to the population
scores_feasible = np.array([10, 20, 20, 30, 40, 40, 50, 60, 70, 80])

# Define the elitism percentage (e.g., 20%)
elitism_percentage = 0.4

# Find unique scores
unique_scores = np.unique(scores_feasible)

print ("Uniquescores:", unique_scores) --> [10 20 30 40 50 60 80]

# Calculate the number of elite scores

n_elite = int(elitism_percentage * len(unique_scores)) - int(elitism_percentage * len(
unique_scores)) % 2
print ("Number of elite scores:", n_elite) --> 2

# Get the elite scores (the top n_elite scores)
elite_scores = unique_scores[-n_elite:] if n_elite > 0 else []
print ("Elitescores:", elite_scores) --> [60, 80]

# Create a list of children based on the elite scores
children = list()
if n_elite != 0:
elites = unique_scores[-1 * n_elite:]
for score in elites:
for i, p in enumerate (pop):

if scores_feasible[i] == score:
children.append(p.copy())
break

print ("Children based on elite scores:", children) --> [[22, 23, 24], [25, 26, 27]]

An improved elites method addresses these issues by (see code listing D.2):

def

def

» Correct elite selection: Selecting the elites based on the lowest scores, which is in line with the
minimization algorithm.

» Preserving all alternatives: Saving all different alternatives that have the same score by check-
ing if the selected population member has already been saved, ensuring no valuable alternatives
are lost.

» Only unique populations: The code makes sure that all elites are unique populations.

Listing D.2: Improved Elites Selection

calculate_n_elites(population_size: int, elitism_percentage: float) -> int:
correct_to_even_if_needed = int(elitism_percentage * population_size) % 2
n_elite = int(elitism_percentage * population_size) - correct_to_even_if_needed
return n_elite

select_elites(
population: List[Union[List[Union[float, int]], List[List[Union[float, int]1111,
scores: List[float],
n_elite: int,
correct_to_even: bool = False,

) -> List[Union[List[Union[float, int]], List[List[Union[float, int]]1]]]:

children = []
seen = set()

if n_elite != 0:
# Sort scores to determine elites
final_scores_sorted = np.sort(scores)
elites_scores = final_scores_sorted[:n_elite]
rest_scores = final_scores_sorted[n_elite:]
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for score in elites_scores:
indices = [index for index, s in enumerate(scores) if s == scorel]
for index in indices:
if len(children) < n_elite:
# Convert individual to tuple for checking in the set
if isinstance(population[index][0], list):
# For three-dimensional lists
individual_tuple = tuple(tuple(inner) for inner in population[index])
else:
# For two-dimensional lists
individual_tuple = tuple(population[index])

if individual_tuple not in seen:
seen.add(individual_tuple)
children.append(population[index].copy ())
else:
break
if len(children) >= n_elite:
break

delta_shortage = n_elite - len(children)
if delta_shortage > O:
for score in rest_scores:
indices_rest_scores = [index for index, s in enumerate(scores) if s == score]
for index in indices_rest_scores:
if len(children) < n_elite:
if isinstance(population[index][0], list):
individual_tuple = tuple(tuple(inner) for inner in population[
index])
else:
individual_tuple = tuple(population[index])

if individual_tuple not in seen:
seen.add(individual_tuple)
children.append(population[index].copy())
else:
break
if len(children) >= n_elite:
break

# Note: when it is necessary to return an even number of elites. The last child is erased
if len(children) % 2 > 0 and correct_to_even:

return children[:-1]
return children

© ©® N o o A W N =

Diversity
The initial algorithm of H. J. van Heukelum et al. (2024) calculates the diversity over the full population
as follows (see code listing D.3):

Example population with 2 alternatives (rows) and 3 design variables (columns):

2 5 3
4 2 8
Listing D.3: Initial diversity calculation function

decoded_population = L
[2, 5, 3],
(4, 2, 8]

The diversity calculation in code:

# check diversity:

check_div = round(np.max(np.unique(decoded_population, return_counts=True) [1]) /
(len(pop) * len(popl[0])), 3)
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def c
#

code works as:

unique values = [2, 3, 4, 5, 8]

counts = [2, 1, 1, 1, 1]

max_counts = 2

tota_variables = 2 (alternatives) * 3 (design variables) = 6

diversity = 2/3

Two issues with this approach (see code listing D.4):

Diversity confusion: H. J. van Heukelum et al. (2024) calculates the diversity over the full matrix.
For example with apples and chairs ([apple, chair]), the diversity of [[1, 2], [2, 3]] is calculated as
3.

These indices (design-variables) do not represent the same ’'object’. In other word, 2 chairs and
2 apples can not compared with each other and therefore the diversity should be 4. For example,
([apple, chairs]) [[1, 2], [3, 4]] has the same diversity as [[2, 2], [3, 3]].

Therefore, the diversity of the full matrix has no meaning.

Intuitive scale: A higher diversity-number means lower diversity, which is counter-intuitive.

An improved diversity calculation method addresses these issues by (see code listing D.4):

Comprehensive population diversity: Calculating diversity for the entire population to provide
an overall measure of variance within the dataset.

Variable-specific analysis: Calculating diversity for each variable separately to offer a more
nuanced understanding of the data.

Intuitive scaling: Employing a more intuitive scaling system where a higher number indicates
higher diversity, making interpretation and analysis more straightforward.

Detailed uniqueness quantification: Calculating the number of unique values per variable sep-
arately to provide an additional parameter next to diversity.

Listing D.4: Improved diversity calculation function

heck_diversity(population: np.ndarray) -> Tuple[float, List[float], List[float]]:
Calculate the total number of values in the population

number_values_in_population = len(population) * len(population[0])

#

Calculate the diversity of the entire population

unique_values, counts = np.unique(population, return_counts=True)
numb_unique_values = len(unique_values)

#
i

e

#

Diversity of O means low-diversity. 1 means high diversity
f numb_unique_values ==
div_full_population = 0
lse:
div_full_population = round(numb_unique_values / number_values_in_population, 3)

Calculate the diversity per variable

diversity_per_variable = []
numb_unique_values_per_variable = []

i

£

f len(population) == 1:
diversity_per_variable = [1] * len(population[0])
numb_unique_values_per_variable = [1] * len(population[0])
return div_full_population, diversity_per_variable, numb_unique_values_per_variable

or design_index in range(len(population[0])): # Loop over each variable (column)
# Measure the diversity for this variable
all_values_design_variable_i = population[:, design_index]
total_numb_values = len(all_values_design_variable_i)
dv_unique_values, dv_counts = np.unique(all_values_design_variable_i, return_counts=
True)
dv_number_unique_values = len(dv_unique_values)

if dv_number_unique_values ==

dv_diversity = 0
else:

dv_diversity = round((dv_number_unique_values / total_numb_values), 3)
diversity_per_variable.append(dv_diversity)
numb_unique_values_per_variable.append(dv_number_unique_values)

return div_full_population, diversity_per_variable, numb_unique_values_per_variable
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decoded_population = [
B, B, 8,
(4, 2, 81,
[4, 9, 7]

]
The diversity calculation in code:
# check diversity:

check_div = check_diversity(diversity)

This code works as:

1. unique values full population = [2, 3, 4, 5, 7, 8, 9]
2. counts = [2, 1, 2, 1, 1, 1]

3. length_counts = 6

4. tota_variables = 9

5. diversity full population = 6/9 (relatively high)

6. same procedure for every variable seperately

7. diversity per variables = [2/3, 1, 1]

9. number of unique variables = [ 2, 3, 3]

Generation of Initial Population and Boolean Values

In the initial code, the random generated value for the boolean were able to get the number '2’ while it
should only be 0 or 1 (see code listing D.5). This is corrected by aplying “np.random.randint(0, 1 + 1)”
instead of "randint(0, 2)”.

Listing D.5: Initial Population Generator

def _initiate_population(self):
r_count = 0
pop = list([0] * self.n_pop)
for p in range(len(pop)):
solo = 1list ([0] * len(self.bounds))
for i in range(len(solo)):
if self.approach[i] == 'int':
solo[i] = randint(self.bounds([i] [0], self.bounds[i][1] + 1)
r_count += 1
elif self.approach[i] == 'bool':
# randint (0, 2) genereert O, 1 en 2. maar je wilt O of 1.
solo[i] = randint (0, 2)
r_count += 1
else:
solo[i] = randint (0, 2, self.n_bits).tolist ()
r_count += self.n_bits
poplp]l = solo.copy()
return pop, r_count

Tournament Algorithm Selection Parents

The tournament selection algorithm within the parents-selection-method has been enhanced to improve
the balance between exploration and convergence in the genetic algorithm. The key changes and their
implications are discussed below.

Initial Approach
Initially, the algorithm selected parents based on half of the population size. This approach had the
following characteristics:

» Fast Convergence: The algorithm can tend fast convergence, because the best parents were
frequently selected.

+ Limited Exploration: Rapid convergence reduced genetic diversity in the population, potentially
leading to suboptimal solutions.

Modified Approach
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The algorithm has been modified to use an adjustable tournament size k. This was already noted in the
description by H. J. van Heukelum et al. (2024) but not implemented. this offers several advantages:

» Controlled Selection Pressure: The selection pressure can be precisely controlled by adjusting
k. A higher k increases the likelihood of selecting better parents, while a lower & introduces more
randomness and exploration.

* Flexibility: The algorithm is more adaptable and can be tuned for different optimization problems
by adjusting k.

The default value of k is set to % of the population size. This value provides a balanced approach,
ensuring reasonable convergence speed while maintaining sufficient exploration.

Implementation
The implementation of the tournament selection algorithm is shown in Listing D.6. The algorithm oper-
ates as follows:
1. A random individual is selected from the population.
2. Atournament is held among & randomly selected individuals from the population.
3. Theindividual with the best score (lowest score in a minimization problem) among the k individuals
is selected as the parent.

Listing D.6: Tournament Selection Algorithm

def _selection(pop, scores, k=3):

# first random selection

selection_ix = randint(len(pop))

for ix in randint (0, len(pop), k): # k - 1):
# check if better (e.g. perform a tournament)
if scores[ix] < scores[selection_ix]:

selection_ix = ix
return poplselection_ix]
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Object Oriented Preferendus Modules
Building Blocks

To model and optimise the complex socio-technical system of fleet renewal at the Port of Rotterdam,
this graduation project implements an object-oriented programming (OOP) architecture based on the
Preferendus proposed by Van Heukelum et al. (2024). The tool-architecture consists of five core
modules:

» The Design Performance Module provides the technical foundation for vehicle capabilities

» The Objective Module manages the optimization objectives and their relationships

» The Preference Module handles stakeholder preferences and value functions

» The Optimization Module implements the solution algorithms

» The Naming Module establishes consistent terminology based on ’design for -ty’ principles

* The Data Storage and Alternative Comparison Module manges the data and fleet configuration
comparisons.

See Figure E.4 for a detailed visualization of the tool and its modules.

Alisinput of B

Design Performance Module <

v

Naming Module

Objective Module < 5 ’
! is used to couple the functions

7y T between the modules

_________ B e m— Data Save Module

v

A4

Optimization Module — =
Data Analysis Module

A

PFM based IMAP Genetic Algorithm
(Preferendus)

Figure E.1: Basic Graphical Overview of OOP Building Blocks (own illustration)
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Objective Module

The objective module is designed to manage and optimize multiple objectives. This module is organized
around several classes that work together to represent, manage, and optimize objectives according to
the ’design for -ty’ principles:

ObjectiveABC Class
The ObjectiveABC class is an abstract class that is used to create objectives for optimisation. The
function standardises the calculation of values and preferences.

ObjectiveForOptimizationABC Class

The ObjectiveForOptimizationABC class serves as an abstract base class that encapsulates the follow-
ing: main objective name aligned with 'design for -ty’ principles, sub-objective name, objective class,
tetra weight, normalized weight, and overall optimization weight.

DesignForTyMainObjective Class

The DesignForTyMainObjective class organizes related objectives according to the ’'design for -ty’
methodology. This abstract class manages a collection of sub-objectives as ObjectiveForOptimization-
ABC instances and saves the weight for the main objective. For instance, the 'design For -ty’ objective
'Affordability’ is defined with the sub-objectives 'CAPEX’ and 'OPEX’.

ContainerObjectivesForOptimization Class

The ObjectivesContainerABC abstract base class facilitates the managing of main objectives as Ob-
jectiveForOptimizationABC instances. It includes weight normalization and validation procedures, op-
timization weight calculation capabilities, and data export functionalities to pandas DataFrame and
dictionary formats.

Creating the Weight Distribution

This module calculates the optimization weight for each objective based on user input (see section F).
A specialized method was developed to assist users in determining appropriate weight distributions.
This is particularly valuable when comparing objectives that may be difficult to evaluate directly. For
instance, 'Min CAPEX’ versus 'Min Response Time’. This method uses the mathematical formula blow
that involves a two-step process and three principles:

Two steps:
1. The users evaluate the importance of the main 'Design for -ty’ objectives
2. Then, users evaluate the relative importance of sub-objectives within each 'design for -ty’ objec-
tive.

Three Principles:
1. Evaluation is conducted on the same scale (for instance, between 0 and 100).
2. Evaluation is conducted on the same abstract levels.
3. If an objective is excluded, exclude the objective from the weight calculation. The score '0’ does
not mean that it is excluded. It is just an arbitrary number on the one-dimensional affine space.
Only the differences between points provide the information (when within the same framework)

The following formula is used to determine the weight for optimization:

b+ w
Wnormalized = (W) x 100 (E.1)

* Wnormalized 1S the normalized weight objective.

* bis the baseline value (10 in this case) and is used to make ’0’ values possible.
» w is the original weight of the objective set by the user.

* > wis the sum of the objectives weights.

» n the number of objectives evaluated.

ContainerObjectivesForOptimization Class
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The ContainerObjectivesForOptimization class is utilised to prepare the objectives for the optimisation
module.

ObjectivesContainer(ABC) Als fnhe”tedfrom B.
ObjectivesContainer
DesignForTyMainObjective 1
DesignForTyMainObjective 2 ig TyMainObjective(ABC)
+ name: string
+ sub_objectives: List{ObjectiveForOptimization] _ _ _ _ _ _ _ _ _
+ tetra_weight: float | None 1
DesignForTyMainObjective ... +normalized_weight: floot | None 1
1
1
4

+ get_main_objectivec()
+get_sub_objective()
+get_weights... methods
+ set_weights... methads
+ check_correctness_weights_main_objectives() +main_objective_ name_design_for_ty: string
+ check_correctness_weights_sub_objectives() + sub_objective name: string
+ normalize_weights_main_objectives(} +objective_class: Type[Objectivel — _ _ _ _ _ _ _ _ _
+ narmalize_weights_sub_abjectives() +tetra_weight: float | None
+ set_optimization_weights{) + normalized_weight: float | Mone
+ create_container_objectives_for_optimization(} + gverall_optimization_weight: float | Nene
+ create_pandas_table()
+ get_panda_table()
+ create_dictl)

ObjectiveForOptimization(ABC)

- -_—————

Objective(ABC)

- preference _class: Preference
+get_preference_class{)
————————————— 0l el et el +value_calculator() -
1 + preference_calculator)
+ preference_curve()

ContainerObjectivesForOptimization

i
Figure E.2: Graphical Overview Objective Module (own illustration)

Preference Module

Preference Class

The Preference class is an base-class, meaning it can be used to create dozens of preference curves
with the same capabilities imbedded in the base-class. The Preference class is designed to store the
x-values and the corresponding p-values (preferences). Additionally, the user has the option to ‘cap
alternatives’ (see section 1.1) that fall below or above the defined x-values.

Binnekamp (2010) preferred the usage for Bezier curves over Lagrange-Polynomials and Cubic-
Splines. Lagrange-Polynomials and Cubic-Splines have the tendency to return unwanted negative
values, and therefore Bézier curves are preferred (Binnekamp, 2010). However, H. J. van Heukelum
et al. (2024) employed monotonic cubic splines through the pchip_interpolate method offered by the
Python SciPy package (Scipy, 2025).

This thesis introduces the possibility of creating a Bezier curve that is created using x- and preference
points, in conjunction with the number of control points. The code for the Bezier curves was derived
from Baker et al. (2022) and has been integrated into the Preference class. The preference curve can
be created by either utilizing the Pchiplnterpolator (Pchipinterpolator — SciPY V1.16.2 Manual, n.d.) or
the Bézier curve. Unfortunately, the scope of this thesis did not allow for a comprehensive investigation
into the advantages and disadvantages, as well as the implications, of utilizing the PchipInterpolator or
the Bezier-fitting method. Further research is recommended.

The Preference Class integrates the 'capping’ and ’constraint’ functionality related to the preference



69

curves. These concepts are explained in I.1.

PreferencesContainer Class

The PreferencesContainer is a dataclass that manages multiple instances of preference curve sub-
classes. This container facilitates centralized access, dynamic updates, and systematic retrieval of
preference parameters.

A is inherited from B.
A— B

PreferencesContainer(ABC)

I

InterPolatorType(Enum) PreferencesContainer

PCHIP = "PchipInterpolator"” i
BEZIER = "Bezier" : Preference 1

Preference(ABC) — Preference 2
+ name: string
+ design_for_ty: string
+ input_x_p_points: List[Tuple[float, float] H Preference ...
+ lower_x_value_hard_boundary: bool :
+ upper_x_value_hard_boundary: bool
+ x_label: str
+ interpolator_type: InterpolatorType
+ numb_tontrol_points_ratio: float + get_preference_list()
+ numb._iteration_paints: int + get_preference_instance_by_name()
+ update_preference_points_by_name(}

+ update_numb_control_paints{)

+ + updare_interpolation_setting()
1

! + update_numb_iteration_points()
I
I
1

Figure E.3: Graphical Overview Preference Module (own illustration)

Optimization Module
The optimization module facilitates the solving of a multi-objective optimization problem within the de-
cision support system. The SolverABC class provides an abstract base class for the creation of the
project-specific-solver. The SolverABC class include:

* Integration with the objective container and constraints

» Abstract methods for initial guess generation

» Abstract methods for defining optimization bounds

+ Abstract methods for objective aggregation

» Concrete implementation of the solver execution process

Naming Module
The naming module manages the main objectives and their corresponding sub-objectives within the
decision support system. This module is designed to maintain consistency in terminology and facilitate
easy access to objective names throughout the code.
» The DesignForTyABC class functions as an abstract dataclass that manages the 'design for -ty’
names for the objectives.
» The MainAndSubObjectivesABC class is used to organise sub-objectives under their respective
main objectives.
» The NamingObjectivesContainerABC class manages all the defined main- and sub-objective
names



70

Design Performance Module
The design performance module provides the technical foundation for the decision support system.
This module is different from the others because it does not include pre-defined helper classes. This
is fully project-specific and supports the project-specific objective functions.

For this project, the following design performance classes are created:

» The Car class and Vessel class represent the vehicles with their specific operational and financial
characteristics.

» The VehicleMagazine class serves as a catalogue of all available vehicle types (both vessels
and cars), while the VehicleMix class represents specific fleet configurations by combining quan-
tities of each vehicle type. The vehicle-mix also includes design performance functions that are
characterized by the fleet-composition.

» The VehicleMagazine class is to serve as a catalogue of the optional vehicles (design variables)
from which the optimization can select.

+ The HumanResources class complements the technical vehicle models by incorporating the
human factors into fleet operations. The human resources model provides constraints for the
optimization process by determining, for instance, the maximum achievable operational capacity
based on available personnel and work patterns.

* The PortGeographics class defines the spatial dimensions of the operational area, and the
TimeFrame class establishes the time-specific boundaries for calculations

Idealized Design Preferendus Module

he Idealized Design Module is a class and an extension of the Preferendus. It manages the integration
of the Idealization objectives with the Realization objectives and can activate the Preferendus algorithm.
The scaling is based on the 'Realization Threshold’ and is done according the following algorithm:

fideal =1-r
f real =T
wi/deal,i = fideal * Wideal,; forall i

wl{eal,j = freal - Wreal; forall j

’ N / ’ /
Wintegrated — [wideal,lv s vwideal,n] + [wreal,h R wreal,m]

Thus, the integrated weights winegrated are obtained by concatenating the scaled idealization and
realization weights based on the Realization Threshold (0 < r < 1). The wigea is the list of idealization
weights, and wreq is the list of realization weights. The weight distributions can be determined with the
method explained in section E.

Data Storage and Alternative Comparison Module
The data Storage and alternative comparison module provides functionalities for storing results and
comparing different fleet configurations.

» The DataStorage Class has the functionality to capture the interface configurations and save the
data in a directory.

* The AlternativeComparison Class has the functionality to analyze the different fleet composi-
tions. It checks on beforehand if the comparison is valid, meaning that the weight distributions
and the preference curves are the same. The comparison is based on the Preference Functional
Modelling from Barzilai (2022) and uses the PFM-module. The class has the functionality to
create a comparison table and to create a radar chart for comparison.

Al System Analysis Module

The object-oriented Preferendus tool can be used for very complex systems. However, it is still good
if the user can see how the different parts of the system are connected. The design performance
functions and the objective functions show how the system works. This means that the tool contains a
lot of information about the working of the system. The user can use an Al to analyse this information.



71

The ’System Analysis’ module has been created for this reason. For example, the user can ask the Al
how the ’initial response time’ is created.



Figure E.4: Overview OOP-Python Based Application (own illustration)

CL
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Interface

The interface has been developed with distinct pages, each representing a step of the decision-support
tool as can be read in section 4.3. The interface is created with the open source Streamlit package
(Streamlit, 2021).

Objectives Selection And Weights Distribution
Inspired by the Tetra software (ScientificMetrics, 2002, 2025) the importance of the objectives are
determined by relative distances on a scale between 0 and 100. If an objective should be considered,

it should be 'turned-off’. As explained in section E the weight distribution for optimization is determined
according equation E.1.
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Deploy

Objectives Selection & Weight
Distribution

Select the objectives/performances you would like to examine and provide weights.

Select the tasks and the performances you would like to include in the optimization

Performances

Select the design for -ty objectives

( Affordability ) ( Sustainability : Maintainability ‘:

" Blue Safety & Security ) \:‘. Red Safety & Security )

Give the importance for each design for -ty objective on a scale from 0-100

Note: '0' does not mean it is not considered. If you do not want to consider a certain objective, turn the objective
off.

Weight for Affordability

Weight for Sustainability

Weight for Maintainability
0.00

-

Weight for Blue Safety & Security

45.00

Weight for Red Safety & Security

Submit

Figure F.1: Interface Objective Selection and Weight Distribution
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Affordability

Select Performances Affordability

@) =)

Weight for CAPEX

Sustainability Maintainability Blue Safety & Security  Red Safety & Security

50.00
o
Weight for OPEX
50.00
®
Submit

Overview Objectives and Weights

The column "Optimization Weights' shows the normalized weights used for optimization

10

11

12

13

14

15

Objective Weight
Affordability 18.421
Sustainability 18.421
Maintainability 5.263

Redsafetyandsecurity  28.947

Bluesafetyandsecurity 28.947

Figure F.2: Interface Objective Selection and Weight Distribution

Sub-Objective

Opex

Capex

Carbon Footprint Capex

Carbon Footprint Opex

Minimize Complexity Number Vessel Types

Average Incident Coverage Over Time
Average Capacity Coverage

Initial Response Time

Inspection Barges
Inspection Seafarers

Patrol

Sub-Weight

50.000

50.000

50.000

50.000

100.000

0.000
0.000

0.000

33.333
33.333

33.333

Optimization Weight

0.092

0.092

0.092

0.092

0.053

0.000
0.000

0.000

0.097
0.097

0.097
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Preference Curves

The preference curve can be drawn with the interface by providing x- and preference-points. All the
functionalities of the Preference Class are integrated which are explained in E and I.1.

Deploy

Preference Curve Editor

Edit the preference curves for different objectives. Select an objective, choose interpolation method, and adjust parameters
preference Curve

CAPEX v

CAPEX

Controls

100 ® Points

A —— PC based on Pchipinterpolator
Set Points

Load Saved Values

00 100.00 @
S

00 @

o

o

0.00 c

o

g

3

&

Sort table and update curve + settings

L T |
Interpolation Method

Pehiplnterpolator ~

Iteration Points

capex [EU]

10000 s

What to do with alternatives 'Out of the
preference box'?

e FREEDOM: All alternatives are evaluated.
o Alldesign alternatives are evaluated with extrapolation if
needed (x1>x_min or x1 >x_max)
« CAPPING: Design alternatives i with x_i < x_min = not evaluated.

Out of the Box alternatives Lower than min x_value
o Design alternatives i with x_i < x_min > evaluated with P_i =

FREEDOM W
P_max.
o Design alternatives i with x_i > x_max - evaluated with P_i = Out of the Box alternatives Higher than max x_value
P_min. FREEDOM v

e CONSTRAINT:
o Design alternatives i with x_i < x_min + evaluated with P_i = P-
penalty (considered as not evaluated but see note below).
o Design alternatives i with x_i > x_max - evaluated with P_i = P-

penalty (considered as not evaluated but see note below).

Note: Using the constraint option w

Figure F.3: Interface Preference Curves
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Resources as Boundary Conditions

This page allows users to modify the boundary conditions for optimization, specifically the time frame
under consideration and human resources parameters. It should be noted that the human resources
aspect of the Fleet Renewal Challenge falls outside the scope of this master’s thesis. Consequently,
human resources parameters are not fully integrated as design variables but are instead considered as
boundary conditions for the optimization process. However, future work could explore making human
resources a design variable to investigate optimal organizational structures through system optimiza-
tion.

Deploy

Resources

Adjust the resources you would like to include.

Human Resources

People Requirements Extra Parameters
Total available people for Incident Response Vessels People required on Incident Response Vessel Full-time work week (hours)
XXX -+ XXX - s XXX -
Total available people for Patrol vessels People required on Patrol Vessel Crew change time between shifts (minutes)
XXX -+ XXX - s XXX -+
Total available people for cars (inspections| People required in car (inspection
XXX -+ XXX - 4
Time Frame
Time Frame in Days
28 = +

Figure F.4: Interface Resources as Boundary Conditions
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Resources as Design Variables

This page facilitates the selection of resources for consideration in the optimisation process. At this
stage, the focus is on vessels and cars. However, the potential for expansion into other vehicle types
and equipment, such as drones, is a possibility for future research. The interface also facilitates the
creation of new vehicles by the user.

Deploy
Vessel/Vehicle (Middelen)
Select vessels and cars to create your custom fleet for optimization
. . B
Vehicle/Vessel (Middelen) Selection
Cars
Available Vessels
2P E UFLE 1
12 IBV_VAS_STANDBY IBV_VAS_STANDBY
IBV_VAS_EXTENDER IBV_VAS_EXTENDER
IBV_VAS_EXTENDER_standby |BV_VAS_EXTENDER_standby
15 PVT_VAS_EXTENDER PVT_VAS_EXTENDER
PVT_VAS_EXTENDER_standby PVT_VAS_EXTENDER_standby
PVT_SMALL_VAS PVT_SMALL_VAS
18 PVT_SMALL_VAS_standby PVT_SMALL_VAS_standby
PVT_REFIT PVT_REFIT
PVT_REFIT_standby PVT_REFIT_standby
21  Custom Vessel Custom Vessel
Select Vessels for Your Fleet
Choose vessels (you can select multiple)
Choose options v

Select all defined vessels and cars

Save Selection as VehicleMagazine

Current Selection
Number of Vessels: 0

Number of Cars: 0

Selected Vessels:

Selected Cars:

Figure F.5: Interface Resources as Design Variables
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Vessel/Vehicle (Middelen)

Select vessels and cars to create your custom fleet for optimization

Add New Vehicle/Vessel

Add New Car

Add New Ves

Vessel Name

Custom Vessel

Incident Response Worthy Battery Power (kWh)

No v 1,00 =
Patrol Speed (km/h) Zero Emission Range (km)

1,00 - + 1,00 -
Max Speed (km/h) With Emission Range (km)

1,00 -+ 1,00 -
Pump Capacity (L/min) Emissions (ton CO2/km)

1,00 - + 1,00 -
Recharge Time (hours) Purpose

1,00 =t OPERATION
CAPEX (€) Carbon Footprint (ton CO2)

1 -+ 1 -

OPEX/year (€) Add Vessel

0 +

Expected Lifetime (years)

1 +

Figure F.6: Interface Resources as Design Variables add Vehicle

Deploy

H
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Solver; Preferendus Genetic Algorithm

This page provides the possibility to adjust the optimization parameters of the Preferendus Genetic
Algorithm and run the algorithm.

Deploy
Options for Optimization Genetic Algorithm (Preferendus)
n_bits
16 - +
50 =
n_pop
5000 - 4+
0,50 o
max_stall
25 =
mutation_rate_order
4 -+
elitism_percentage
0,10 =
tolerance
1,00 - +
Update Options
Current Optimization Options
16
_ite 50
5000
0.5
25
4
alitism, entage 0.1

Optimization Options Descriptions
v~ n_bits

Determines how many bits (0 or 1) are used to represent each variable. Only relevant when working with non-integer values (e.g.,

decimal numbers). Example: If n_bits=8 , each variable can take 256 different values (2*8).

~ n_iter

The maximum number of generations (iterations) the algorithm is allowed to run. Prevents the algerithm from running indefinitely.

Example: n_iter=200 means the algorithm will run for a maximum of 200 generations.

> n_pop

Figure F.7: Interface Options Preferendus Genetic Algorithm
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RUN Solver &)

Objectives configured

> View objectives

Start Solver

« Running solver... Please wait.

Figure F.8:

zx..:_ Stop  Deploy %

Options configured Vessels/Vehicles configured

> View options > View vessels/vehicles = middelen

provide name for data file

test_optimization

Interface Run Solver Preferendus Genetic Algorithm
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Design Your Fleet

This page provides the possibility to design your own fleet and see the impact on the objectives.

Design Your Fleet &

Optimization Results

Optimization Results not available. Please run first the optimization or use custom input

Custom Input

Vehicle v Quant
0 Vessell 0
1 Vessel2 0
2 Vessel3 2
3 Vessel4 3
4 Vessel5 1
5 Vessel6 0
6 Vessel 7 0
7 Vessel8 0
8 Vessel9 0
9 Vessel 10 0
Select Optimization Results
CUSTOM v
I ) 3 4 5 6 7 10
Design For  Affordabili _r RedSafety&  BlueSafety Blue Safety Blue Safety &
Affordability Sustainability ~ Sustainability ~ Maintainability  Red Safety & Security Red Safety & Security ,
T ty Security &Security & Security  Security
Carbon Carbon Complexity Availability Long Term Availability Capacity Critical Initial .
A g N Inspection  Inspection &
CAPEX Footprint Footprint NumberVessel  Deployment in Incident Coverage Incident Response B 8 Patrol Distance
arges eafarers
Investment Operations Types Response Response Time B
40.71464878388 477.469135 248.888888
alue 519164.0 911538100 20184.0 274.6636214438142 47.6965666361812 14.0 26028.88888888889
997 8024691 88883889
5 29.95988702 307.146487838 89.375860566 69.8126229
P ce 740418 092 200 100.0 13.755710438848741 100.0 97.69927907532256
9194228 8997 44881 245542
[0, [0, [0.0,11385.0,
[0, 75,80, 85, 90, 95, 10, 150, [0, 250,
points 1000000, 75000000, [0, 10000,20000] [0,5,10] [0,1,2,3,4] [0, 75, 80, 85,90, 95, 100) [0, 30, 45) 22770.0,45540.0,
100] 350, 600] 500, 1000)
2000000] 150000000] 113850.0]
1100, 100, 60, 20, [0, 30, 35, 50, 90,95, [0, 70,100, [0, 70, 100,
p_points [100,50,0] [100,40,0]  [100,50,0] [100, 50, 0] [0, 30, 35, 50, 90, 95, 100] (100, 60, 0] [0, 50, 100,50, 0]
a] 100] 100] 100]
t 2 1”‘ r: FREEDOM  FREEDOM FREEDOM FREEDOM FREEDOM FREEDOM FREEDOM FREEDOM FREEDOM  FREEDOM  FREEDOM
_cap_co
FREEDOM  FREEDOM FREEDOM FREEDOM FREEDOM CAPPING CAPPING FREEDOM FREEDOM  FREEDOM  FREEDOM
0.1 0.1 0.1 0.1 02 0.0667 0.0667 0.0667 0.0667 0.0667 0.0667

Figure F.9:

Interface Design Your Fleet
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Figure F.10: Interface Design Your Fleet
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Performance Analysis
This page provides the analysis of different fleet compositions.

Performance Analysis

Radar Chart Single Composition

Select a single data file for analysis:

blue_alternative_Al

Show Radar Chart Hide Radar Chart

blue_alternative_Al Radar Chart

Carbon Fooltprint Investment
(3939.0)

Carbon Footprint Qpérations

Complexity Numbe|
(2.0)

Inspection Nare
477.5)

Inspection Seal-arels
1322.3)

Figure F.11: Performance Analysis Radar Chart Single Fleet Composition

Deploy
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Radar Chart Comparison Multiple
Compositions

Select data files for analysis:

combi_alternati... x @ combi_alternati... x J combi_alternati... x
combi_alternati... x § combi_alternati... x § combi_alternati... x

Show Radar Chart Comparison Hide Radar Chart Comparison

Performance Radar Chart

Carbon Footprint Operations

orEootprint Investment

Complexity Number

Availability Long Term Deplo

Avallability Capacity Coverd)

Patgél Distance

Critical Initial Respe

Inspection Barges.

Figure F.12: Performance Analysis Radar Chart Multiple Fleet Compositions

—e— combi_alternative_Al
~e— combi_alternative_A2
—&— combi_alternative Bl
=&~ combi_alternative_B2
—8— combi_alternative_B3
=o— combi_alternative B4
—&— combi_baseline

&~ combi_optimization



Overview Tables

Select Data Files for Tables

Choose data files to include in the tables:

red_alternative_... x [l red_alternative_... x [ red_baseline x

0 v
red_optimization x
Vehicle Quantity Matrix
Show Table Quantity Hide Table
Quantity
Source IBV_AWS IBV_AWS_standby ' IBV_VAS IBV_VAS_EXTENDER IBV_VAS_EXT
red_alternative_Al_A2 4 1 0 0
red_optimization 3 0 0 0
red_alternative_B1_B2_B3_B4 0 0 0 4
red_baseline 0 0 0 0
Enter filename for Excel download:
vehicle_quantity
Download as Excel
Vehicle Characteristics Matrix
Show Table Characteristics Hide Table

Characteristics

Source IBV_AWS - Action Radius = IBV_AWS - Action Radius with emissions = IBV_AWS-
red_alternative_Al_A2 405 km 0km 405 km
red_optimization 405 km 0km 405 km
red_alternative_B1_B2_B3_B4 405km 0 km 405 km
red_baseline 405 km 0km 405 km

Enter filename for Excel download:

vehicle_characteristics

Download as Excel

Performance Table
Show Table Preference Hide
Preference
@D sShow Values and Preferences (3
Showing both values and preferences
Design For-Ty Objective Class red_alternative_Al_A2_value red_:
Affordability OPEX 437500.0
Affordability CAPEX 87500000.0
Sustainability Carbon Footprint Investment 5628.0

Figure F.13: Performance Analysis Performance Tables
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Deploy

Preference Curves
Select Data Files for Preference Curves
Choose data files to include in the preference curves:
o
Show Preference Curves Hide Preference Curves
Preference Curve: OPEX Preference Curve: CAPEX
e o s S o [
R
g § mEma

Preference Curve: Carbon
Footprint Investment

Sustainabiity - Cartion Footprnt Investment

o Pesterence Poits
® b sbseranve 41 |5
racrar

-
® bl smerratve B4 | ge9842
® bk Reseine | p=80.30

@ ki sptiineion | peaa a1 |

Preference Curve: Carbon
Footprint Operations

Sustainablity - Carban Footprint Operstions

Freterence Sare

] 1500 o 750 [ 17500 15000 [ 20t0
artaon fukpeind CAPE [san COT)

' 1 . . . 0
carbon fossprnt OPTX (ks £03)

Figure F.14: Performance Analysis Preference Curves with Multiple Fleet Performances

ses



Verification

This chapter provides a more detailed exposition of the verification process. In the course of the gradu-
ation project and the development of the preference-based idealised design decision support tool, the
basic design cycle (van Boeijen et al., 2020) is applied. At each stage of the process, a thorough eval-
uation of the functionality was conducted. The process was iterative in nature. The tool’s testing was
primarily conducted by the developer. A workshop was also conducted with the Port of Rotterdam’s
supervisory team. The observations made during this workshop contributed to the verification process.
The following section provides a concise evaluation of each need and requirement.

Transparant
Need: The tool should be transparent.

* An interface that is understandable and provides feedback on the taken actions.

The interface is understandable to users familiar with the project and the Preferendus Method-
ology. It would be beneficial to provide the tool with more comprehensive explanations. This is
particularly the case when the utilisation of the tool is expected to be more widespread.

» Preference curves (Preferendus Methodology) to make stakeholders wishes and desires
(=preference) transparent.

The use of preference curves in decision-making processes has shown a contribution to the value
of transparenty, by providing a visual representation of stakeholders’ preferences. Furthermore,
the gradient of the curves provides insights into the stakeholders’ priorities. The tool has been
developed with a preference module incorporating both Pchiplnterpolate and Bézier curves. It is
also possible to utilise the functionality associated as ‘capping’ and 'constraints’ (see section I.1).

* The usage of weight factors to prioritise design objectives

The weight factors have been integrated into the interface, and users have the option to modify
them. In addition, a specialised methodology has been developed for the purpose of evaluating
objectives at that same "abstract level’. For example, the evaluation of affordability, maintainability
and safety and security are evaluated at and considered as on one abstract level. A further
abstract level in the hierarchy is that of evaluating capital expenditure (CAPEX) and operating
expenditure (OPEX). This level is one abstract level lower than that of affordability (see section
E).

Interactive
Need: The tool should be interactive.

88
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» An interface that is as friendly as possible in the interaction with the users

The interface is interactive and provides feedback with all significant actions. The present inter-
face would benefit from enhancement to ensure its operation is smoother, faster and less prone
to user errors.

Social-Technical Aspects
Need: Integration of social and technical factors.

» Preference curves (Preferendus Methodology). To properly integrate design objectives
with different metrics (e.g., money in comparison with fossil fuel emissions) and to prop-
erly integrate the preferences of the different stakeholders.

This is achieved by establishing a connection between preference curves and objectives, which
are defined in terms of both financial metrics and other key performance indicators, such as critical
response time and the number of inspections.

* Proper preference calculations (Preferendus Methodology). Based on the work of Barzilai
about PFM.

The success of this requirement is facilitated by the creation of a special Python module to per-
form the calculations based on Preference Functional Modelling of Barzilai (Barzilai, 2022). The
verification is executed by the use of the data of the H. van Heukelum et al. (2023) and ChoiceR-
obot of ScientificMetrics (2002). In addition, the examples of Technical University of Delft (2023)
are used to verify the outcome.

Complex Systems
The tool should be designed for complex systems.

* Need: The tool should be designed with the principles of Object-Oriented Programming
(OOP). This socio-technical system of fleet operations is a systems of systems problem.
Working with objects is beneficial to make the code understandable, maintainable, and
extendable. It is also easier for the model-interface integration.

In the early developmental stages of the tool, implementing object-oriented programming (OOP)
principles required a significant effort. However, as the project progresses, it has shown evidence
of flexibility and scalability, primarily due to the fact that the objects are only required to be created
once. Due to the concept of inheritance, new objects are easily created.

The integration of the tool with an interface facilitates the deployment of applications based on the
Preferendus Methodology by other practitioners. It would be interesting to create an open-source
library that can be shared with everyone who is interested.

Although the author has developed its coding skills professionally, through side-projects and self-
study, it is important to note that the author of the thesis has not studied computer science. Es-
pecially, the author had never previously created an application, including both the tool and the
interface. Due to the author’s lack of prior professional experience, it is reasonable to assume
that a significant number of enhancements can be made regarding the tool. Specifically, the in-
terface is operating at a rather slow speed. Perhaps a more appropriate solution could be found
in an alternative library to StreamlLit.

* To make the Preferendus Genetic Algorithm (GA) workable with OOP, the PFM-calculations
need to be locally automated and integrated into the GA.

The success of this requirement is facilitated by the integrating the creation of a special Python
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Preference Functional Modeling module of Barzilai (Barzilai, 2022) in the Preferendus Algorithm
of H. J. van Heukelum (2022). Moreover, the Preferendus algorithm has been rewritten in a more
object-oriented style, a change which has been shown to enhance maintainability and robustness.
The verification is executed by the use of the data of the H. van Heukelum et al. (2023) and
ChoiceRobot of ScientificMetrics (2002). In addition, the examples of Technical University of
Delft (2023) are used to verify the outcome.

How the Solution Should be Found

Need: requirements about how the solution should be found, facilitated by the tool (social-
need).

» Collaborating with internal and external stakeholders to create economic societal value.

The tool is developed with the Preferendus Methodology, aimed to find an ’fit for common pur-
pose’ solution for the fleet renewal challenge. The Preferendus Methodology has previously
been demonstrated to be capable of identifying the ’best fit for purpose’ solution in other con-
texts (Aulbers, 2023; Mol & Schriever, 2024; Pallandt, 2025; Raaphorst, 2024; Teuber & Wolfert,
2024; van Eijck & Nannes, 2022; H. J. van Heukelum, 2022; H. J. van Heukelum et al., 2023).
This is also the case for this master’s thesis, as it can be considered as an additional case study
that serves to demonstrate the usefulness of the Preferendus Methodology.

However, the concept of a’common purpose’ is not fully explored in this thesis. The scope of this
master’s thesis project was confined to the internal stakeholders, and this could have been con-
ducted with greater precision. Nevertheless, this was not a possibility due to the time constraints.
The tool itself is capable of integrating all the preferences (preference curves and weights of
the objectives) of the stakeholders. It is recommended that the development of an additional
functionality be initiated, namely the integration of preference curves from multiple stakeholders,
alongside the creation of a separate interface for each stakeholder.

Be adaptable to respond effectively to geopolitical tensions and rapid technological ad-
vances

The exploration of this topic was constrained by the limited time available. The tool has the ca-
pacity to incorporate objectives related to geopolitical tensions and rapid technological advances.

Apply systems-of-systems thinking to investigate the solution space and address the systems-
of-systems complexity of fleet operations.

This requirement is succesfull as the tool is capable to provide systems-of-systems calculations
by the use of Objected-Oriented-Programming (OOP).

What the Solution Should Include

Need: requirements about what the solution should include (technical-need)

Synergies to improve the safety and security of the harbour region, despite the key-issues,
by enhancing collaboration among the various internal and external stakeholders.

The company-wide vision to create and implement a new fleet that creates value for all
stakeholders.

Sustainable practices to create the most sustainable port and fleet.

Modern equipment and workflows to be a leading port with the latest technologies, equip-
ment and workflows to ensure modernisation.

Technical resources as enabler for service delivery.

Human resources as enabler for service delivery.

Current tasks as design requirements and baseline.

Future tasks, making sure "Tomorrow’s Fit for Purpose Sustainable Fleet”.
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Service-level-expectations of the stakeholders as an influential determinant of defining
task performance.
Preference of all Stakeholders to create a widely supported solution.

These requirements are based on the the preliminary analysis of the fleet renewal challenge,
and are factors which influence the outcome of the composition of the new fleet. It has been
demonstrated that the tool possesses the capacity to fulfil all the aforementioned requirements.
However, it is important to acknowledge that the verification tests remain predominantly concep-
tual in nature. It is recommended that further research would be conducted with this tool, with the
primary focus of the finding of a solution for the fleet renewal challenge. This study should use
the tool to explore and integrate all these factors and requirements. This study should not focus
on the improvement or development of the tool as that is too time-consuming.



Computer Modelling for Design and
Operational Research

For the creation of this master’s thesis and also for analysing the Port of Rotterdam’s Fleet Renewal
challenge, design thinking is applied.

In an ideal scenario, design is a thought process that works towards a situation where the 'abstraction’
of what is ‘desirable’ is concretised into something (the product) that is both 'capable’ and 'desirable’,
resulting in ‘fitness for purpose’ (van Gunteren et al., 2011, 2013; Wolfert, 2023). This can be under-
taken by an individual, a small group, or the entire organisation, and even society at large. In the event
of multiple users or stakeholders being involved in the product’s usage or being affected by it, the term
fitness for common purpose’ is applicable.

The design process can take various forms, is not a 'linear process’ but ’iterative’, has multiple levels
of abstraction, and involves 'diverging’ and 'converging’. As the process continues, more information
will be gathered. The latter can be conceptualised by imagining a rolling snowball, with the size of
the snowball representing the available information, that increases with each cycle. Another aspect of
design is the need to make design choices that have implications on the solution space and, therefore,
the final design. Figure H.1 is a useful illustration of the diverging and converging characteristics in
Design, and the role of design decisions.

It's hard to keep track of all the design decisions. In the last decades, this was usually based on
documents. In this context, it is hard to repeat the design process quickly. With better software and
more computing power, it is possible to redo the design process over and over again. This can be
done by recording the design process by translating the design choices into a computer programming
language. By recording design choices, the tool can redo the design process over and over again. This
creates the possibility of reflection on the design choices. If this is done using an iterative approach,
alongside the knowledge gained over time, the system can be improved based on the first design choice
up to the last design choice.

This master’s thesis aims to create a tool that facilitates the design process and can be seen as a
form of Operational Research' (OR). Although this is already beneficial for the design process, the tool
can also be used for operational research at later stages. Once the new fleet has been designed and
purchased, the tool can essentially be seen as a digital replica of the fleet. During use, the tool can
therefore be used to support decision-making.

"Operational research (OR) and analytics focus on solving complex management problems by combining scientific principles,
empirical evidence, and analytical methods. This enables organisations to make informed decisions and optimise business
operations (Informs, 2026; Operational Research Society, n.d.)
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Preferendus Methodology, Thoughts
and Reflections

I.1. Inside- & Outside the Preference Box (Or trap?)

While introducing the Bézier curve, it is discovered that Bézier-curves does not provide values outside
the bounds of the defined x-points. That gave food for thought and raised the question: how can the
preference value be determined outside the bounds?

Inside the Preference Box
The implemented solution of H. J. van Heukelum et al. (2024) is examined. This solution can be
characterized as ’inside the preference box’:

If the preference values are outside the limits of 0 or 100, the preference scores are set to
the lower (0) or upper limit (100).

In Code:
Listing 1.1: Inside the Preference Box Code

def mask_p(p):
maskl = p > 100
mask2 = p < 0
p[mask1] 100
p[mask2] 0
return p

In the context of the Port of Rotterdam, the current response time requirement for incident response
vessels is within X1 and X2 minutes, for any location within the harbour. For illustration purposes, the
arbitrary numbers 75 and 85 will be employed. The following preference curve could be drawn:
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100
Outside P.B. Inside the Preference Box Outside P.B.
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Figure 1.1: Inside the Preference Box Demonstration Figure (made with Miro (Miro, 2025))

When implementing the solution H. J. van Heukelum et al. (2024), the Preferendus Algorithm considers
the design-alternatives which are lower than 75 minutes ( X1 < 75) equal to the solution that is 75
minutes (X1 = 75) (by assigning the preference = 100). In math-notation: If X <75 —> P = P(X =
75).

Is this useful, and is this not a ’trap’ that keeps the system sub-optimal within the known (preference)
box? Would it not be beneficial to ‘know’ that a lower response time is possible with a certain design
alternative? How can the system ever evaluate to an improved system if our assumptions, based on
the present mode and characterised as ‘inside the preference box’, determine our perception of how
the future mode should be designed?

Beyond the Box - Beyond the Initial Perception
In this phenomenon, it is important to recognise that the preference curves are a reflection of the
thought process of stakeholders, which is based on their perception of reality and the functioning of the
social-technical system. Nevertheless, perception is not reality itself, but rather a construct based on
reality.

The following exercise by Ackoff et al. (2007, p. 14) will help to make this point. Most people are
finding it hard to find the solution. But when people are encouraged to think in new ways by drawing

outside the ’lines’, "the solution is relatively easy” (Ackoff et al., 2007).
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® ° ° Task:

“..you are supposed to place a pen or
pencil on one of the dots and, without

° ° ° lifting the pen or pencil from the paper,
draw four straight lines that cover all
nine dots”

Figure 1.2: Exercise from Ackoff et al. (2007, p. 14) to demonstrate the "inside and outside the preference box”

The following quote of Arthur Schopenhauer is also an argument against the ‘inside the preference
box’-method:

“Thus the task is not so much to see what no one yet has seen,
but to think what nobody yet has thought about that which everybody sees.”

- Arthur Schopenhauer -

Computer (mathematical) models can be perceived as a manifestation of the creators’ thought pro-
cesses. In the context of highly complex systems, creators are constrained in their ability to consider
a large number of factors. However, a (computer) model can help with considering all the factors. De-
signed by the creators, the model reflects their thinking process, serving as a mirror for reflection. The
model does not provide information that the creators ‘have not yet seen’. If there were any information,
it would already be modelled. Nevertheless, the model can ‘think’ what nobody yet has thought about
that which everybody sees” by providing a design alternative that is feasible but beyond what ‘everyone
has seen’. Although this can be accomplished using the "inside the preference box” method, it is even
more the case with the "outside the preference box” method.

The following questions can be asked based on these findings: What if the 'best’ solution lies outside
the defined preferences, as described as 'outside the preference box? How should preferences be
scored when they fall outside the bounds of the defined x-points?

Beyond the Box; Extrapolation Outside the Preference Box

The Pchiplinterpolator (Pchiplnterpolator — SciPY V1.16.2 Manual, n.d.) can extrapolate the line with
the slope of the last intervals. Extrapolation could be considered as "valid” in the scenario where a
preferred line is defined as a single straight line and therefore a constant slope. The following proposed
solution is therefore put forward for consideration:

Extrapolate the preference curve when the value is out of the bounds of the defined
x-values.

To explore this possibility, three paragraphs follow below: (1) Validity of the concept, (2) Validity of the
practice, (3) Reflection.

1. Validity of the concept
In the preference curve below, extrapolation can be seen. The slope of the last segments is used
(in this case, it is the same) for the extrapolation. In practice, a preference value > “100’ or <
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‘0’ is possible. It is important to note that these preference numbers are arbitrary, and only the
scale differences between at least three alternatives are important. For instance, the numerical
sequence 20-50-80 denotes equivalent preference scores to that of 100-180-260 for the three
distinct alternatives, A, B and C, respectively. For the sake of convenience, the scale between
0 and 100 is utilised, as this is generally understood to be equivalent to percentages, with 100
representing ‘full’ satisfaction and 0 representing no satisfaction.

100
Outside P.B. Inside the Preference Box Outside P.B.
[4]
|9
(ex
&
g
&
o
CONSIDERED AS CONSIDERED AS
BETTER WORSE
X1=75 Min Respone Time X2=85"Min

Figure 1.3: Extrapolation Outside the Preference Box Demonstration Figure (made with Miro (Miro, 2025))

From a social-cycle perspective, it could be argued that when ‘the game is played’, the prefer-
ences can be adjusted during the play. With the first design iteration, the initial start point is set
with 75 minutes corresponding to a preference score of 100 (indicative of complete satisfaction).
In the second iteration, the stakeholder(s) may adjust their preference score to align with the
scenario wherein 65 minutes is equivalent to a preference score of 100 (representing complete
satisfaction).

From the perspective of the mathematical formulation developed by Barzilai (Barzilai, 2022), the
validity of these calculations is determined not by the specific number, but rather by his notion that
the scale difference between at least three alternatives in an one-dimensional affine space is the
determining factor. In short, the 'arbitrary’ number is of no importance; the scale-difference is. For
instance, the numeral ‘260’ is equivalent to ’80’ and ‘60’, provided that the scale remains constant
between the other points (see the table below). From this standpoint, it could be argued that
extrapolation is an acceptable practice because 65 minutes with a preference score of 200 can
be the same as a preference of 100. Both can represent the highest preferred score. Although this
thesis has studied this subject extensively, the author is not a mathematician. Further research
is therefore recommended.

2. Validity of the Practice
In the above example of ‘response-time’, the preference curve is a straight line and therefore the
slope is constant. Extrapolation with this slope can be seen as valid. But what if the preference
curve is not straightforward?
It is a theoretical possibility for a preference curve to be of any shape. For instance, consider
the preference curve for 'project duration’. The duration of a project is influenced by a number of
factors. For example, the project scope, the quality of the work, the approval of permits, weather
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Table 1.1: Example of equal scoring of alternatives with different values but same scaling. It is important to note that these
preference numbers are arbitrary, and only the scale differences between at least three alternatives are important. For
instance, the numerical sequence 20-50-80 denotes equivalent preference scores to that of 100-180-260 for the three distinct
alternatives, A, B and C, respectively.

Alternative A Alternative B Alternative C

Scores 20 50 80
100 180 260
0 30 60
-30 0 30
-100 -180 -260
Normalized -1.2247 0 1.2247
-1.2247 0 1.2247
-1.2247 0 1.2247
-1.2247 0 1.2247
-1.2247 0 1.2247

Table 1.2: Example of equal scoring of response-time with different values but same scaling. It is important to note that these
preference numbers are arbitrary, and only the scale differences between at least three alternatives are important. For
instance, the numerical sequence 20-50-80 denotes equivalent preference scores to that of 100-180-260 for the three distinct
alternatives, A, B and C, respectively.

Alternative A Alternative B Alternative C

Response time 65 min 75 min 85 min
Preference Score 200 100 0
Preference Score 100 50 0
Preference Score 100 0 -100

conditions, the availability of materials, the workforce, project complexity, logistics, and so forth.
It is possible to calculate an estimate of the average duration of a project and assign that value to
the maximum preference setting (p = 100). Itis then stated that a reduction in project duration has
a negative impact on quality and is therefore less desirable. The stakeholder may also choose
to incorporate the relationship between project duration and project scope. It is reasonable for
the stakeholders to consider two project scopes, categorised as either 'small’ or ’big’, and it is
not feasible to take aascope in between these two discrete scopes. For instance, consider the
process of constructing an underground parking garage. In the given scenario, the construction
of a parking garage is undertaken with one or two levels, not one and a half. The following
preference curve could be drawn (see below).
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P=100

P+

P-

Preference

Project duration
estimated mean estimated mean
small scope big scope

Figure 1.4: Example "No-Pure” Preference Curve Project Duration (made with Miro (Miro, 2025))

In this case, extrapolation is difficult to consider because the stakeholder incorporates a lot of
factors in its preference. This thesis states that these kinds of preference curves are not ‘pure’
and should not be used. More about this can be read in section 1.2.

One potential solution to this issue would be to consult with the relevant stakeholders to ascertain
whether extrapolation is acceptable in this context.

If extrapolation is preferred, the preferences that are located outside of the designated preference
box can be limited to the upper or lower extremes of the preference curve. In this particular case,
for the duration of the project, this means that preferences are set to 'P-’ or 'P+’ (this phenomenon

is named as 'capping’).

Itis important to note that capping of preference values beyond the defined extremes of the prefer-
ence curve is not the same as setting constraints. In the context of ‘capping’, design alternatives
that fall outside the bounds of the extremes are still considered, while these design alternatives
are not considered when using constraints.

In the event that 'capping’ or setting ’constraints’ are both unsatisfactory, the facilitator may re-
quest a more detailed definition of the preference curve from the participant, including any sec-
tions that have not yet been defined. A more effective approach would be to request that stake-
holders define multiple objectives, rather than combining them into a single one.

Options to deal with Inside-Outside the Preference Box:

* No capping, no constraints: (highly preferred option)
All alternatives are evaluated. If needed by extrapolation. Alternatives and preferences are

evaluated Inside- and Outside the Preference-Box.

* In the case of capping:
All alternatives are evaluated by extrapolation. Alternatives are evaluated Inside- and Out-

side the Preference-Box and preferences are capped to the edges of the preference-box.
This means that the model evaluates alternatives outside the preference box but is unable
to determine whether an alternative is worse or better than the alternatives defined within
the preference box.
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Design alternatives i with ; < zmin — evaluated but given P = P(zmin)
Design alternatives i with ; > zmax — evaluated but given P = P(zmax)

* In the case of constraints:
All the alternatives outside the preference-box are not evaluated. Only alternatives inside
the preference are evaluated by the model.

Design alternatives i with =; < xmjn — not evaluated
Design alternatives i with x; > xmax — not evaluated

3. Reflection
The Preferendus Methodology works with preferences that correspond to the utility theory. To cal-
culate with preferences in a proper way, the Preferendus Algorithm makes use of the Preference
Function Modelling (PFM) of Barzilai (2022).

A: inside-the-preference-box

When using the ’inside-the-preference-box’ method, it could be seen as a way of keeping all
stakeholders satisfied, whereby the social-technical system is designed based on the principle
of achieving the highest overall aggregated preference without violating anyone’s preference
box. This can be seen as alternative A in the table below. In this case, constraints must be
added to eliminate design alternatives that fall outside the preference box. When using the
‘capping’ method, alternatives outside the preference box will be evaluated and indicated by the
capped preference value of ‘0’ or '100’, even if the extrapolated preference would be, for example,
+10,000 or -10.000.

B: inside-outside-the-preference-box

As design participants, the stakeholders can agree that it is not possible to violate anyone’s lowest
preference and allow others to become more satisfied than initially indicated. This can be named
as ‘inside-outside-the-preference box’ and can be seen as alternative B in the table below. In this
case, they should add constraints to the locations of the lowest preferences and not ‘cap’ it. When
constraints are employed, design alternatives with a lower preference rating will not be evaluated.
However, when ’caping’ is used, these alternatives will be evaluated, but the preference rating
will be indicated as '0’, and the model does not know that an alternative is less preferred by the
stakeholders.

C: outside-the-preference-box

The stakeholders have the option of employing the ’'outside-the-preference-box’ method. This
can be seen as alternative C in the table below. This approach enables the identification of an
alternative that lies outside the defined preferences and is superior to the alternatives within the
defined preference box.

Table 1.3: Aggregated Preference Scores for Alternatives

Alternatives Objectives (equal weights) Aggregated Preference
1 2 3 Not Normalized Normalized
A 100 100 100 16.6765 58.26
B 0 100 250 16.6667 52.75
C -50 100 300 16.5727 0.0
Ccx -50 100 350 16.7508 100.0

Reflection of System Improvement
When the goal of the design objective is to create an improved system as a whole, one cannot
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solely focus on improving the separate parts (Ackoff et al., 2007). In this light, the use of the
“inside-the-preference-box” method with capping or/and with constraints is not contributing to the
goal of improving the system as a whole. While extrapolation will, and is enabled by, the "outside
the preference box’ method. This can be seen as alternative C in table 1.3 above.

Reflection of Ethics

Whether or not it is ethical depends on the meaning of the objective and the stakeholders’ per-
spectives. For example, if the objective is to consider only technical aspects, extrapolation will
be acceptable, whereas if the objective is related to humans, animals or the natural environment,
extrapolation could have ethical implications. Although it is interesting to explore ethical theo-
ries and their implications, this is outside the scope of the thesis and is recommended for further
research.

Proposed Guidelines Inside- & Outside the Preference Box

The preceding findings demonstrate the importance of being aware of the implications that the prefer-
ence function configuration has on the final automated design produced by the Preferendus algorithm.
To address these implications, the following advice has been formulated and must be implemented in
the social cycle (the social process relating to the stakeholders):

1. Do not restrict extrapolation for the sake of the pursuit to discover design alternatives to improve
the system as a whole.

2. Consider the ethical implications of the objectives. If important, consider using constraints.

3. Discover if extrapolation is ‘valid’ based on the end-slopes of the preference curve. If so, leave it.
If not, ask the stakeholder to define its preference to a broader extent.

4. As a facilitator, you may ask whether the preference points outside the preference box should be
considered. Beyond the two extremes of the x-points, it could be the case that these preferences
can be capped on the extremes. Note that this differs from constraints! Because if you define the
design alternatives beyond the extremes of the x-points as invalid (through constraints), these
design alternatives are not considered at all. If it is not defined as a constraint but capped at the
extremes, the design alternatives beyond the extremes of the x-points are considered, but the
model scores it as the extremes of the preferences (p=0 or p=100).

[.2. The consequence of no ‘pure’ objectives
Mol and Schriever (2024, p. 17) stated a criterion of the Social Cycle as:

“Stakeholders should understand what their preference represents with respect to the
outcomes”.

This is considered impossible in very complex systems. One cannot overlook the impact of a criterion
in a complex system. Moreover, it is important to define the preference-curves as ‘pure’ as possible.
The social cycle criterion is defined as:

“Stakeholders should understand what their preference represents with respect to the
objective”.

Explaination
The duration of a project depends on several things. For instance: project scope, quality of the work,
approval of permits, weather conditions, availability of materials, the workforce, project complexity,
logistics, etc.

Drawing the preference curve of the objective “Project Duration”, it is very difficult to take into account
the impact of all those factors. One can try to estimate an average project-duration and set that to
maximum preference (p=100). And then state that a lower project duration impacts quality and is
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therefore less preferred. (See figure 1.5). But what about a higher project duration? And, what if
those elements change while modelling? The estimation is wrong (unless the estimation is dynamically
integrated in the model). This makes it very complex.

Or should the line drawn above?

P=100

Preference

Project duration

Estimated mean

Figure 1.5: Example graphic of a 'no-pure’ objective. (made with Miro (Miro, 2025))

Drawing the preference curve of the objective “Project Duration” in the ‘purest’ way (see figure 1.6).
It is possible to state that the objective is to minimise the project duration in a linear way. And one can
add extra objectives for the other criteria, like ‘quality’. A project duration cannot be lower than ‘zero’,
the preference is at that point maximum (P=100). The least preferred defined project duration could
be, for example, the ‘max allowed’ preferred project duration.

Reflection based on the Workshop

During the validation workshop with the Fleet Renewal Program team at the Port of Rotterdam, a
difference in perspective emerged concerning the challenge of drawing the preference curves, with
either the impact on outcomes in mind or rather focusing solely on the objective. In other words, the
aforementioned concept emerged during this workshop.

The curve below (figure 1.7) was created by user A when drawing the preference curve for capital
expenditure costs. User A considered "zero cost” to be undesirable because financial expenditure is a
prerequisite for the creation of new vessels. User B, who was in the same workshop, was perplexed by
this reasoning because this user was more aligned with his objective of minimising expenses without
considering the impact on other objectives (figure 1.8). It is evident that user A's perspective aligns
more closely with the line of thought proposed by Mol and Schriever (2024), while user B’s viewpoint
is more aligned with the perspective outlined in the thesis named as a ’pure’ objective.

Reflecting on this, this thesis thinks that the approach of Mol and Schriever (2024 ) is more applicable
to less complex modelled systems and/or near the end-phase of the design. This is due to the fact that
the solution space is already narrowed down. By contrast, the 'pure-objectives’ are more applicable
in more complex modelled systems and/or in earlier design phases where the solution space is very
broad and its implications on the design are not clear.
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Figure 1.6: Example graphic of a 'pure’ objective. (made with Miro (Miro, 2025))
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Figure 1.7: Workshop graphic of a 'no pure’ objective.
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Figure 1.8: Workshop graphic of a ’pure’ objective.
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Carbon Footrpint Operations one Vessel
within given timeframe = month = 28
days
(this is done for all the fossil vessels)

187200 (02 = 104 *15 %30 *¢

—

Average Patrol Speed
15 kb

Average C02 emissions per km

30ce2/ b

number of average operational <
hours vessels per week

109 = min(104, 397.8) total average number available operational
hours fossil vessels per week

397.8 h = [168/28.5] * 22.5
number of operational vessels

utilization grade

total average number available hours for eg. 3= varible
fossil vessles per week based on human 0¢h=935/5 /3
G total available hours humans per time frame = total time one shift
required number people per vessel A .
week one week refill to refill
= k5o
3 T 935 hours = 0.85 % 50 * 22 168h=7"24 T SRS BIEES
number of operational hours recharge or refill time action radius in time
number of humans s uman o 225 [h J= 337.5 fbm ] /15 flm/h]
0.5 Present Mode: 50 people

36 b full time

Lost hours: Sickmecs, holidays, national holidays,
waiting time between assignments. In the
Netherlande: Average ~15% loes
(sickness: 4%, holideys: 8%, other: 3%).

- 7 hour break per day
- 7 hours per day on average for other things

= 22 hours per week cailing

Figure K.1: Overview Calculation Structure Carbon Footprpint Operations (own illustration)
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Number of Barge (Binnenvaart)
Inspections
within given
timeframe = month = 28 day

398.85= 4% 311.6 *0.32

Number of inspections per hour
per vessel

From data: average 350 inspectione per month, 3patrol vessels
in operaffion, acsumed 12 hours per day operaitonal

0.32 ingpections per hour = 350/ 3/ 30/ 12

number of operational hours ¢

vessels per week

371.6 h = min(311.6, 377.8)

total number available operational
hours vessels per week

A
397.8 h = [168/28.5] * 2253

number of operational vessels ——

total number available hours for eg. 3= variable

vessles per week based on human 3116 h=935/3

I
| |

total available hours humans per
week
3 935 hours = 0.85 * 50 * 22

number of operational hours
per human

required number people per vessel

utilization grade number of humans
0.85 Present Mode: 50 people
36 h fulf time
- 1 haur break per doy
- 1 hours per day on average for ather things
= 22 hours per week sailing

Lost hours: Sicknecs, holidays, national holidays,
waiting time between acoignments. Tn the
Netheriands: Average ~15% loss
(eickness: 9%, holidays: 8%, other: 3%).

efficency motor

0%

time frame = total time one shift
one week refill to refill
168 b =7 %24 1 285h=6+225

recharge or refill time action radius in time

o 225 [h J= 337.5 fkm ] (15 [lon/h]
| I 1
Y-avg battery capacity +« * required power
(average speed) Ty capacity q P
15 kmfh T 1250 ki T 50w

energy consumption

> « » action radius in km
per km and per hour v
3375 km
3.2 ki per km standtijd
55.6 ki per uar 22.5

Figure K.2: Overview Calculation Structure Barge Inspections (NL: Binnevaart Inspecties) (own illustration)
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Number of Seafareres (Zeevaart)
Inspections
within given
timeframe = month = 28 day

2617¢= 4" 3116 *021

Number of inspections per hour
per car

From data: average 250 inspections per month,

5 cars in operafion, assumed § hours per day
operaitomal

0.21 incpestione per hour = 250/5/30/ 8

—

number of operational hours cars

per week -

371.6 h = min(311.6, 600.32)

number available hours for cars per
week based on human resouce 3116h=135/3

1

required number people per car

2

total available hours humans per
week

T 935 hours = 0.85 " 50 * 22

utilization grade
0.85

Lost hours: Sickness, holidays, national holidays,
waiting time between assignments. In the
Netheriands: Average ~15% loss
(sickness: 4%, holidays: 8%, other: 3%).

Figure K.3: Overview Calculation Structure Seafarer Inspections (NL: Zeevaart Inspecties) (own illustration)

number of operational hours
per human

number of humans

Present Mode: 50 people
36 b full time
- 1 hour break per day
- 7 hours per day on average for other things
= 22 houre per week ¢ailing

number of operational cars — e——

eg. 4= variable

number available operational hours

cars per week

60032 b= [168/2.7] * 62" ¢

time frame = total time one shift
one week refill to refill
168 h=7"24 T 2rhe &P

recharge or refill time
Tk

action radius in time

6.2 [k J= 400 [km ] / 60 [lmf/h]

|
v_avg
(average speed)

60 km/h

action radius in km
400 fom

111



Average Patrol Speed

15 ko

Patrol Distance Vessel
within given
timeframe = month = 28 day

18696 km = 3716 *15% ¢

number of operational hours ¢

vessels per week

311.6 h = win(311.6, 377.8)

total number available operational
hours vessels per week

L)

397.8 h = [168/28.5] * 225 %3
number of operational vessels ——

total number available hours for eg. 3 = variable
vessles per week based on human s11.6h=135/3

1
| |

. total available hours humans per time frame = total time one shift
required number people per vessel s i
week one week refill to refill
£ *ep
3 935 hours = 0.65 * 50 " 22 168 b=7%2¢ T SR

e e e oy recharge or refill time action radius in time
utilization grade number of humans i 6h 223 [hJ- 3375 [on ] /13 [in/b]
per human T
a5 Present Mode: 50 pecple f T 1
36 b full time
Lost hours: Slickness, holidays, national holidays, - 1 hour break per day v_avg Battary capadity: ©—) requirad Dower
waiting time between acsignmente. In the ~ 7 haurs per dag an average for ather things (average speed) Y capacity 9 P
Netherlande: Average ~15% loss = 22 hours per week cailing T 15 km/h 1250 kljh T s0kw

(sickness: 4%, holidays: 8%, other: 3%).

energy consumption

efficency motor » < » action radius in km
per km and per hour v
337.5 m
0% 37 kllk per o standtijd
55.6 kil per uur 225

Figure K.4: Overview Calculation Structure Patrol Distance (own illustration)
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Fleet availabifity = SUM(mumb_type_i * ratio_availability_i)

Ratio Availability Capacity < Bounds
Coverage
Ratio = 0.5- 0.46 = 0.0 [> if Availability ratio < -0.75 —> the preference ic 0
0> over capacity ]
2 A
Acsumption: every used
operafional vessel i
required and nesds to be
available 29/7
Availability Shortage Vessels Availability Backup Vessels
in Operations in Reserve
0.96= 2 *(1-0.77) 05=1%05
1 1 | 1
recharge time < crew change time
Av ity 1
Number Type Ship Availability Ratio Availability Ratio Number Type Ship
Availability 3/ (10 +3) = W
H 05
s ; i 3 Crew Change Time
Ti o] t One Shift Rech. I G
Ime Uperating Une I echarge [ime Between Shifts
10 h= 150/ 15 3h 30 min
1 1
Action Radius Average Speed
900 km 15 kimfn

Figure K.5: Overview Calculation Structure Ratio Availability Capacity Coverage Incident Response (own illustration)
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Patio Incident Coverage Over Time =
totaf operational hours fleet / required operational time "
i
number of available incident response vessels in operation

Availability for long-term deployment
> ity g ploy <

Bounds . < Requried number of incident response vessele
in incidents
if Ratio ratio < -0.75 —> the preference is 0 336h=168"2
Ratio = 0.01 —> not goed o p
; o number of available incident
. . . ) Requried number of incident . .
Total Operational Hours Fleet Required Operational Total Time response vessels in operation
response vessels (with crew)
128.2 k=129 h - ((0.25 * 2) / 60) 336 h=168"2
Lid

Time needed to

t )
| |

number required

Thic ic
done for

Operational Total sail to the incident incident response
Time Vessel or to the refill every vessel critical time frame vessels
129 b = 12.92 * 10 station continously at the
! 168 h=29"7 ;
Acsumption: 25 min location of the
r S | incident
2#

number of I time from

operations in time (—|— 100%-0%-100%
frame .. Action Radius

T 168/ 13 | 13h=10+3
| [ 1

critical time frame operational time recharge time
168 h=24"7 19k 3h

—

action radius average speed
150 km 15 kmfh

A A A RN A AR AR AR AR AR EEREERE AN REEREEE,
T T T T T L L L LT L

o
»

Figure K.6: Overview Calculation Structure Availability Ratio Long Term Deployment in Incidents (own illustration)
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L.1. Fleet Compositions of Alternatives and Optimisation-results

Table L.1 presents the vessels selected for each design configuration, according to the fleet composition. In addition to the vessels, each alternative
employs three electric cars. The optimization process considered all these vessel types (and electric cars), and the results are also displayed in the same

table.

To facilitate comparison across alternatives, the number of crew allocated to both blue and red tasks remains constant for all alternatives and optimization
scenarios. In addition, the ‘reserve’ vessels are not taken into consideration.

Table L.1: This table presents the vessels in each alternative configuration and optimisation-results. The Port of Rotterdam has not yet initiated the tender process, therefore the table does not
contain the taken values. Instead, the table illustrates the differences between the vessels by the numbers and corresponding colours. For instance, with the characteristic ‘capex’, the vessel
"IBV-current’ and the vessel 'PVT-hull IBV-AWS” have the same capex value.

In addition to the vessels, each alternative employs three electric cars. The ‘reserve’ vessels are not taken into consideration.
The optimization process considered all these vessel types (and electric cars) and the results are also displayed in the same table. To facilitate comparison across alternatives, the number of
crew allocated to both blue and red tasks remain constant for all alternatives and optimization scenarios.

Vessel IBV - Current | PVT - Current | IBV - AWS PVT - hull IBV - AWS ] PVT - VAS ] IBV - VAS | IBV - VAS + Extender | PVT - VAS + Extender ] PVT - Small - VAS PVT - Refit
Incident Response Worthy 1 0 1 0 0 1 1 0 0
Patrol Speed [km/h] 1 1 1 1 1 1 1 1 1 1
Top Speed [km/h] 1 1 1 1 1 1 1 1 3 1
Pump-Capacity (L/min) 1 0 1 0 0 1 1 0 0 0
Recharge Time (Hours) 0 0 1 1 2 2 2 2 2 2
CAPEX (EU) 1 2 3 1 4 5} 6 7 8

OPEX (EUlyear) 1 2 3 1 4 5 6 7 8

Zero-emissoin range (km) [Patrol speed] 1 1 2 2 2 2 2 2 3 B!
Emission range (km) [Patrol speed] 1 1 2 2 2 B 3 B 4 4
Emissions Operation [ton CO2/km] 1 1 2 2 2 B B 3 2 2
Carbon Footrpint Investment (ton CO2e) 1 2 3 4 5] 6 6 7 8

Alternative A1
Alternative A2

4 (+1 reserve)
4 (+1 reserve)

3 (+1 reserve)

3 (+1 reserve)

Alternative B1
Alternative B2
Alternative B3
Alternative B4

4 (+1 reserve)
4 (+1 reserve)
4 (+1 reserve)
4 (+1 reserve)

3 (+ 1 reserve)

2 (+ 1 reserve)

2 (+ 1 reserve)
2

3 (+ 3 reserve)

1 (+ 1 reserve)

Baseline

Idealized Optimization Blue Tasks
Idealized Optimization Red Tasks
Idealized Optimization Blue + Red Tasks

4 (+3 reserve)

3 (+2 reserve)

w w

Realized Optimization Combined Tasks
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L.2. Preference curves for verification by comparison of alternatives

Preference Score

Preference Score

(c) Preference Curve Carbon Footprint Investment as sub-objectives from 'Sustainability’ (design for

CAPEX
100 ® Points
—— PC based on Pchiplinterpolator
80
60
40 4
20 4
0
" r r r : r r .
capex [EU]
(a) Preference Curve CAPEX as sub-objectives from 'Affordability’ (design for -ty objective)
Carbon Footprint Investment
100 ® Points
—— PC based on Pchipinterpolator
80
60
40 4
20 4
0

0 2500 5000 7500 10000 12500 15000 17500 20000
carbon footprint CAPEX [ton CO2]

-ty objective)

Figure L.1: Preference Curves for Affordability and Sustainability. The Port of Rotterdam has not yet initiated the tender process, therefore some figures have no values on the x-axes.

OPEX
100 4 ® Points
—— PC based on PchiplInterpolator

80
L

S 60
53
2]
g
2
o
k3

o 40
a

20 4

oA

s T T T T T T T
opex [EU]
(b) Preference Curve OPEX as sub-objectives from *Affordability’ (design for -ty objective)
Carbon Footprint Operations
100 ® Points
—— PC based on Pchipinterpolator

80 A
o

S 60
&
o
2
o
g

o 40
&

20 A

0-

0 2 4 6 8 10
carbon footprint OPEX [ton CO2]

(d) Preference Curve Carbon Footprint Investment as sub-objectives from 'Sustainability’ (design for

-ty objective)
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Complexity Number Vessel Types Patrol Distance

100 ® Points 100 ® Points
—— PC based on Pchipinterpolator —— PC based on Pchipinterpolator

80 80
o o

S 60 S 60
S S
(2] [%2]
o o
g g
o o
g K

D 40 - o 40
& &

20 20

0 0

0.0 05 10 15 2.0 25 30 35 4.0 0 20000 40000 60000 80000 100000
numb of different types vessels [-] total distance vessel patrol [km]
(a) Preference Curve Complexity Number of Vessel Types as objective from 'Maintainability’ (design (b) Preference Curve Patrol Distance as sub-objective from 'Blue Tasks Safety & Security’ (design for
for -ty objective) -ty objective)
Inspection Barges Inspection Seafarers
1004 @ Points ° 100 ® Points °
—— PC based on Pchiplinterpolator —— PC based on PchiplInterpolator

80 80 -
o [

S 60 S 60
3 g
w 2
o [
g g
g 2
o [
g k2

3 40 2 401
o a

20 20

01 0

. - : - ! - - . - - . - .
num inspections [-] num inspections [-]
(c) Preference Curve Inspection Barges as sub-objective from 'Blue Tasks Safety & Security’ (design (d) Preference Curve Inspection Barges as sub-objective from 'Blue Tasks Safety & Security’ (design
for -ty objective) for -ty objective)

Figure L.2: Preference Curves for Maintainability and Blue Tasks Safety & Security. The Port of Rotterdam has not yet initiated the tender process, therefore some figures have no values on
the x-axes.
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Preference Score

Critical Initial Response Time

Red Safety & Security - Availability Capacity Coverage Incident Response

100 ® Points
—— PC based on Pchipinterpolator 100 -
80 1
80 1
<
60 - 3 60
1%
o
g
c
o
40 4 T 40
-
204
201
04
0

Preference Points
Alternatives > x_max are capped (not considered)

response time [min]

(a) Preference Curve Critical Initial Response Time as sub-objective from 'Red Tasks Safety &

Security’ (design for -ty objective)

20 40 60 80
availability [shortage < 100 < over capacity]

Tasks Safety & Security’ (design for -ty objective)

Red Safety & Security - Availability Long Term Deployment in Incident Response

100 -

80 1

60

40

Preference Score

204

Preference Points
Alternatives > x_max are capped (not considered)

20 40 60
availability [shortage < 100 < over capacity]

80

100

(c) Preference Curve Availability Long Term Deployment in Incident Response as sub-objective from
'Red Tasks Safety & Security’ (design for -ty objective)

Figure L.3: Preference Curves for Red Tasks Safety & Security. The Port of Rotterdam has not yet initiated the tender process, therefore some figures have no values on the x-axes.
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(b) Preference Curve Availability Capacity Coverage Incident Response as sub-objective from 'Red

0¢l
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L.3. Results blue-tasks for verification tool by comparison of alter-

natives
Table L.2: Weight Distribution Optimization Blue Tasks
Objective Weight | Sub-Objective Sub- Optimization-
Weight Weight
Affordability 18.421 OPEX 50.00 0.092
CAPEX 50.00 0.092
Sustainability 18.421 Carbon Footprint Investment | 50.00 0.092
(construction)
Carbon Footprint Operations 50.00 0.092
Maintainability 5.263 Minimize Complexity Number | 100.00 0.053
Vessel Types
Red Tasks Safety | 0.0 Maximizing Availability Capacity | 33.33 0.193
& Security Coverage Incident Response
Maximizing Availability Long | 33.33 0.193
Term Deployment in Incident
Response
Minimizing Critical Initial Re-| 33.33 0.193
sponse Time
Blue Tasks Safety | 57.89 Maximizing Number of Barge In- | 33.33 0.0
& Security spections
Maximizing Number of Inspec- | 33.33 0.0
tions Seafarers
Maximizing Patrol Distance 33.33 0.0
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Table L.3: An overview table of the aggregated performance of the different fleet compositions when only blue tasks are
considered. Keep in mind that PFM scores are compared to other scores. If X scores close to Y, it is because Z scores very
differently. For more information about Preference-Functional-Modelling see Barzilai (2022)

Alternative | A1 A2 | BT B2 B3 B4 | Baseline | Optimization
PFM score | 13.62 44.80 | 2475 29.23 0.0 38.11| 8.41 | 100.0

Performance Radar Chart

Carbon Footprint Investment

Carbon Footprint @bergkia

blue_alternative_Al
blue_alternative_A2
blue_alternative_B1
blue_alternative_B2
blue_alternative_B3
blue_alternative_B4
blue_baseline
blue_optimization

Complexity Numbe IOPEX

IAEXREXE

Inspection Ba

Inspection Seafarers

Figure L.4: An overview of the performance of the different fleet compositions when only the blue tasks are considered.



Affordability - CAPEX

Affordability - OPEX

100 e Preference Points 100 * Preference Points
@ blue_alternative_Al | p=61.20 @ blue_alternative_Al | p=88.00
) blue_alternative_A2 | p=78.36 blue_alternative_A2 | p=93.25
@® blue_alternative_B1 | p=75.80 @ blue_alternative_B1 | p=92.50
80 @ blue_alternative_B2 | p=77.08 80 @ blue_alternative_B2 | p=92.88
\ ® blue_alternative_B3 | p=83.56 ® blue_alternative_B3 | p=94.75
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(a) Preference Curve CAPEX as sub-objectives from 'Affordability’ (design for -ty objective) (b) Preference Curve OPEX as sub-objectives from *Affordability’ (design for -ty objective)
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(d) Preference Curve Carbon Footprint Investment as sub-objectives from 'Sustainability’ (design for
-ty objective)

(c) Preference Curve Carbon Footprint Investment as sub-objectives from 'Sustainability’ (design for
-ty objective)

Figure L.5: Preference Curves for Affordability and Sustainability. The Port of Rotterdam has not yet initiated the tender process, therefore some figures have no values on the x-axes.
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Maintainability - Complexity Number Vessel Types

Blue Safety & Security - Patrol Distance
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(a) Preference Curve Complexity Number of Vessel Types as objective from 'Maintainability’ (design (b) Preference Curve Patrol Distance as sub-objective from 'Blue Tasks Safety & Security’ (design for

Preference Score

<- Decreases (-)

(c) Preference Curve Inspection Barges as sub-objective from 'Blue Tasks Safety & Security’ (design

Figure L.6: Preference Curves for Maintainability and Blue Tasks Safety & Security. The Port of Rotterdam has not yet initiated the tender process, therefore some figures have no values on

for -ty objective)
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(d) Preference Curve Inspection Barges as sub-objective from 'Blue Tasks Safety & Security’ (design

-ty objective)

Blue Safety & Security - Inspection Seafarers

100

80

60

40 4

204

04

Preference Points
blue_alternative_Al | p=82.21
blue_alternative_A2 | p=82.21
blue_alternative_B1 | p=82.21
blue_alternative_B2 | p=82.21
blue_alternative_B3 | p=82.21
blue_alternative_B4 | p=82.21
blue_baseline | p=82.21
blue_optimization | p=82.21

(+) Increases ->

num inspections [-]

for -ty objective)

SaATIRUIS)[R JO UOSTIRdWIOD AQ [00]1 UOTIROIJLISA I0] SySkl-an[q S1NSaY ‘€]

44!



Table L.4: An overview table of the preference scores of the different fleet compositions when only blue tasks are considered. Note that only with PFM-aggregation are the scores rescaled to
the range [0, 100].

Design For -Ty Objective Class A1 A2 B1 B2 B3 B4 Baseline | Optimisation
Affordability OPEX 88.0 9325 | 925 92875 94.75 94.25 90.25 97.375
Affordability CAPEX 61.20 78.36 | 75.80 77.08 83.56 80.94 68.34 92.95
Sustainability Carbon Footprint Investment 80.305 78.73 | 83.47 87.885 88.98 8842 80.5 98.91
Sustainability Carbon Footprint Operations 100.0 100.0 | 97.97 98.65 98.65 98.65 98.18 100.0
Maintainability Complexity Number Vessel Types | 100.0 100.0 | 100.0 60.0 100.0 60.0 100.0 100.0
Blue Safety & Security Inspection Barges 100.0 100.0 | 100.0 100.0 100.0 100.0 100.0 100.0
Blue Safety & Security Inspection Seafarers 8221 8221|8221 8221 8221 82.21 82.21 82.21
Blue Safety & Security Patrol Distance 8448 8448 | 84.48 8448 7452 8448 84.48 84.48
PFM SCORE 13.62 4480 | 24.75 29.23 0.0 38.11 8.41 100.0

SaATIRUIS)[R JO UOSTIRdWIOD AQ [00]1 UOTIROIJLISA I0] SySkl-an[q S1NSaY ‘€]
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L.4. Results red-tasks for verification tool by comparison of alter-

natives
Table L.5: Weight Distribution Optimization Red Tasks
Objective Weight Sub-Objective Sub- Optimization-
Weight Weight
Affordability 18.421 OPEX 50.00 0.092
CAPEX 50.00 0.092
Sustainability 18.421 Carbon Footprint Investment | 50.00 0.092
(construction)
Carbon Footprint Operations 50.00 0.092
Maintainability 5.263 Minimize Complexity Number | 100.00 0.053
Vessel Types
Red Tasks Safety | 57.89 Maximizing Availability Ca-| 33.33 0.0
& Security pacity Coverage Incident
Response
Maximizing Availability Long | 33.33 0.0
Term Deployment in Incident
Response
Minimizing Critical Initial Re- | 33.33 0.0
sponse Time
Blue Tasks Safety | 0.0 Maximizing Number of Barge | 33.33 0.193
& Security Inspections
Maximizing Number of Inspec- | 33.33 0.193
tions Seafarers
Maximizing Patrol Distance 33.33 0.193
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Table L.6: An overview table of the aggregated performance of the different fleet compositions when only red tasks are
considered. Keep in mind that PFM scores are compared to other scores. If X scores close to Y, it is because Z scores very
differently. For more information about Preference-Functional-Modelling see Barzilai (2022)

Alternative | A1 A2 | B B2 B3 B4 | Baseline | Optimization
PFM score | 79.26 | 0.0 | 80.17 | 100

Performance Radar Chart

Carbon Footprint Investment

Carbon Footprint

red_alternative_A1l_A2
red_alternative_B1_B2_B3_B4
red_baseline
red_optimization

Complexity Numbe

tetd

Availability Long Term Deployms | Response Time

Availability Capacity Coverage Incident Response

Figure L.7: An overview of the performance of the different fleet compositions when only the red tasks are considered.



Affordability - CAPEX Affordability - OPEX
100 4 *  Preference Points 100 - * Preference Points
® red_alternative_Al_A2 | p=43.26 @ red_alternative_A1_A2 | p=82.50
red_alternative_B1_B2_B3_B4 | p=41.94 red_alternative_B1_B2_B3_B4 | p=82.00
@® red_baseline | p=50.14 @ red_baseline | p=85.00
80 4 @ red_optimization | p=55.61 80 1 @ red_optimization | p=86.88
o )
S 60 S 60
S S
wn w
8 g
e 2
[ 1]
: 3
© 404 o 40+
& &
20 1 204
0 04
<- Decreases (-) 0.0  (+) Increases -> <- Decreases (-) 0.00 (+)Increases ->
capex [EU] opex [EU]
(a) Preference Curve CAPEX as sub-objectives from 'Affordability’ (design for -ty objective) (b) Preference Curve OPEX as sub-objectives from *Affordability’ (design for -ty objective)
Sustainability - Carbon Footprint Investment Sustainability - Carbon Footprint Operations
100 4 e Preference Points 100 4 .‘ e Preference Points
@ red_alternative_A1_A2 | p=71.86 @® red_alternative_A1_A2 | p=100.00
red_alternative_B1_B2_B3_B4 | p=74.68 red_alternative_B1_B2_B3_B4 | p=97.30
@ red_baseline | p=70.00 ® red_baseline | p=97.57
80 1 @ red_optimization | p=78.89 80 1 @ red_optimization | p=100.00
< <
S 601 S 601
S S
" w
g g
2 2
o o
g &
S 40 S 40
« I
204 204
0 0
6 25‘00 50‘00 75b0 10600 IZéOD 15600 17500 20600 6 é A‘t é é 1‘0
carbon footprint CAPEX [ton CO2] carbon footprint OPEX [ton CO2]
(c) Preference Curve Carbon Footprint Investment as sub-objectives from *Sustainability’ (design for (d) Preference Curve Carbon Footprint Investment as sub-objectives from 'Sustainability’ (design for
-ty objective) -ty objective)

Figure L.8: Preference Curves for Affordability and Sustainability. The Port of Rotterdam has not yet initiated the tender process, therefore some figures have no values on the x-axes.
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Figure L.9: Preference Curves for Maintainability and Red Tasks Safety & Security. Preference Curves for Affordability and Sustainability. The Port of Rotterdam has not yet initiated the tender

process, therefore some figures have no values on the x-axes.
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Table L.7: An overview table of the preference scores of the different fleet compositions when only red tasks are considered. Note that only with PFM-aggregation are the scores rescaled to

the range [0, 100].

Design For -Ty Objective Class A1& A2 | B1 & B2 & B3 & B4 | Baseline | Optimisation
Affordability OPEX 82.5 82.0 85.0 86.875
Affordability CAPEX 43.26 41.94 50.14 55.61
Sustainability Carbon Footprint Investment 71.86 74.68 70.0 78.90
Sustainability Carbon Footprint Operations 100.0 97.30 97.57 100.0
Maintainability Complexity Number Vessel Types 100.0 100.0 100.0 100.0
Red Safety & Security  Availability Long Term Deployment in Incident Response 100.0 100.0 100.0 100.0
Red Safety & Security  Availability Capacity Coverage Incident Response 100.0 0.25 100.0 100.0
Red Safety & Security  Critical Initial Response Time 83.23 83.23 83.23 72.29
PFM SCORE 79.26 0.0 80.17 100.0
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L.5. Results red- and blue-tasks combined for verification tool by
comparison of alternatives

Table L.8: Weight Distribution Optimization Combined Tasks

Objective Weight Sub-Objective Sub- Optimization-
Weight Weight
Affordability 18.421 OPEX 50.00 0.092
CAPEX 50.00 0.092
Sustainability 18.421 Carbon Footprint Investment | 50.00 0.092
(construction)
Carbon Footprint Operations 50.00 0.092
Maintainability 5.263 Minimize Complexity Number | 100.00 0.053
Vessel Types
Red Tasks Safety | 28.947 Maximizing Availability Ca-| 33.33 0.097
& Security pacity Coverage Incident
Response
Maximizing Availability Long | 33.33 0.097
Term Deployment in Incident
Response
Minimizing Critical Initial Re- | 33.33 0.097
sponse Time
Blue Tasks Safety | 28.947 Maximizing Number of Barge | 33.33 0.097
& Security Inspections
Maximizing Number of Inspec- | 33.33 0.097
tions Seafarers
Maximizing Patrol Distance 33.33 0.097
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Table L.9: An overview table of the aggregated performance of the different fleet compositions when both blue and red tasks
are considered. Keep in mind that PFM scores are compared to other scores. If X scores close to Y, it is because Z scores very
differently. For more information about Preference-Functional-Modelling see Barzilai (2022)

Alternative | A1 A2 | Bf1 B2 B3 B4 | Baseline | Optimization
PFM score | 29.34 46.19 | 1483 15.18 30.03 0.0 | 28.60 | 100.0
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Figure L.10: An overview of the performance of the different fleet compositions when only the red tasks are considered.
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(c) Preference Curve Carbon Footprint Investment as sub-objectives from 'Sustainability’ (design for
-ty objective)

(d) Preference Curve Carbon Footprint Investment as sub-objectives from 'Sustainability’ (design for
-ty objective)

Figure L.11: Preference Curves for Affordability and Sustainability. Preference Curves for Affordability and Sustainability. The Port of Rotterdam has not yet initiated the tender process,
therefore some figures have no values on the x-axes.
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(a) Preference Curve Complexity Number of Vessel Types as objective from 'Maintainability’ (design
for -ty objective)

(b) Preference Curve Patrol Distance as sub-objective from 'Blue Tasks Safety & Security’ (design for
-ty objective)
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for -ty objective)

(d) Preference Curve Inspection Barges as sub-objective from 'Blue Tasks Safety & Security’ (design
for -ty objective)

Figure L.12: Preference Curves for Maintainability and Blue Tasks Safety & Security. Preference Curves for Affordability and Sustainability. The Port of Rotterdam has not yet initiated the
tender process, therefore some figures have no values on the x-axes.
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Figure L.13: Preference Curves for Red Tasks Safety & Security. The Port of Rotterdam has not yet initiated the tender process, therefore some figures have no values on the x-axes.
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Table L.10: An overview table of the preference scores of the different fleet compositions when both blue- red tasks are considered. Note that only with PFM-aggregation are the scores

rescaled to the range [0, 100].

Design For -Ty Objective Class A1 A2 B1 B2 B3 B4 Baseline Optimisation
Affordability OPEX 70.5 7575 | 745 74.875 76.75 76.25 75.25 86.125
Affordability CAPEX 16.33 28.17 | 26.23 26.11  30.57 28.76 26.99 55.49
Sustainability Carbon Footprint Investment 5217 50.59 | 58.15 62.57 63.66 63.1 50.5 78.90
Sustainability Carbon Footprint Operations 100.0 100.0 | 95.27 95.95 95.95 095.95 95.74 100.0
Maintainability Complexity Number Vessel Types 60.0 60.0 60.0 20.0 60.0 20.0 60.0 100.0
Red Safety & Security  AV. Long Term Deployment |.R. 100.0 100.0 | 100.0 100.0 100.0 100.0 100.0 100.0
Red Safety & Security  Availability Capacity Coverage I.R. | 100.0 100.0 | 0.25 0.25 0.25 0.25 100.0 100.0
Red Safety & Security  Critical Initial Response Time 83.23 83.23 | 83.23 83.23 83.23 69.92 83.23 72.29
Blue Safety & Security Inspection Barges 100.0 100.0 | 100.0 100.0 100.0 100.0 100.0 100.0
Blue Safety & Security Inspection Seafarers 82.21 8221|8221 8221 8221 82.21 82.21 82.21
Blue Safety & Security Patrol Distance 84.48 8448 | 84.48 8448 8448 8448 84.48 84.48
PFM SCORE 29.34 46.19 | 1483 1518 30.03 0.0 28.60 100.0
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L.6. Results red- and blue-tasks combined with Realization (Net

Congestion) for verification tool by comparison of alternatives
Based on the analysis of 'formulating the mess’ and specially the 'obstruction’ the ‘'means planning’ is
conducted. The risks and obstructions are formulated as key-issue objectives and modelled. See the
mathematical formulation chapter 3.3. For demonstration purposes, only the key-issue of Net Conges-

tion is used.
Key Issue/Risk - Key Issue/Risk Net Congestion
100 A e Preference Points
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@® combi_alternative_B3 | p=49.69
@ combi_alternative_B4 | p=40.82
° combi_baseline | p=100.00
S 60 @® combi_optimization | p=0.00
(%]
ﬁ 40
20
0 -
(I) 2‘0 4‘0 6'0 8'0 1(‘)0
Ratio Dependent on Electricity 0 (no risk) to 100 (high risk)
Figure L.14: Preference curve societal key-issue net-congestion
Table L.11: Weight Distribution Realization Optimization Combined Tasks
Objective Sub-Objective Optimization-
Weight
Affordability OPEX 0.0875
CAPEX 0.0875
Sustainability Carbon Footprint Investment (construction) 0.0875
Carbon Footprint Operations 0.0875
Maintainability Minimize Complexity Number Vessel Types 0.05
Red Tasks Safety & Security Maximizing Availability Capacity Coverage In- | 0.0917
cident Response
Maximizing Availability Long Term Deploy- | 0.0917
ment in Incident Response
Minimizing Critical Initial Response Time 0.0917
Blue Tasks Safety & Security Maximizing Number of Barge Inspections 0.0917
Maximizing Number of Inspections Seafarers | 0.0917
Maximizing Patrol Distance 0.0917
Societal Key Issues Net Congestion 0.05

Table L.12: An overview table of the aggregated performance of the different fleet compositions when both blue and red tasks
are considered in the Realization (including Net Congestion). Keep in mind that PFM scores are compared to other scores. If X
scores close to Y, it is because Z scores very differently. For more information about Preference-Functional-Modelling see

Barzilai (2022)

Alternative A1l A2 B1 B2 B3 B4 Baseline Optimization Optimization
Idealization Realization
PFM score | 31.47] 45.04] 16.99| 16.36| 30.80| 0.0 | 38.47 | 89.89 | 100.00
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Figure L.15: An overview of the performance of the different fleet compositions when only the red tasks are considered for the
realiztion (with net congestion).
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