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Setting the Scene

Why do engineers often design what people do not want? And why do people often want solutions that are
not feasible? This is because the current design and decision support optimisation methods are single-sided
and ignore or fail to capture the dynamic interaction between people's preferences (subject desirability) and
technical assets' performance (feasibility). Moreover, current optimisation methods are: 1) limited to the
evaluation of potentially sub-optimal design alternatives (Blanchard & Fabrycky, 2011; Cross, 2021; Dym &
Little, 2004; Mueller & Ochsendorf, 2015); 2) contain fundamental (aggregation) modelling errors (Barzilai,
2006, 2022); 3) do not provide a single optimal design point (Farran & Zayed, 2015; Furuta et al., 2006; Kim
et al., 2022; Lee et al., 2011; Saad et al., 2018). On the other hand, the offshore dredging industry (ODE)
can bene t substantially from multi-objective design/decision optimisation as projects become larger, more
stakeholders are involved in concurrent design/decision-making, and new technologies emerge.

The application of optimisation in the ODE industry is not entirely new. In the tendering phase, opti-
misation is common and is usually done by evaluating (manually) generated design alternatives. However,
it cannot be guaranteed that the optimal design alternative is part of this evaluation. Furthermore, these
alternatives are generated with a bias resulting from the designer's experience. This bias may cause com-
peting design alternatives to be disregarded. Moreover, optimisation often focuses only on cost, which is an
incomplete re ection of the actual planning and engineering challenges. Finally, the client and the various
stakeholders often work separately from each other, whereas they can greatly bene t from integrative design
optimisation.

In the execution phase of projects in the ODE industry, especially in case of unforeseen circumstances,
decision-making is often ad hoc and poorly aligned with the other stakeholders (i.e. made by a single actor).
Moreover, the models used for optimisation are rather simpli ed and rely on manual input and evaluation.
This is not feasible for large projects, where the impact of adjustments is dif cult to oversee, and a multi-
objective design/decision support optimisation system is needed.

Development statement
To overcome the aforementioned shortcomings, the following development statement has been formulated:

There is a need to develop an optimisation methodology that enables a priori human preference and asset per-
formance systems design integration to search for the optimal, best t-for-common-purpose, synthesis solution.

A rst attempt at this was made by Zhilyaev et al. (2022), but this still had three fundamental shortcomings:
1) no generalised multi-objective design optimisation framework that includes a connection between perfor-
mance, objective and preference functions; 2) no integration with the physical/mechanical object behaviour;
3) lack of a proper search algorithm for nding the optimal solution.

This thesis introduces the Open Systems Design (Odesys) optimisation methodology, the IMAP (Inte-
grative Maximised Aggregated Preference) method, and the software tool Preferendus, which overcome the
aforementioned shortcomings. This methodology is applied to two simpli ed exemplars and two validation
cases at Dutch maritime contractor Boskalis to demonstrate its application and added value.
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Figure 1.1: Threefold diagram of the Odesys optimisation methodology.

Results

The introduction of the Odesys methodology and the application of the Preferendus combined with the IMAP
method provide a means to overcome the current shortcomings of optimisation in both the tendering and
execution phases of projects in the ODE industry.

This thesis provides a mathematical framework (Figure 1.1) that allows the uni cation of people's pref-
erences (subject desirability) and technical assets' performance (feasibility), capturing the dynamic inter-
action between these two domains. Moreover, it overcomes fundamental problems with current optimisa-
tion methodologies by combining state-of-the-art principles of preference function modelling with an inter-
generational genetic algorithm (GA) optimisation solver. The application of the Preferendus in combination
with the IMAP method to two (simpli ed) exemplars shows: 1) IMAP provides a single best t-for-common-
purpose design point, unlike a Pareto front where a system designer still has to choose the nal design point
through negotiation because the front does not de ne a single optimal design point; 2) IMAP provides the
best design con guration in both examples compared to a set of single-objective design con gurations and
a design con guration obtained using the classical multi-objective min-max method; 3) IMAP/Preferendus
truly uni es design performance functions (level 3 - supply), through the inter-play objective functions level,
with stakeholders' preference functions (level 1 - demand), synthesising for the best t-for-common-purpose
solution and outperforming single-objective design approaches that focus only on the technical domain.

The application of the Odesys methodology in the tender phase of offshore oating wind development
shows that the new Preferendus/IMAP can signi cantly improve overall tendering performance by: 1) pro-
viding initial design approaches within hours, where tender teams currently spend days working on design
alternatives that, in hindsight, were sub-optimal; 2) removing the bias of tender teams from the design pro-
cess and nding design solutions that were otherwise unfairly disregarded; 3) open glass-box (as opposed to
black-box) modelling support for concurrent design between the asset owner and the contractor.

Finally, the application of the Preferendus and IMAP method in decision support optimisation of dredging
production management during project execution showed a clear improvement over current methods, which
are limited in their ability to adapt best-for-project. Preferendus/IMAP nds solutions that signi cantly re-
duce waiting time while achieving high production levels. Moreover, Preferendus/IMAP outperforms single-
sided optimisation on production alone by achieving similar high production levels while improving other
objectives such as CO, emissions and vessel ef ciency.

Future outlook

The Odesys methodology and the Preferendus will be validated by other MSc and PhD studies in the near
future, providing insight into its applicability in other domains. In addition, the following steps for further
development have been identi ed for the Preferendus/IMAP:

General:
* Investigate whether a genetic algorithm is best suited for application in the Preferendus or whether
other multi-objective algorithms are better suited.

 Improve the run-time of the inter-generational solver. This will bene t the application of the Preferen-
dus in complex design environments or projects with strict time constraints.



In offshore oating wind development:

¢ Include the minimum breaking load of the mooring lines in the surrogate model. This addresses a
problem where taut con gurations are designed with excessive tension in the polyester rope.

« Include fatigue loading in the anchor design. This will add an important element to anchor design, as
loads of oating wind turbines are rather dynamic, and this has a signi cant effect on anchor resistance.

* Include more platform designs in the surrogate model, which is currently limited to one semi-submersible
platform.

» Take the delivery of the rst oating wind turbine as t ZQ for the installation schedule.

« Improve the discrete event simulator with a focus on 1) calculating the number of anchors and mooring
lines on board the installation vessels, and 2) the start of the installation of mooring lines if it takes place
separately from the anchor installation.

« Improve the calculation of installation costs by including procurement and fuel costs.

 Improve calculation of CO, emissions by including emissions from anchor fabrication and onshore
activities.

In dredging production management:

» Make fuel consumption during sailing dependent on sailing speed.

* Make it possible to set an initial time delay for vessels to re ect the time needed to resolve unforeseen
downtime. If implemented, the optimisation framework (which assumes perfect conditions) can be
started as soon as an unforeseen situation occurs, instead of the current situation where it can only be
started when the situation is resolved.

* Investigate whether there is added value in making the waiting time of large TSHDs more important
than the waiting time of smaller ones. This might already be included through the production objective,
as making large TSHDs wait is not bene cial for this objective either.

* Investigate the impact and added value of including the processes on the other side of the discharge
line (i.e. the beach) in the optimisation.

» Resolve the issue with different units for coordinates.

Reading guide
This thesis combines three separate documents produced during this graduation project. These three docu-
ments are included in the following three chapters.

Chapter 2 contains the scienti ¢ paper "human preference and asset performance systems design in-
tegration”. This paper describes in more detail the shortcomings of current design/decision optimisation
methodologies and introduces the Open Design Systems (Odesys) optimisation methodology to overcome
these shortcomings. It also introduces the Integrative Maximised Aggregated Preference (IMAP) method and
the Preferendus software tool, including a new inter-generational Genetic Algorithm (GA) solver, and demon-
strates the applicability of the Odesys methodology in two exemplars. This paper is currently under review
by the journal Structure and Infrastructure Engineering.

Chapter 3 contains the conference paper "preference based service life design of oating offshore wind
structures". This paper introduces an optimisation framework, built in the Preferendus, to overcome current
shortcomings in the tender phase of offshore oating wind farm developments. This optimisation considers
the interaction between the wind farm developer and the maritime contractor Boskalis and focuses on opti-
misation of the installation schedule and mooring design. For this purpose, an integration is made with the
wind turbine simulation tool OpenFAST via a surrogate model. The abstract of this paper has been accepted
for publication and the paper is scheduled for presentation at IALCCE2023 in July 2023.

Chapter 4 contains the business report "dredging production management optimisation and validation".
This report introduces the optimisation framework built to overcome shortcomings in the optimisation of
dredge production management at large land reclamation projects. It describes the set-up of the optimisa-
tion framework and the demonstration project used to validate it with experts from Boskalis' data science,
production management and project execution of ces. The focus of this report is on this validation and the
associated conclusions and steps for further development.






Human Preference and Asset Performance
Systems Design Integration

This chapter includes the scienti c paper that introduces the Odesys optimisation methodology. This paper
is currently under review for publication 1.

In summary, this chapter introduces a new open design systems methodology and integrative optimisa-
tion method based on maximising aggregate group preference, which enables true integrative multi-objective
design optimisation. This, as current optimisation methods for system design are single-sided and ignore the
dynamic interaction between people's preference (demand) and engineering asset's physical performance
(supply). Moreover, classical multi-objective optimisation methods contain fundamental (aggregation) mod-
elling errors. Also, the classical multi-objective optimisation Pareto front will not provide a best- t design
point, but rather a set of design performance alternatives. This leaves designers without a single solution to
their problems. Finally, current multi-objective optimisation processes are rather disconnected from design
and management practices, as these lack the deep involvement of decision-makers.

The added value and use of both the Odesys methodology and the integrative optimisation method are
demonstrated in two real-life infrastructure design exemplars, showing how to arrive at true best t-for-
common-purpose design points.

2.1. Introduction

The rapidly changing world of (infra)structures requires an effective and ef cient design process. Multi-
objective optimisation is key to making informed data-driven design decisions (Chen & Bai, 2019). However,
the infrastructure design problems become increasingly complex due to challenges with environmental con-
siderations, new types of transport and other transitions. This, in combination with the multidisciplinary
nature of these problems, creates an environment in which optimisation of the design process becomes in-
creasingly challenging and complicated where current design optimisation methods contain a number of
intrinsic problems and cannot provide ready-made solutions (Omar et al., 2009).

The rst problem with the current optimisation methodologies is the disconnection between the human
preference domain (subject desirability) and the engineering asset physical performance behaviour domain
(object feasibility). Moreover, if design optimisation is applied within the classical systems engineering con-
text, itis usually limited to a single objective design approach and/ortoan  aposteriori evaluation of design al-
ternatives (Blanchard & Fabrycky, 2011; Cross, 2021; Dym & Little, 2004). However, in a posteriori evaluation,
it cannot be guaranteed that the optimal design point has been found and a choice has to be made between
sub-optimal compromise solutions (even when optimisation and a posteriori evaluation are combined, see
Mueller and Ochsendorf (2015)). Especially in complex engineering projects, the number of possible design
alternatives is too large to evaluate all of them, making it possible that the optimal solution is ignored.

Secondly, most multi-objective optimisation methodologies introduce fundamental (aggregation) mod-
elling errors, since these: 1) use unde ned measurement scales and apply mathematical operations where

1This chapter has been sent verbatim for publication in the journal Structure and Infrastructure Engineering in December 2022 (to be
published in 2023). In addition, parts of this chapter will be included verbatim in a new book "Open designs systems" (to be published
in Q1 2023 by 10S Press).
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these are not de ned (e.g. for variables which do not have an absolute zero nor one, such as time/potential
energy/preference, mathematical operations of addition and multiplication are not de ned in the corre-
sponding mathematical model which is the one-dimensional af ne space, see Barzilai (2022)); 2) produce
an in nite number of non-equivalent “optimal' outcomes (e.g. the de nition of the aggregation algorithm
does not prerequisite having only normalised numbers); 3) outcomes are not taking into account the relative
scoring impact of other design alternatives (e.g. in reality, the score of an alternative depends on the relative
score towards all other alternatives, so that nding the overall score comes about by getting the best balance
between all weighted relative scores for all sub-criteria given a set of alternatives). As a result, the outcomes of
decision-making in engineering design may lead to sub-optimal design con gurations (see Barzilai (2006)).

A third issue with many of the classical multi-objective optimisation methods is that these do not have a
uni ed way of translating the different objective functions to a common domain to nd a best- tting aggre-
gated optimum. To get around this problem, many times these multi-objective design methods make use of
monetisation, or in other words, all objective functions are expressed in terms of money. However, accord-
ing to classical decision/utility theory, decisions are not based on money but on value or preference (where
expenditure minimisation or pro t maximisation can form one of the objectives of course). Here, prefer-
ence is an expression of the degree of 'satisfaction, and it describes the utility or value something provides.
Although some researchers have incorporated preference modelling into their multi-objective optimisation
frameworks (see, for example, Lee et al. (2011) or Messac (1996)), none of them use strong (preference) mea-
surement scales or individually weighted preference functions (i.e. continuous functions linking an individu-
ally weighted preference to a speci c objective). In addition, these approaches do not lead to a single optimal
design point and also contain the aggregation modelling errors mentioned above.

A fourth issue with the classic multi-objective design optimisation approaches is that many of these con-
sider the so-called Pareto front to be a common outcome (Marler & Arora, 2004). However, in addition to the
fact that the Pareto front is often determined via erroneous measurement and aggregation methods (such as
the weighted average mean which contains fundamental mathematical errors as already described above),
the problem with this approach is that it produces an in nite set of possible, and supposedly equally desir-
able, design points (see for instance Farran and Zayed (2015); Furuta et al. (2006); Saad et al. (2018)). However,
this is inconsistent with the fundamental basis of an engineering design process, where each design point is
(subjectively) interpreted by people in terms of preference (i.e. a statement of their individual interest) and
where a search is performed to nd a single optimal design solution. This leaves designers without a true
solution to their problems, as they cannot nd such a best t-for-common-purpose design point. The Pareto
front concept is therefore of little use within an engineering design context, as also noted by e.g. Lee et al.
(2011) and Kim et al. (2022).

A nal issue is that current multi-objective optimisation processes are rather disconnected from design
and management practices since these lack deep involvement of decision-makers (Guo & Zhang, 2022).
Moreover, the dynamic nature and the interplay of human preferences are scarcely considered.

To overcome all the aforementioned issues and problems, and to enable true human preference and as-
set performance systems design integration, the Open Design Systems (Odesys) design methodology is in-
troduced in this paper. Odesys builds further on the multi-stakeholder design optimisation methodology
proposed by Zhilyaev et al. (2022), in which it has been shown that the only way to unambiguously solve a
multi-objective engineering design/decision problem is to translate each of the objective functions into one
overarching preference domain. This can be done using stakeholder preference functions (i.e. the relation-
ship between an individual preference and a speci ¢ objective), which then allow for the maximisation of the
aggregated group preference, leveraging Barzilai's theory of preference measurement (see Binnekamp (2010),
where this concept was developed, and Arkesteijn et al. (2017, 2015) for its testing and validation). How-
ever, all of these recent preference-based design developments, which have only been applied in a real estate
context, have three fundamental shortcomings: 1) no generalised multi-objective design optimisation frame-
work that includes a connection between performance, objective and preference functions, 2) no integration
with the physical/mechanical object behaviour, and 3) lack of a PFM-based search algorithm for nding the
optimal solution (PFM is an acronym for Preference Function Modelling, see Barzilai (2005, 2022)).

The Odesys methodology allows now for full integration between subject desirability via preference func-
tions and object feasibility via design performance functions, resulting in an automated search for the opti-
mal synthesis solution. This makes Odesys a true systems integration methodology where human preference-
based design and engineering physics/mechanics converge, offering a wide range of potential applications
within a structure and infrastructure systems engineering context. As part of this Odesys methodology, a
new IMAP (Integrative Maximised Aggregated Preference) optimisation method is introduced for maximis-
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ing aggregated preferences. This IMAP method forms the basis of a software tool called the Preferendus and
combines the state-of-the-art PFM principles with an inter-generational genetic algorithm (GA) solver devel-
oped speci cally for this purpose.

Within this paper, rstly a general mathematical statement of the open design systems integration method-
ology has been formulated. Next, a ow chart (or concept diagram) of the Preferendus tool is described in
which the Odesys methodology is operationalised. Finally, the added value of the Odesys methodology, the
IMAP method and the Preferendus tool is demonstrated for two infrastructure design and management ex-
emplars. The results are compared with single-objective design outcomes as well as with design outcomes
resulting from the min-max goal attainment method.

2.2. Mathematical formulation of the Open Design Systems methodology
As described in the introduction, there is currently no optimisation framework that allows for true integration
of the human preference domain (subject desirability) and the engineering asset physical performance be-
haviour domain (object feasibility). This disconnection will limit optimisation to sub-optimal results, as the
interaction between these two levels is not considered. To overcome this, this paper introduces the following
mathematical statement, that does allow for true integration of subject desirability and object feasibility and
is the core of the Odesys methodology:

h

i ¢¢
Maxixmise U AT Py, 'Oi lFl(x,y),Fz(x,y),...,FJ(x,y) ,WE'i for
k £1,2,..K (2.1)
i AL,2,..,1

Subject to: . ¢ ¢
gp Oi Fip,. 3(Xy) ,F12. 3(x,y) - Oforp AL,2,..P (2.2)

i i ¢ ¢
hg Oi Fia2,..3(Xy) ,F12, 3(x,y) AOforqAlL,2,...Q (2-3)

With:

e T: The aggregated preference score determined using the Preference Function Modelling (PFM) theory
principles (see Barzilai (2022)).

* Py, (Oi(F1,2,...3(x,y))): Preference function that describes the preference stakeholder k has towards ob-
jective i.
* Oj(F12,.3(x,y)): Objective function that describes the objective i whichis related to the different design

performance functions.

* F12..3(X,y): Design performance functions that describe the object, depending on one or multiple
design variables x (i.e. controllable endogenous variables) and one or multiple physical variables y (i.e.
uncontrollable exogenous variables).

« Xx: A vector containing the (controllable) design variables  x1,X2,...,Xn. These variables are bounded
suchthat Iby - xn - uby, where |b, is the lower bound, uby isthe upper bound, and n A1,2,...,N.

« y: Avector containing the (uncontrollable) physical variables  y1,y2,...,Ym -

. WS i - Weights for each of the preference functions. These weights can be broken down into weights for

the stakeholders and weights for the objectives:

— wyg: weights for stakeholders k 4A1,2,....K. These weights represent the relative importance of
stakeholders.

— Wy : these weights represent the weight stakeholder k gives to objective i.

P P P
The nalweights w. can be constructed via w_ . Ewi aw i, giventhat = w?. £ wy; £ wy Al
i i ' ¢ . - . . i, o
* gp Oj Fipo,..3(xy) ,F1p2,.. 3(Xy) : Inequality constraint functions, which can be either objective func-
tion and/or design performance function constraints.

i ¢ . _ ) . . . .
* hq Oi F12,..3(Xy) ,F12..3(Xx,y) : Equality constraint functions, which can be either objective function
and/or design performance function constraints.



8 2. Human Preference and Asset Performance Systems Design Integration

To further elaborate on this formulation, several important remarks are made which are discussed below.

Remark 1: preference aggregation

In this paper, the aggregated preference scores are determined by a solver called Tetra, which is built based on
the PFM principles (and which is expressed as the mathematical operator  T) (Barzilai, 2005). Tetra’s solving
algorithm is based on nding/synthesising the aggregated preference score (i.e. the “best” t of all weighted
(relative) scores for all the decision-making stakeholders' objectives) that minimises the least-squares differ-
ence between this overall preference score and each of the individual scores (on all criteria) by computing its
closest counterpart (Barzilai, 2022; Zhilyaev et al., 2022).

In this, preference is a statement of an individual stakeholder's interest and a measurement of satisfaction,
which is a score that is expressed as a real nhumber (scalar or bare quantity) on a de ned scale from, for
instance 0 to 100, where 0 is mapped to the “worst' performing alternative and 100 is mapped to the “best'
performing alternative. For more information on the Tetra software, see Scienti ¢ Metrics (n.d.).

Remark 2: preference functions

Preference functions describe the relationship between an individual stakeholder's preference towards a spe-

ci ¢ objective (where a stakeholder is de ned as one of the participants in the design/decision-making pro-
cess). The theory of preference functions (often also called utility functions) for a-posteriori multi-criteria
decision evaluation is a branch of the social sciences in itself. However, here the preference functions are
required as input to the design/decision system to enable  a priori multi-objective design optimisation. In
this paper, the elicitation of preference functions and related stakeholders' objective weights is handled prag-
matically using “static' expert judgement whereas in practice this is by nature a dynamic and iterative process
which helps stakeholders better understand the impact their input has on the optimisation outcome (see
Arkesteijn et al. (2017, 2015) for elicitation speci cs as part of the design cycle).

Finally, it is noted that one objective O; can also be linked to multiple stakeholder preference functions
Py (ask, i). However, it is not required that a stakeholder provides a preference for all objectives. This is
modelled by giving a stakeholder's objective a weight of zero, which means that some elements of the  wy
matrix can be zero.

Remark 3: bound preference scores
In this paper, a preference score is bounded by 0 - Py ; - 100. A constraint can be added to the objective
functions to prevent preference scores which lay outside these bounds.

Remark 4: design variables in objective functions

A design variable x can directly be linked to an objective function O. In that case, the design performance
function F is just equal to the design variable x. Moreover, these design performance functions F can also
only relate to an exogenous physical variable y.

Remark 5: rewrite equality constraints

Equality constraints are quite common in the object behaviour domain. However, as the Preferendus makes
use of a Genetic Algorithm (GA) (Kramer, 2017), equality constraints can complicate the convergence of the
optimisation, since especially the simpler constraint handlers for GAs have problems with handling equality
constraints (Homaifar et al., 1994). Hence, when a system of interest is modelled, the equality constraints can
be rewritten into inequality constraints, as is commonly done in literature (Coello, 2002; Kramer, 2017). For
this, often the form of Equation (2.4) is used.

For the proposed open design systems methodology, it is possible to directly rewrite most equality con-
straints into inequality constraints, as the methodology aims at reducing "waste" in the outcome. For exam-
ple, the length of a beam to support a oor will commonly have a xed length: the length of the span. Since
a longer length than the length of the span leads to more costs, material consumption, carbon emissions,
etc., this equality constraint can be safely rewritten as an inequality constraint. This will make the modelling
easier since the tolerance 2 does not have to be set and tuned per problem.

jh12. M(O12, 1 (F12,. 3(X),F12,. 3(X))ji 2- 0 (2.4)
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Figure 2.1: Conceptual threefold framework of the Odesys mathematical statement, where desirability-
subject (preference functions, level 1) and the feasibility-object (design performance functions, level 3) are
integrated subject-object (objective functions, level 2).

Remark 6: soft and hard constraints

Finally, a distinction can be made between soft and hard constraints. The former result from the sociological
aspect of a design process and are negotiable. They can be adapted during the process based on discussions
with other stakeholders or new insights. The latter are xed and non-negotiable. These are given by, among
others, laws of nature, material composition, environmental conditions, etc.

2.2.1. Conceptual threefold framework

The mathematical statement with the aforementioned remarks provides a general framework in which it is
possible to connect the subject desirability level (preference functions) with the object feasibility level (per-
formance functions) via the integrative subject-object interplay level (objective functions). To better under-
stand this interaction, the mathematical formulation is conceptualised in a threefold framework, as shown in
Figure 2.1. Note that the numbering of the levels is not indicating the order of setting up the design problem
statement.

2.3. The Preferendus & IMAP (maximising group preference: synthesis)

In this section, the so-called Preferendus tool and its optimisation method IMAP are described as part of the
Odesys methodology. Design applications using the state-of-the-art Preferendus tool will be demonstrated
in the following section. Here the conceptual functioning will be introduced (as an extension and further
advancement of the Preferendus as described by Zhilyaev et al. (2022)).

The Preferendus tool is based on the IMAP optimisation method, introduced within this paper. It com-
bines proper preference aggregation with preference maximisation, as described by the mathematical for-
mulation of the Odesys problem statement of the previous section.

2.3.1. Preference aggregation (IMAP partl)

Following the open design systems methodology, it is argued that the overarching goal of multi-objective de-
sign optimisation is to nd the highest overall group preference score which represents the design synthesis.
However, for these design syntheses to be possible, rst the individual preference scores need to be aggre-
gated.

As preference scores are de ned in an af ne space, aggregation should take place in this space too. This
means that according to the basic principles of the PFM theory, the correct way of preference score aggrega-
tion is nding the aggregated preference score that provides the "best" t to all the weighted (relative) scores
of the different preference functions. Here, preference functions are the integration of objective functions
and design performance functions. To perform this, the Tetra solver that incorporates the aforementioned
principle of preference aggregation is used as an integral evaluation part of the overarching optimisation al-
gorithm.

2.3.2. Preference maximisation (IMAP part 2)

To nally nd the design con guration which re ects the maximum group preference aggregation, it is nec-
essary to also use a maximisation algorithm. For this, a GA is used which is speci cally adapted to work with
Tetra. Thisis because itis not directly possible to compare one GAs generation with another as the aggregated
evaluation Tetra results are only containing information about a single generation's alternatives. To overcome
this, a GA is developed where broadly available elements are combined and extended with a so-called inter-
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generational solver. The details and the working of this solver are given in Appendix A.

As a conclusive end result, an Odesys-based design optimisation tool, the Preferendus, incorporating the
IMAP method has been developed. The concept diagram of the Preferendus is shown in Figure 2.2. This tool
is an open-source tool that is made available via GitHub (see data availability statement).

2.3.3. Interlude min-max goal attainment (minimising individual dissatisfaction: com-
promise)

To compare and validate the results and added value of the multi-objective optimisation method IMAPR, the
following section rst compares the results with those of the single-objective optimisation. In addition, a
comparison will be made with the classical min-max goal attainment multi-objective optimisation method
(Marler & Arora, 2004). This method does not generate group results based on overall aggregation, but rather
optimises, i.e. equalises, each individual result so that they are as close as possible to a 'utopian’ design point.
In other words, the min-max method tries to minimise the maximum dissatisfaction for all individual scores
(i.e. expressed by the distance to a utopia point). The result of this method is a solution in which every
stakeholder is equally grati ed.

In order to make a like-for-like comparison between IMAP and min-max, the mathematical formulation
of the Odesys problem statement will have to be modi ed (i.e. Equation (2.1) will have to be changed). Firstly,
this means that in this case, the min-max method will try to minimise the distance to a score of 100 for all
different preference scores Py ; (i.e. a best-scoring utopia point has been de ned as 100). Subsequently, one
needs to ndthe preference score Py ; that has the largest (weighted) dissatisfaction and try to minimise this,
which mathematically is read as Equation (2.5).

- h  © i ¢od

Mlnlxmlse U ﬁEn;ailx wy ;£ 100 P Oi Fi(x,y),Fa(x,y),....Fa(x,y) for

k /£1,2,...K (2.5)
i F1,2,..

Figure 2.2: The work ow of the Preferendus, presented as a concept diagram.
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It is noted that the min-max goal attainment, as part of a larger group of multi-objective optimisation meth-
ods, does not violate the PFM principles. However, this method treats the scores of all design alternatives as
absolute values, ignoring the dynamic interplay between these. So, this method is focused on keeping every
stakeholder as "happy' as possible, even as this might not be bene cial for the overall group. Therefore, this
optimisation is called a compromise method because it nds a design con guration based on a compromise
between stakeholders rather than a synthesis.

2.4. Real-life exemplars

The open design systems (Odesys) methodology, the associated IMAP optimisation method, and the use of
the Preferendus are demonstrated in two real-life infrastructure design exemplars: (1) a rail level-crossing
service life design, and (2) a oating wind turbine installation. Although both problems are simpli ed for il-
lustrative purposes, these still will give insight into the added value and the principles of the Odesys method-
ology, the IMAP method and the Preferendus tool.

2.4.1. Exemplar 1: arail level-crossing service life design
Railways and roads cross each other commonly on so-called level-crossings. Since heavy vehicles also need
to be able to cross, the railway is often cast into a concrete foundation. However, the mechanical properties
of this concrete foundation are very different from the foundation of the other parts of the railroad track.
As a result, transitional radiation occurs during a train passage, potentially resulting in faster local rail sys-
tem degradation and/or a negative passenger travel experience due to vibrational hindrance (Metrikine et
al., 1998). Therefore, a transition zone is created by varying the number of sleepers and sleeper distance to
contribute to a smoother transition which should have a positive effect on both its operational service and
the passenger's travel comfort. In this exemplar, a multi-objective design optimisation (MODO) of the transi-
tion zone is demonstrated based on different con icting interests from multiple stakeholders: i.e. capital and
operational expenditures and travel comfort. It is assumed that these three overall objectives are linked to
three different stakeholders. Take for instance the Dutch ProRail organisation, where there is both a project
delivery and a service operations department linked to the capital and operational expenditure objectives,
respectively. The Dutch train passenger is depicted as the stakeholder linked to the travel comfort objective.
First, the integrative design problem is described by running through the conceptual threefold framework,
see Figure 2.1, resulting in design performance-, objective- and preference functions (levels 1,2,3).

Level 3 — design performance functions
In reality, this design depends on a multitude of design variables, but for now, it will be limited to just two of
them:

1. F1 Ax4 E 0: the distance between the sleepers. Sleepers are the concrete (or sometimes wooden) beams
which support the rails, as part of the ballast bed.

2. F2 AExo(, 1): the number of sleepers in the transition zone. The transition zone consists of a different
type of sleeper than the rest of the rail track.

Note that (1) that to stay compliant with the general mathematical statement from section 1, here at level

3 design performance functions F; and F, are added which are equal to x1, X2 respectively, and (2) from the
practical application context, the design variables are bounded as follows 0.3 - x; - 0.7and4- xy - 15, which
determine the design space (i.e. solution space de ned by the design variables).

The key design performance functions describing the dynamic behaviour of the rail track at the level
crossing transition zone, are the force F3 AF and the acceleration F4 Aa. Normally, these are the result of ex-
tensive numerical nite elements and/or analytical calculations. For this exemplar, the physical/mechanical
relations between these variables are simpli ed by using interpolation of discrete numerical calculations,
which follow from a state-of-the-art structural dynamic model (Shang et al., in press-a, in press-b). The out-
comes of these discrete calculations which are the basis for the interpolation are shown in Figure 2.3. For
this exemplar, the force and acceleration are mathematically formulated as ~ F3 A£F(x1,x2) and F4 A£a(X1,X2)
respectively.

Level 2 — objective functions
Three objectives are investigated in this exemplar: maintenance costs, travel comfort and investment costs.
Given these three objectives, the optimal design for the level crossing zone is determined.
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