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Abstract

In the early project phase, decisions are made when considering a port basin berth layout that affects
the outcome and the success of the project. In order to make a decision regarding the berth layout, port
planners create a set of variants for comparison and assessment in order to pick the basin berth layout
that suits the project goals the best. The selected basin berth layout is the preferred variant that will
be used to eventually be realised. However, since the decision in the early project phase has a great
influence on the entire project, port planners want to improve the decision-making for selecting the best
berth layout. This research aims to improve the decision-making process for selecting the berth layout
of preference by developing a design generation method for berth layouts and its respective pathway.
This method might give insights into optimal berth layout configurations and its pathway in order for
decision-makers to assess their preferred variant resulting from the set of variants developed by ex-
perts and the generated layout. After the method is developed, the method is tested on conceptual
benchmark cases and a real case in order to assess whether such method can add value, or improve,
design solutions of port basin layouts during the early project phase. Although limited studies and
methods exist that have resemblance or commonalities with berth layout optimisation, the idea is in its
infancy.

The concept studied is generative design; a systematic approach for the exploration of layouts,
shapes, and networks (Nourian, 2023). The systematic aspect of generative design in this research is
performed by means of a method that is suitable for a computational algorithm. In order to generate
optimal berth layouts, mathematical programming is used. The literature study regarding basin layouts
assessed that constraints regarding berth distancing and location restrictions for berths are important.
Hence, the developed optimisation method has to take these types of constraints into account. The
objective considered in this research is dredging volume, since locating a berth, and forming a pathway
to the berth, may require dredging, which is aimed to be minimized. The decision to be made are the
location of the berths and the depths for the basin bottom that allows for vessels to traverse through
the port basin.

Methods for berth layout optimization have been developed to generate berth layouts and its re-
spective pathway through the basin in this report. The optimization is separated into two steps: firstly,
berth location optimization using a pre-defined central basin pathway, and secondly, optimization of
the pathway belonging to the respective berth layout. The separation of the berth location and pathway
optimisation reduces computational time. The heuristic berth location optimization optimizes the loca-
tions of the berths to minimize the central pathway dredging, while satisfying constraints prescribing a
minimal distance between the berths. After the berth locations are optimized, the pathways can either
be optimized by means of a heuristic pathway approach, or by means of an exact mathematical pro-
gramming approach, both of which are developed in this research. The heuristic pathway optimization
approach models required dredging by translating the dredging for a berth into a graph with weighted
edges and then sequentially defining the route that requires the least dredging per berth, eventually
forming the complete basin pathway. The exact pathway approach uses a mathematical programming
setup. The methods are applied to conceptual benchmark cases a real-life case. The benchmarks
differ in basin dimensions, basin bottom profile, and fleet characteristics. The real-life case concerned
the Scheurhaven, which is a small port basin for mainly tugboats. The layout of the Scheurhaven had
to be adapted to fit more tugboats in the basin. The Scheurhaven case was optimised with the heuristic
approach, due to the potentially large computational time of the exact approach. As the berth locations
were limited and the method lacked features to make the design comparable, such as structures and
berth geometry, only heuristic pathway optimisation was done.

The heuristic pathway optimization then optimizes the pathway, which improves the dredging ob-
jective compared to the assumed central pathway used for the berth location optimisation, by requiring
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less dredging. However, due to the nature of the sequential pathway finding and the lack of consider-
ance of slope stability when forming a pathway as a result of pathway dredging, the resulting pathway
is less credible as a pathway for minimal dredging. The exact pathway approach does take both prob-
lems into account and also improve the objective value of the central pathway in all benchmark cases
compared to the central pathway. The drawback of the exact approach is the computational time it
takes to converge to a solution. It can take up to 3 hours for objective values to stabilize. However, the
exact pathway approaches the real optimal pathway and, hence, can give insights regarding decision-
making for basin pathways. The results for the Scheurhaven case were that the pathway has to remain
as close to the berths as possible and to combine the pathways going from each berth to the exit. How-
ever, the case results are to be taken with a grain of salt, because it lacked comparable basin layout
features used in the real case.

In conclusion, the heuristic berth optimisation and the exact pathway optimisation can provide insight
into berth layout optimality and a respective optimal pathway. However, the result of the method is
not a variant that can be used for consideration in picking the best variant out of a bunch to select
and realise. The generated optimal berth layout and pathway can be used for decision-makers to
verify that expert-developed variants roughly comply with the generated layout. In order to improve
the decision support for port planners, it's suggested to further extend the exact pathway optimisation
to a berth location optimisation and to study implementation of berth geometry and structures. This
research didn’t manage to implement these features due to the complex nature of digital geometry and
mathematical programming. Structures in basin layout design are geometric elements, like berths, and
due to the selection to model the environment in discrete space, the problem required knowledge of
digital geometry, which is a stretch from the common analytical mathematics in civil engineering.
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Introduction

1.1. Motivation and societal relevance

Port planning is a discipline that translates a port authority’s strategic goals to the physical environ-
ment. A port master plan is a broad plan which describes all relevant factors for realizing a port area
as well as keeping the port area operational. In short, a Port Master Plan outlines the objectives of the
port and how they are expected to be achieved (Taneja et al., 2010). A port master plan ranges from
strategic and project planning to port design and operation and maintenance (van Koningsveld et al.,
2021). The outcome of the strategic master plan is a go/no go decision to realize the strategic goals.
After the go/no go decision, the project master plan, which can include multiple projects, is made. The
project master plan generally includes (van Koningsveld et al., 2021):

« the strategic goal: what exactly one aims to achieve with the project;

+ the relevant data (site conditions, cargo and traffic forecasts, vessel mix, etc.);
+ specific functional requirements (service level, embedding in the network, etc.);
* a basic design, making it possible to investigate the project’s feasibility;

+ financial and economic feasibility studies, including a risk analysis;

» environmental aspects, not only in the form of an Environmental Impact Assessment (EIA), but
also considering the possibilities of ‘Building with Nature’;

social aspects, often in the form of a Social Impact Analysis (SIA), or a Societal Cost Benefit
Analysis (SCBA);

safety and security;

* management structure;

maintain, etc.).

After the project master plan is made, design activities for the port are done to eventually fulfill the
master plan. Typical steps in the development of a port, or elements within an existing port, involve
pre-feasibility studies, aiming to explore the initial idea and to develop a port strategy, and feasibility
studies, which concludes whether a project is feasible and steps toward implementation can be started
(van Koningsveld et al., 2021). The focus of the research is on the feasibility studies of spatial port
layout design. A flow chart of the feasibility study is depicted in Figure 1.1. The spatial layout can be
grouped into 4 categories of spatial needs (PIANC, 2019):

type of contracting (construct-only, design and construct, design-finance-construct, design-construct-
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1. Marine areas and depths: navigation channel and maneuvering basins
2. Shelter: breakwaters and coastal protection

3. Land areas and access operational areas: (a) cargo handling, storage, and processing and (b)
support activities and access (road, rail networks, offices, workshops, etc.)

4. Environmental mitigation and compensation areas
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Figure 1.1: Flow chart of a port feasibility study (van Koningsveld et al., 2021)

From the mentioned categories, the Port of Rotterdam Authority is interested in the Marine area.
Specifically, the interest is in the berth layouts in the port basin, leaving out other main components
of marine areas such as outer channel approach, anchorage areas, shelter, harbour entrance, turning
basin, construction facilities, etc. (PIANC, 2019). Since the berth layout is considered in the feasibility
study, which can be referred to as the early project phase, and that influence in the early project phase
for these infrastructures is vast, design decisions in this phase impact further project implications, as
depicted in Figure 1.2.
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Figure 1.2: Graph of influence over the project lifetime (Bakker, 2008)

Making the right decision for the project requires developing and comparing variants. However, in
reality, the variants studied are limited to a small number. This is also the case for the Scheurhaven
project, which is a case study for this research. After doing an inventory of the design process with a port
planner of the Port of Rotterdam, it was found that the Scheurhaven project had 5 developed variants
for the layout over a period of multiple months of which substantial time was spent developing variants
(see Appendix C). After evaluation, the preferred variant is picked, known as the ’voorkeursvariant’.
The aim is to research the possibility for systematically generated berth layout designs to find a variant
that provides support in decision-making for selecting the preferred berth layout variant.

1.2. Literature review

Although generative design to optimise spatial layouts will be researched, numerous examples exist of
optimisation in a port engineering context. One of the known problems is the berth allocation problem
(BAP). One of the first formulations of the BAP came from Imai et al. (1997) and describes the problem
as the trade-off between efficient utilization of public container terminals and dissatisfaction of vessels
with regard to waiting time due to their berthing order. The main dissatisfaction comes from waiting time
and berth time for vessels inside the port. The assumptions made for the problem formulation already
reduces the scope to allocation to existing berth locations. This means that the spatial optimisation is
done upfront, or assumed constant, and the problem concerns the scheduling of the vessel at the quay
walls. Current research takes spatial constraints little into account and focuses on solving the problem
using other solving techniques (Correcher et al., 2019, Cheong and Tan, 2008).

Apart from the scheduling of berths, research has been done on the spatial shapes and layouts of
port elements. Examples of spatial optimisation is the series of breakwater shape optimisation (Woer-
lee, 2019, Teeling, 2020, Schaly, 2021) and container terminal design optimisation (Alvita, 2020). The
breakwater layout optimisation was done by means of genetic algorithms, which optimized the shape
of the breakwater (length and angle), along with the constraint dimensions of the sheltered port area.
The study only concerns the shape of the breakwater and does not take into account the topological
variation of the breakwater. The terminal optimisation does allow for topological optimisation, but the
shape of the terminal areas is limited to predefined geometric shapes.

Because there is limited research in spatial port layout optimisation, this research requires in-
formation from other sources regarding spatial optimisation. Architectural layout optimisation has
more research available. An example of generative design would be the design of a hospital lay-
out (Cubukcuoglu et al., 2022). Hospitals are complex buildings with requirements for the location of
the rooms. For example, an intensive care unit must be close to operating theatre room due to the use
of common equipment (Cubukcuoglu et al., 2022). The research translated functional requirements in
constraints and objectives to be suitable for mixed integer programming (MIP).
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Figure 1.3: Example of an optimized ground floor layout produced by (Cubukcuoglu et al., 2022)

The building design problems resemble a studied layout optimisation problem: facility layout prob-
lems (FLP). The placement of facilities in the plant area is often referred to as a facility layout problem
(Drira et al., 2007). This type of problem is mainly about work centers, warehouses, shops, etc. The
problem does have spatial complexity, since it is about layouts of physical objects. However, the com-
plexity in space is quite limited compared to berths in port basins. Berths in port basin not only affect
the layout in space, but it also incurs a change in the space itself: a berth requires a dredged path
from berth to entrance/exit. Since this report does not assume any geometry for the pathway or basin
itself, the FLP seems to be lacking in spatial complexity, but it does provide a starting point. A more
strategic optimisation, that concerns logistics in networks, is the distribution network optimisation prob-
lem (Chan & Chung, 2004). However, this problem disregards geometry and focuses on scheduling a
supply chain.

The architectural layout optimisation does allow for inspiration for the port environment, since it
shows layout optimisation techniques. However, a port context is different from architectural contexts
in the sense that ports are designed for vessels that determine the port basin dimensions, while ar-
chitectural designs mostly concerns design for humans. A difference is in the interaction with the
environment; vessels operate in a waterborne environment, interacting with a basin bottom, waves,
currents, etc., while the interaction of humans with the building not having these interactions.

Generative design concerns generation of topology (layouts), geometry (shapes) and networks.
Topological optimisation is, for example, done in structural engineering. The basis for the topological
optimisation is structural mechanics and material mechanics. An example is the optimisation of the
steel profile of a cantilever beam (Sigmund, 2001). The objective is to minimize the material costs
while maintaining structural integrity (Figure 1.4). More complex cantilevers have also been studied
and optimized (Wang et al., 2002).

l

Figure 1.4: Example of an optimized cantilever topology produced by (Sigmund, 2001). The left displays the design domain and
the right displays the optimized beam

A cantilever beam is a simple structure. In building engineering, it is common to find structures
composed of more elements. Hofmeyer et al. (2017) presents a topology optimisation for structures
with multiple elements, which interact with each other and transfer force through the structure. These
structures are so-called hierarchical structures. The optimisation of these structures concerns mechan-
ical properties of materials and structural mechanics theory.
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Although there are examples that have commonalities and resemblance in spatial port layout design
or generative design, research with regard to port basin berth optimisation seems little. The previously
mentioned literature concerned the generation of the shape of the port infrastructure. The optimal berth
layout in the basin is, to my knowledge, researched little. The commonalities with the port optimisa-
tion studies is the spatial optimisation of port infrastructure and the BAP optimisation concerns berth
scheduling, but neither concerns the optimisation of berth layouts, which is aimed to be contributed to
in this research.

For basin layout design, literature comes in a variety. The ports and waterways section of the TU
Delft civil engineering and geosciences faculty published a free access book. The book provides an
integral context of ports and waterway design and provides general port layout design rules (van Kon-
ingsveld et al., 2021). Other port design guidelines are more thorough in describing the technical design
of such port basins (Thoresen, 2014, Tsinker, 1997), while others also provide a guide in site selection
(PIANC, 2019). These guidelines function as general guidelines for every port basin. The PIANC group
also provides guidelines for design guides for elements in the port basin, such as approach channels
(PIANC, 2014), breakwaters (PIANC, 2016), fender systems, (PIANC, 2004), and more.

The general guidelines provide a basis, but most ports require special guidelines to comply with its
unique situation. Thus, port authorities create their own guidelines. The Port of Rotterdam Authority
have their own guideline ‘Ontwerprichtlijnen havens en vaarwegen’ (Port of Rotterdam, 2022). Guide-
lines are also created on a national basis. An alternative guideline is provided by the Spanish ministry
of transport (Cortezén & de la Pefia, 2007). Since research is on the instructions of the Port of Rot-
terdam, the 'Ontwerprichtlijnen’ is the main document for basin layout design. The relevant elements
from The guideline are discussed in Chapter 2.

1.3. Research aim and questions

The aim is to research the possibility for systematically generated berth layout designs to find a variant
that provides support in decision-making for selecting the preferred berth layout variant. In order to
do so, a method will be developed to generate berth layouts. Using this method, port basin layouts
can be (near) optimised with its respective (near) optimal basin pathway in the early project phase with
predetermined basin dimensions. After the method development and application, the added value of
the concept of generative design on berth layout optimisation is discussed. To support the research
aim, the following research question should be answered:

"How can generative design be used to optimise (or improve) design solutions of port basin layouts
during the early project phase?”

The central research question is accompanied by the following sub-questions :

1. What is the definition of generative design and what are methods to generate design solutions of
port basin layouts?

What objective and constraints will be considered to evaluate layout design variants?
How can berth layout designs be translated into a generative algorithm?

What is an applicable method to solve a berth layout optimisation problem?

o M w0 DN

What is the added value of algorithmic generated design solutions compared to traditional design
solutions of port basin layouts in the early phase?

1.4. Methodology

The research sub-questions are answered using the approaches and methodologies mentioned re-
spectively.
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What is generative design and what are methods to generate design solutions of port basin
layouts?

The first question aims to give insight into a definition of generative design and to assess the fundamen-
tals of generative design. This question can be answered by providing theory used to apply generative
design. The theories are then combined to allow for design generation and optimisation.

What objective and constraints will be considered to evaluate layout design variants?

This sub-question translates berth layout problem formulations into optimisation formulations. Based
on the literature study on port planning and generative design, the decision variables, constraints, and
objectives can be formulated. The formulations are then used for the design algorithm for the next
research question.

How can berth layout designs be translated into a generative algorithm?

For the generative design method, mathematical programming will be used to optimise the basin layout.
Answering the previous sub-question allows for an inventory of the objectives, constraints, and decision
variables. However, these are not yet ready to be optimized. Thus, the translation has to be made from
a qualitative to a quantitative description. The answer to this question should contain mathematical
formulations and/or computational functions.

What is an applicable method to solve a berth layout optimisation problem?

To address this research question methods to optimise generated designs have to be developed. The
methods, by preference, could be taken from existing optimisation problems or the problems have to
be adapted. The developed methods are tested on fictive benchmarks for comparison.

What is the added value of algorithmic generated design solutions compared to traditional de-
sign solutions of port basin layouts in the early phase?

The question makes a comparison. Thus, a study has to be done to set the status quo of the port
planning process. The method to do so is to collect information on the process time of designing the
variants for a specific case and the produced designs by the algorithm. The information comes partly
from interviewing people, acquiring documentation on the design process, as well as the accompanying
planning.

1.5. Research scope

Port planning is a very broad discipline, according to the description provided in Section 1.1. In the
short timeframe of a master thesis, optimisation of all port planning aspects would be too much. The
Port of Rotterdam Authority is interested in an application on a current project on the Scheurhaven, a
port basin near the North Sea entrance of the port. The research scope is narrowed down further to the
berth layout optimisation in the basin of which the basin dimensions are constant. The berth layouts
are designed for a given fleet composition with constant vessel dimensions. The method should allow
for a fleet with, diverse design depths.

The berth layouts are optimised for initial dredging costs to facilitate the berths. This concerns the
dredging for the berth and the pathway to the berth. The result is that structures in the basins, such
as the construction of new quay walls, jetties, basin bottom protection, breakwaters, etc., are not con-
sidered. In Chapter 8 suggestions are made to include structures. Moreover, basin sedimentation
processes, structure maintenance, changes in fleet characteristics and composition, changes in basin
bottom soil properties, and other effects over time are not considered.

The basin of interest for this research is a sheltered basin. Hence, the influences of metocean
conditions are not considered and so are the consequences of the metocean conditions; vessel move-
ment as a result of waves, accessibility of berths, downtime induced by metocean conditions, pathway
adjustments to take the effect of metocean conditions on vessel movement into account, etc.
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1.6. Report outline

Starting off Chapter 2 of the report sets the reader up to understand the concepts used and gives
background on the relevant aspects of port basin planning as well as generative design. using the
background knowledge, the generative design approaches for basin layouts and pathways a re devel-
oped. chapter 3 presents the exact problem to solve the optimisation problem and the computational
cheaper approach to optimizing the basin layout and in Chapter 4 the approach is validated and is
analysed on sensitivity on basin parameters and its impact on dredging and pathway finding. Chapter
5 applies the method on the Scheurhaven and presents results on the case. The research is concluded
by discussing the methods and results in Chapter 6, answering the main question in Chapter 7, and
recommendations are made in Chapter 8. Figure 1.5 presents a flow chart of the report structure.

8. Recommendations

‘ 1. Introduction H 2. Literature study }—) dg\..rg;loe;r:r?:m —»{ 4 Method analyses ——» & Scunlzl‘:]zr:::?;\ﬂcase 4p{ 6. Discussion

7. Conclusion ‘

Figure 1.5: Flowchart of report structure






Literature study

2.1. Port basin layout design

This section provides the basis for basin layout design. This chapter provides an inventory of guide-
lines relevant to port basin design for tug boats and sea-going vessels from Port of Rotterdam (2022).
The inventory is done to extract design constraints for the optimisation. The conclusion regarding the
constraints are in the final subsection of this section. In addition to the guideline, a section is devoted
to basin bottom stability, to provide information on basin bottom stability after defining a dredging path-
way. The following sections address the types of design guidelines in order to assess the types of
constraints required for the optimisation.

2.1.1. Design depth for vessels

A driver of port basin design is the berth designed for vessels to lay berth. The design depth is a
combination of the nautical guaranteed depth (NGD) and a margin for dredging. The Port of Rotterdam
gives the following equation for the NGD for tidal unbound vessels:

NGDyap = Tonax + (FWA% * Tpay) + UK Cgross + ALAT + HMT

Where:
NGDy,4p = Nautical guaranteed depth
Tnax = The normative depth of a vessel measured in salt water (1.025 kg/m3)
FWA% = Fresh Water Allowance, additional depth compensating for sink
UKCgross = The Gross UKC used for calculating the NGD
ALAT = The reduction plane is the reference plane for depths with respect to the sea level. (ALAT)
HMT = Hydro meteo allowance
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Figure 2.1: Vertical profile for tide unbound vessels

Most of the parameters are dependent on the location of the berth, because the Port of Rotterdam
has changing conditions for different areas in terms of salt levels, vessel types, hydrometeo allowances,
etc. The policies per region of each parameter are in Appendix B and Appendix A. The data are of rel-
evance for the Scheurhaven case in Chapter 5.

The NGD is not yet the design depth in the basin. The nautical guaranteed depth is the depth that
is guaranteed at a certain location and due to sedimentation in the port, the depth for the basin bottom
design has to be larger than the NGD. The dredging depth is set in the guidelines provided by the asset
management department of the port. The design depth for the Scheurhaven is one meter deeper than
NGD (Port of Rotterdam, 2022).

2.1.2. Basin layout design

The following paragraphs present the spatial design guidelines for sea-going vessels. Although the
case presented in Chapter 5 only concerns tugboats in the design, other seagoing guidelines are also
inventoried to assess which constraints are required for a more general layout design. At the end of this
subsection, all the figures are taken from the guidelines provided by the Port of Rotterdam Authority,
referred to as 'The guideline’ in some instances in this report (Port of Rotterdam, 2022).

Fairway width

The horizontal design, as it is called in The guideline, concerns the design in the 2D plane of the port
surface area. Even though for this research the basin dimensions are not affected, it is of interest to
keep the guideline into account to inventory the type of constraints for later research. The guideline
makes a distinction between two types of basins: long and short basins. Short basins are basins suited
for one design vessel length, while long basins allow for multiple berths to be in line with each other.
The design requirements are depicted in Figure 2.2 and Figure 2.3.
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Figure 2.2: Required width for short basins (Port of Rotterdam, 2022)

Figure 2.3: Required width for long basins (Port of Rotterdam, 2022)

The parameter B, beam of the vessel as depicted in Figure 2.3 is the normative design width for the
largest berth and the parameter X is a location-specific parameter, which is found in Table 2.1

\ Region | Width X [m] |
Europoort, Maasvlakte 2B+70m
Botlek, City 2B+60m
Dordrecht 3,3B
General (without tug boats) 3B

Table 2.1: Parameter X per region (Port of Rotterdam, 2022)

By entering the B into the functions for X, the basin width is obtained.

Berth guidelines
With the width of the basin set, the berth guidelines are applied. These guidelines provide relative
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distance between berths and the required distance from basin infrastructure to allow for tug boats to
move the vessels and to keep a safe margin for movement. The first guideline for berths prescribes
distance between berths. The guideline provides a minimal distance requirement in Figure 2.4

0,1L L

Figure 2.4: Required relative distance between berths (Port of Rotterdam, 2022)

With the parameter L being the Length overall (LOA) of the vessel. The relative distance is only given
in the length direction of the vessel. The value 0,1L displays the gap between the berths. However,
this value is not always 0,1L; it depends on the length of the vessel whether 0,1L is satisfactory. Table
2.2 provides the policy for the gap for several vessels.

] Length [m] | Distance to obstacles and vessels [m] |
L <120 [m] max(0,1L ; 10 [m])
120 <L < 350 [m] min(max(15 [m] ; 0,1L) ; 35 [m])
L > 350 [m] 250 [m]

Table 2.2: Parameter X per region (Port of Rotterdam, 2022)

Other obstacles in the port basin can be embankments, vessels laying berth perpendicular to each
other, and room for tugboats. All these obstacles have a related distance R, as depicted in Figure 2.5,
Figure 2.6 and Figure 2.7.

Ko
R
__NGD-lijn

Figure 2.5: Required distance relative to embankment toe and NGD depth(Port of Rotterdam, 2022)
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R of 0,1L (zonder sleepboot)

Figure 2.6: Required relative distance for perpendicular berths (Port of Rotterdam, 2022)

Figure 2.7: Margin for tugboat operation (Port of Rotterdam, 2022)

There is a dedicated guideline for tugboat berths. Instead of margins as functions of the vessel
dimensions, the margins around the vessel are 5 meters overall, as depicted in Figure 2.8

Figure 2.8: Berth requirements for tugboats (Port of Rotterdam, 2022)
The combination of all the above-mentioned guidelines provide a basis for port basin layout design.

Safety contours

In the port of Rotterdam, plenty of cargo is handled which requires caution. Vessels with danger-
ous goods have a safety radius surrounding them where vessels are not allowed to lay berth. These
guidelines are set by the ’Binnenvaart politie regelement (BPR) (Rijksoverheid, 2022) and European
Agreement concerning the international Carriage of Dangerous Goods by Inland Waterways (Ministerie
van Infrastructuur en Waterstaat, 2021). These guidelines are taken into account when designing.

On the contrary, these constraints are imposed by permanent structures, such as wind turbines.
For wind turbines, Figure 2.9 depicts the constraint for berths. It's not allowed to reside for longer than
8 hours in the safety contour of the wind turbine, with people on board. Since workers may reside for
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longer times on tugboats and releasing cargo can take multiple days, it is safe to assume that berths
are not allowed in the safety contour of a wind turbine.

Figure 2.9: Safety contour for wind turbines (Port of Rotterdam, 2022)

In formula form, the safety contour is:

R
SCypp = —2

+ 30
2

Where

SC,,+ = Safety contour radius of a wind turbine [m]
R,: = Wind turbine radius [m]

For the optimisation framework, the safety contours impose a constraint on possible berth locations
inside the basin within range of the wind turbines.

2.1.3. Port basin bottom stability

Facilitating the layouts may require dredging of the port basin. This section will not go into the manners
of dredging a port basin, but it provides the foundation for calculating stable slopes in a port basin. The
stability slope of a soil is related to its friction angle (Verruijt, 2001). The friction angle for several soils
is depicted in Figure 2.10.

Typical values of angle of repose [30].

Material (condition) Angle of repose
Ashes 40°
Asphalt (crushed) 30-45°
Bark {wood refuse) 45°
Chalk 45°
Clay (dry lump) 25-40°
Clover seed 28°
Coconut (shredded) 45°
Coffee bean (fresh) 35-45°
Earth 30-45°
Four {corn} 30-40°
Four (wheat) 45°
Granite 35-40°
Gravel (crushed stone) 45°
Gravel (natural w/ sand) 25-30°
Malt 30-45°
Sand (dry) 34°
Sand (water filled) 15-30°
Sand (wet) 45°
Snow 38°
Wheat 27

Figure 2.10: Angles of repose for several soil types (Al-Hashemi & Al-Amoudi, 2018)

The stability slope of soil is not equal to the friction angle, but it provides a reference for assuming
stability slopes. The stability slope is also dependent on other factors, for example, the vessels inside
the port basin spill material, which falls onto the basin bottom and affects soil properties. The result is
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soil that is mixed up with exhausted materials (Yazdi & Teshnizi, 2021). However, these effects are not
taken into account further in this report.

2.1.4. Takeaways from literature for optimisation methods

The design guidelines in most cases prescribed required distancing between basin elements. Hence,
the optimisation should give a formulation for distance constraints and measuring distances in the
discrete space, which is presented in the next section. Another constraint is the pathway depth inside
a basin to facilitate the vessels moving to the berth. Finally, safety contours impose constraints on the
berth locations. Hence, the berth location optimisation should contain location constraints.

2.2. Generative design and theoretical background

Generative design is a systematic approach for exploration of layouts, shapes and networks (Nourian,
2023). In this section the concepts of generative design is introduced. First the environment is for-
mulated as the basis. After, theories are presented that are used for the methods in Chapter 3. This
includes different mathematical starting points and disciplines. Finally, the optimisation framework is
presented, along methods to solve such problems. After reading this chapter, the concepts and oper-
ations done in Chapter 3 should be familiar.

2.2.1. Discrete space

In this research, the method to formulate the environment discrete is chosen. The benefit of such
space formulation is the ability to create layouts and networks. In a continuous space, such analysis is
hard due to the limitation in description of the space. Discrete space allows for shapes to be irregular
(manifolds), while continuous space is to be described using analytical functions. Appendix E provides
an insight in using continuous space and its implications of constraint formulation. The downside of
this formulation is the difficulty of defining geometric shapes. The discrete elements in the environment
have to be grouped to form a geometric shape. Geometric shapes in discrete space, specifically grids,
is studied in the field of digital geometry. Digital geometry is the study of geometrical properties of sub-
sets of digital images (Rosenfeld & Klette, 2002). If you chose to discretise the environment into a grid,
it can be interpreted as an image. A handbook for digital geometry is provided by (Klette, 2004). This
book functions as a staring point for digital geometry methods and concepts are used in the following
sections.

The environment is modelled as a regular or irregular mesh. In the context of this thesis a regular
mesh is formulated, in the form of a grid. A grid is a uniformly spaced mesh. Although a irregular mesh
might be better, a grid is chosen due to its ease in understanding discrete space.

The grid in itself does not hold any information; it's just a division of space. In order to store in-
formation in the grid, the cells in the grid require an identity. The method to distribute identities is by
application of space filling curves (Purss, 2017). These curves travel through the grid and give integer
values a identities. The space filling curve applied is the morton order or morton code (Figure 2.11).
The benefit of this formulation is that it preserves locality in the data structure (Purss, 2017). Although
this feature is not taken advantage of in the algorithm, it can be useful for later applications with more
advanced search algorithms. In order to preserve perfect "z’s” in the grid, the following expression has
to be satisfied:

n=2P
p €LY

In which n is the amount of rows and columns in the grid and Z all positive integers.
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01 4 5 1617 20 2l
23 6 -7 1819 22 23
8 9 12 13 24 25 28 29
1011 14 15 26 27 30 31
3233 36 37 48 49 5253
3435 38 39 50 51 54 55
40 41 44 45 56 57 60 61
42 43 46 47 58 39 62 63
Figure 2.11: Morton code in a 8x8 grid. original on (Wikipedia, 2023)
2.2.2. Connectivity and Graph theory
With all the cells in the grids identified, all types of information can be attached to the cells: values, colors
and other labels. Another important piece of information that has to be added to the grid is the relation

between the cells in terms of location. The question is then: in what way are the cells connected? The
way the cells are connected is by defining a neighbourhood. Two types of neighbourhoods exist:

1. Von Neumann or 4-connected neighbourhood, or;

2. Moore or 8-connected neighbourhood

The neighbourhood types are depicted in Figure 2.12. In the context of port planning, it is the choice
of preference to go for the Moore neighbourhood, since diagonal traversal result in realistic modeling.

Nx) = [y Mex)y = [ f ey

Figure 2.12: Neumann neighbourhood (left) and Moore neighbourhood (right)

The connectivity of each cell is stored in an adjacency matrix. This matrix stores 1’ in the row and
column index if the cells are connected and 0’ if the cells do not have a connection. Doing this for
whole grid, while satisfying the expression for the grid’s dimensions, results in a matrix of n®xn?. Since
each row stores at maximum eight ones and the dimension of the adjacency matrix grow exponentially
as the grid increases in resolution, i.e. more grid cells in the grid, the resulting matrix is stored as a
sparse matrix, a matrix which stores rows and columns indices with the respective value instead of the
complete matrix.

The adjacency matrix created from the grid described in the previous section allows for a transfor-
mation of the adjacency matrix into a graph. Each connection between the cells are edges and the grid
cell are schematised as vertices. The result is a graph, denoted as;

G(V,E)

In which V are the set of vertices in the grid and E are the edges in the graph. The visualisation of
such graph is depicted in Figure 2.13. The graph can be adjusted by adding weights to the edges to
allow for shortest path finding algorithms, such as Dijkstra’s shortest path algorithm (Dijkstra, 1959) or
A* (Doran & Kendall, 1966) amongst general graph theory (Diestel, 2017)
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Figure 2.13: 8x8 grid graph with Moore neighbourhood and morton order vertices

2.2.3. Set theory
The vertices in the graph are in essence a set of index values. The set of vertices is denoted as:

V={1,23,.,n%}

In which the integers stores in the set are all indices in the grid. In set theory there are a few basic
operations used in this report:

* union, denoted as 'U’
* intersection, denoted as 'Y’

« set difference, denoted as '\’ or ’-’

The operations are depicted in Figure 2.14.

@ P
(O @

ANB AUB
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Figure 2.14: Basic set operations in set theory (Erdelsky, n.d.)
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2.2.4. Mathematical morphology

Set theory forms the basis form many mathematical disciplines. One such discipline is mathematical
morphology. Mathematical morphology provides an approach to processing digital images based on
shapes (Haralick et al., 1987). In order for the grid to be ready for mathematical morphology, the grid
has to be transformed into an image. This seems complicated, but a matrix with values between 0 and
255 are grayscale images. This characteristic allows for useful operations on the grid. Some basic
operations in mathematical morphology are:

 Erosion, denoted as '©’
« Dilation, denoted as '@’

The visualisation of these operations are depicted in Figure 2.15

/

The erosion of the dark-blue square &7 The dilation of the dark-blue square &7
by a disk, resulting in the light-blue by a disk, resulting in the light-blue
square. square with rounded corners.

Figure 2.15: Basic set operations mathematical morphology

2.2.5. Mathematical topology

Going back a level from mathematical morphology to set theory, another discipline which is touched
upon is mathematical topology. A topology is by definition the set of sets. This means that all sets in a
space, together with the null space, form a topology. Translating this concept to a port layout design, a
berth layout is basically a spatial set of berths, quay walls, water, land etc. Figure 2.16 in combination
with the following expression describe the port basin as a topology:

T = {berth 1,berth 2,berth 3,quay wall,water, land, ¢}
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Figure 2.16: Example of a topology in a basin. Each element in the topology has its own characteristics

2.2.6. Mathematical programming

In the previous subsections the theory is introduced to describe the environment in abstract concepts.
This final section introduces the basic concept of mathematical optimisation. The typical mathematical
optimisation formulation is (Snyman & Wilke, 2010):

minimize f(X) = [xq, X3, .., X,]T € R® 2.1)
st. gi® <0, j=12,.,m (2.2)
hi®) =0, j=1,2,.,7 (2.3)

Where f(x), g;(x), hj(x) are scalar functions of the real column vector x. The abbreviation s.t.
means ’subject to’, which describes the inequality and equality constraints given by the respective
functions g;(x) and h;(x). The function f(x) describes the objective function for the design variables
x; of vector x.

A special case is when all functions described are linear continuous functions. Such problem is
called a linear programming problem. If at least one constraint or objective is an integer function, the
problems described as a mixed integer problem or mixed integer linear problem.

Solving these problems and finding the global optimal solution can be done in various ways. Fig-
ure 2.17 provides an overview of optimisation algorithms. Note that the figure does not state (meta-
)heuristic algorithms directly. Meta-heuristic algorithms are, for example, simulated annealing, tabu
search and evolutionary computation. Deterministic algorithms do not have any randomness in its ap-
proach and tries to find the exact optimal solution, while stochastic methods approach the optimal solu-
tion by chance. Engineering problems are often not suitable for deterministic or enumerative methods,
thus it would be to rely on the stochastic methods (Brameier & Banzhaf, 2007). Some meta-heuristic
algorithms are nature-inspired algorithms such as evolution, bee colonies, ant colonies, among many
others (Sun et al., 2022). The benefit of using meta-heuristic algorithms is that meta-heuristic optimi-
sation algorithms seek quality feasible solutions to optimisation problems in circumstances where the
complexities of the problem or the limited time available for solution do not allow exact solution. (Rardin
& Uzsoy, 2001)
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Global
Search & Optimization
: ! .
Enumerative | | Deterministic | | Stochastic |
_| Greedy | _| Random Search/Walk |
_| Hill-Climbing | _| Simulated Annealing |
4 Branch & Bound | 4| Monte Carlo |
<| Depth-First | 4| Tabu Search |
<| Breadth-First | 4| Evolutionary Computation |
Best-First
(A*Z*,..) | Mathematical Programming |

Figure 2.17: Global optimisation Approaches (Brameier & Banzhaf, 2007)

The problem definition along with the algorithms provide a framework in developing a method to op-
timize problems. The theory provided in the previous sections provide a framework to deal with design
in a spatial context. Combining the two provides a method to optimize spatial problems.

2.2.7. Heuristic optimisation

As discussed in the previous section, heuristic algorithms tend to perform well in engineering problems,
as well as in investing and moral behaviour (Gigerenzer, 2008). Heuristic algorithms are based on the
heuristic processes in nature. It concerns the process of people doing something and learning from
by means of feedback. Process is simulated by these algorithms, in an effort to approach the optimal
solution.

These heuristic methods are not uncontroversial. According to (Sérensen, 2015), there has been
a 'true tsunami’ of so-called meta-heuristics. In the context of this research, metaheuristic algorithms
are heuristic algorithms to solve heuristic problems. However, in this report, the narrative is about the
same algorithms. The paper argues ’'that this line of research is threatening to lead the area of meta-
heuristics away from scientific rigor.’” The scientific rigor of these algorithms to be in line with "that a
heuristic did not necessarily have to be completely problem-dependent, but that general optimisation
techniques could be developed that were applicable to a broad class of different problems”. The reason
that this section in the report is to show that these algorithms are interesting and promising, but some
conservatism with these algorithms is appropriate, especially with unproven algorithms.

However, the research does not nullify every algorithm, but the background of these algorithms
have to be checked. A python library that provides proven heuristic algorithms is pygmo (Hagberg et
al., 2008). This library uses algorithms that are well known and verified, such as the improved harmony
search (IHS) algorithm (Mahdavi et al., 2007).



Method development for berth layout
and pathway optimisation

3.1. Port basin layout development theory

As stated in the introduction, the focus of the research is on the berth layout of a port basin and in specific
developing layout variants. However, before the development, a process was walked through that
assessed the physical, ecological, and socio-economic factors of the design and eventually translates
it into a basin layout. Figure 3.1 depicts a schematic of the port layout development.

cargo forecast

throughput vessel size, requirements
type of cargo number of vessels storage

'

physical site
characteristics
—_—
t
terminal (m?) berth length (m) port water areas  hinterland connections |

]

il container

Figure 3.1: Schematic of port development (van Koningsveld et al., 2021)

The layout of interest is the berth layout in the port water areas. For this design exercise, many
layout design factors are not taken into account, for example: pilot boarding areas, anchorage areas,
outer and inner access channels, and turning basins. Along with the physical elements, operational
considerations are also left out, such as cargo transfer, (de)berthing facilities, vessel turning assistance,
etc. The next section provides an elaborate look at port basin layout design.

3.2. Port basin layout puzzle

The port basin layout is a system, where the optimal configuration depends on element interaction.
The optimal berth location depends on different factors, but the focus is on the dredging required in
the port basin. The parameters that affect the performance of a layout, e.g. the required dredging,
depend on the interaction between berths, pathways of each berth, and the ability to insert structures
in the layout. All the parameters in the port basin influence each other when dredging a pathway. A

21
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fundamental reason for this interaction is the effect of dredging on the stability of the bottom profile and
the associated dredging required for this basin bottom profile. The effect is described in Chapter 2.
This effect is illustrated in Figure 3.2

Figure 3.2: Dredging savings when berths are near each other. yellow dashed lines indicate the stability slope and the yellow
triangle shows the saved dredging volume. The design depth is indicated with DD

The basin pathway is affected by the berth locations, but also by the structures inside the port basin.
For example, a quay wall, if structural integrity is not affected, can function as a ’dredging shield’. Be-
cause the quay wall is rigid and solid, it can prevent the costs of dredging due to the formation of the
stability slope. Another structure, which does not provide cost benefits, is an embankment. The em-
bankment is a slope near the basin outline, which is not allowed to be affected. Hence, it will force the
pathway away from it as the influence of the stability slope may not affect the embankment slope. The
same goes for berth placement near an embankment.

The above-mentioned factors have to be taken into account for the optimisation. In order to truly
optimize, all these factors have to be put in one optimisation problem formulation to find the (global)
optimum. If the optimisation is cut into parts, the optimisations are done sequentially, which can lead
to sub-optimal results.

To conclude the section, figure 3.3 displays the dependencies in the system that form the basin

layout puzzle.

Berths

‘ Structures Pathway

)

Figure 3.3: Pathway puzzle dependencies: Arrows indicate the influence between port basin elements. The arced arrows
indicate the influence between between identical elements.

3.3. Heuristic berth layout optimisation

This section describes a heuristic approach to optimizing berth layout problem. The heuristic approach
should find near-optimal solutions in a relatively short amount of time compared to the exact solution,
which is discussed later. In order to do so, the problem is split up into two parts along with some as-
sumptions which make the optimisation easier to solve. The first section of this chapter presents a
berth location optimisation approach. The berth location optimisation is based on a common central
path in the basin. After the locations are optimized, the pathway through the basin is optimized. In
other words: the assumption of a central pathway is not taken into account. These optimisation steps
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are depicted in figure 3.4

Heuristic berth

location
optimisation
Exact pathway Heuristic pathway
optimisation optimisation

Figure 3.4: The optimisation workflow to optimise port basins using the proposed methods. This section presents the heuristic
approaches

First, the design method is presented that discusses how to get to a formulation that can be op-
timised. After, the optimisation problem is presented and an algorithm to solve it is presented. To
support these approaches a fictive basin is introduced to display the capabilities of this approach and
the techniques used. The basins are not part of the Scheurhaven case nor the benchmarks.

3.3.1. Design concepts and assumptions

Optimizing the complete problem at once can lead to excessive computation in the optimisation pro-
cess. If every berth layout gets optimized by means of location and pathway, it means that low-quality
berth location configurations also get a pathway. To avoid this explicit enumeration, first, the locations
are optimized. This assumes that a large part of layout performance on dredging is based on the loca-
tion; a strong correlation exists between location in the port basin and the optimal dredging volumes;
locating a berth further down the basin requires a longer pathway to be dredged.

In order to facilitate his assumption and to be able to optimise berth locations without finding the
exact optimal pathway for each berth configuration, a central pathway is assumed to which the berths
connect for its pathway to the entrance of the port basin, even if it's not the optimal path. The central
path extends to the furthest berth inside the basin, such that each berth has a path to the entrance, but
there is no unnecessary pathway dredging.

Another assumption is that the berths are represented in a single cell, neglecting the geometry of
the berths. This assumption does compromise the representativeness of real port basin design, but
this assumption allows for a starting point for optimisation.

The final assumption is that the paths of the berths connect to a single node in the middle on the
entrance nodes, such that the central pathway connects to the central entrance node.

3.3.2. Example case introduction

For this section, a case is introduced to display the algorithms and its potential. The example basin is
an F-shaped basin that is encircled by only quay walls. The values for the land grid cells is 1 and the
values of the water cells is 0 in a matrix of 64 x 64 cells. The water area has a bottom profile that is
constant over the whole basin with a depth of -4 relative to the water level. The basin is depicted in
figure 3.5
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Figure 3.5: Example basin

The created environment has to be translated into a graph for the optimisation. The graph is made
by checking the Moore neighbours for each cell. The result is an adjacency matrix of dimensions 4096
x 4096 with each column and row indexed representing a grid cell. This adjacency matrix can easily
be translated into a graph by means of the networkx library in python, using the ‘from_scipy_sparse’
function. The graph is denoted as G(V, E) with V being all the vertices and E being all the edges. Note
that the weight of the edges in the graph represents the relative distance between cells.

The depths of each vertex (grid cell center) are stored in a vector of length 65536 with each position
coinciding with indices in the graph. This vector is called the depth vector, denoted as:

d'V = {dV,O' dV,l' dV,Z' "" dV,4-093' dV,4094l dV,4095}

The scope of the case is on the waterborne side of port planning and no adjustments are allowed
to the land vertices. For the sake of the dredging algorithm and computational speed, the land nodes
have to be expelled from the graph. The set of vertices consists of land vertices, V|, and water nodes,
Vw. The land nodes are the nodes with depth 0 or larger and the water vertices have smaller depths.
The depths are with respect to the water level with the negative values being below water level and
positive values being above water level. Finally, the nodes are either water vertices or land vertices,
and no overlap in identities exists. With these characteristics, the following identities hold:

V,={i : dy; =0}
Vw ={i : dy; <0}
V,UVy =V
VinVy =9

The edges have to be filtered accordingly, leading to the following notation:

Ew ={(,)); ViVj € Vy}

The considered graph is:

The berths are only allowed to be located next to a quay wall, which allows only for a limited set
of vertices as possible berth locations (PBL). The PBL set is found by applying linear algebra and by
the assumption that berth locations are in the water and have a land connection. In order to check the
land connection, an indexed vector is constructed which stores the water and land values in a vector
of length 4096. The vector is referred to as the land/water vector:
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Viw = {Viw,0, Viw, 15 = Viw,4094» Viw,4095}

With:

1 VeV,
Viwi =
W=l v, eV,

To check the connectivity with land vertices for every vertex, the dot product is applied to the adja-
cency matrix and the land/water vector. The result is a vector, ¢ which stores the amount of connec-
tions with a land vertex:

Avy, = ¢

The values in the connectivity vector range from 0, no connections to a land vertex, to 8, all con-
nections are with land vertices. The vertices that are suitable for vessel locations is the vector indices
where the connectivity vector is larger than 0 and the vertices are water vertices. The following set of
indices contains a land connection:

Veo ={i * ¢,; >0}

With:

V.., = The set of indices with a land connection
c,; = The number of land connections for vertex i

The vertices that suit the criteria are the following set:

Vepr = Vo NV

This set is used as the basis for locating berths and for the optimisation. The location for the example
basin is depicted in figure 3.6

Figure 3.6: The possible berth locations, Vpp;,, are displayed in purple.

3.3.3. Central basin pathway algorithm

The assumption of a central pathway has to be put into practice. Defining the central pathway seems
easy: it has to be related to the center of gravity of the port basin shape and a direct line to the entrance
point of the basin. This does hold up for convex shapes such as rectangles, circles, hexagons, etc.,
but not for irregular shapes (see figure 3.7). Port basins do have elements of geometric shapes, but
the shape of the whole basin is not a geometric shape, such as a rectangle, circle, etc. Therefore it is
more correct to assume that port basins are of manifold shape.
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Approximate

/ centre of mass

Figure 3.7: Centre of mass for a non-geometric shape

The central pathway has to be found in more complex theory. This is where mathematical morphol-
ogy is of good use. In mathematical morphology algorithms exist that can find a so-called morphological
skeleton. This skeleton is found by thinning (eroding the layers of a shape) a shape until it is a line.
One such algorithm is provided by the scipy library in python, which uses a skeletonization algorithm
provided by (Zhang & Suen, 1984). The pixels that are in the skeleton are related to the indices in the
graph. Hence, a large part of the pathway vertices is defined. The morphological skeleton in itself is not
yet a path to the entrance, thus a connection has to be made. This is done by using the multi-source
Dijkstra function from networkx in python. This function finds the shortest path from the skeleton ver-
tices (sources) to the entrance point (target). The result is depicted in figure 3.8 as the skeleton is now
connected to the entrance, thus forming a central path.

Figure 3.8: Central pathway using the skeletonization algorithm indicated in yellow

With the central pathway defined, the berth pathway has to be defined. The berths used are a
subset of the possible vessel locations. Each berth has it separate path to the central basin. Since the
berths are just one vertex (or pixel), the multi-source Dijkstra function can be used again: the target is
the berth instead of the entrance node from the previous step. This has to be done for each berth. The
result is displayed in figure 3.9.
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Figure 3.9: Pathway through a port basin for a set of random berths

The final part is the actual dredging required for this path to be realized. The dredging function can
be found in appendix D. The function comes down to checking each of the adjacent vertices if they are
in equilibrium or not and if not, it has to be ’dredged’ to equilibrium. The dredging function is referred
to as the function:

fdreage (Iberths) Aperths) = deq
Ivertns = U1 J2s - Jnp} € VppL
dpertns = {d1, dz, ..., dnp}
With:

fireage = The dredging function which creates equilibrium after
Jpertns = The vertices vector of the berth locations

d,.:ns = The respective depths vector of the berths

d, = The resulting vector which stores the depths of the vertices
nb = Number of berths

The first step of the dredging is to set the required depths for the central pathway in such way that
for every berth the path is deep enough for its vessel to follow the path. This is done ordering the berth
depth from shallow to deep and excavate the path from shallow to deep. This result of this process is
depicted in figure 3.10a. After the required depths have been set throughout the graph, the equilibrium
is formed using the dredging algorithm. The result is a basin with the required depths along the path
with a stable basin bottom, depicted in figure 3.10b.
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0 20 a0 60 0 20 a0 60
-9 -8 -7 -6 -5 -4 -3 -2 -1 0 -9 -8 -7 -6 -5 -4 -3 -2 -1 0
(a) The pathway is dredged with the respective required depth. The loca-(b) The equilibrium bottom profile is created to facilitate the required path-

tions of the berths are illustrative and not optimised. way depths

Figure 3.10: Generation of an equilibrium basin bottom profile to facilitate the berths in the basin using a central path

Using the new generated equilibrium profile, the dredged volume can be calculated. The required
volume dredged comes down to subtracting the new equilibrium profile from the initial bottom profile,
summing all the differences and multiplying with the surface of the grid cell. The equilibrium depth is
vector:

deq = {deq,i PV €Vl

The dredged volume is:

[dV - fdredge (Jberths'dberths)]T -1 V; € VW

With A being the surface value of the vertex. In the example case, this value is set to 1.

3.3.4. Berth location optimisation

The process described in the previous section is now suitable for optimisation. Chapter 2 presented a
general optimisation problem and this structure will be used for this optimisation as well. Taking into
account all the requirements and assumptions for the fictive case, the optimisation problem is:

\}'ll;lil;; [dV - fdredge(Jberths'dberths)]T -1 Vi€ VW (3-1)
s.t. min(dist(l;, [;)) = max(dreq‘vi,dreq,vj) ViV € Jperths) LF J (3.2)
With:
Jperth €r VpaL
Where:

min(dist(J;,J;)) = The shortest path between berth i and j

Areq,; = The minimal required distance from berth i to other berths

Note that the actual optimisation of berth locations is not done in this section, but in Chapter 4. This
chapter provides the optimisation formulation to be used and tested later. The optimisation problem is
put into an heuristic algorithm, which picks random samples from the set of possible berth locations.
Hence, the set of berths is a random sample of Vpp,..

The meta-heuristic optimisation algorithm is provided by the python library pygmo (Hagberg et al.,
2008), which offers two algorithms for constrained optimisation:

» Improved harmony search (IHS)

» Extended ant colony optimisation (GACO)
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By doing a short comparison, which will be discussed more in depth in Chapter 4, the IHS algorithm
seemed to be the most promising for this problem. The result of this optimisation is a set of vertices
which represent the optimal berth locations, which is depicted in figure 3.11. The produced solution is
not optimized to the fullest, but is provides a good output for the next optimisation

Figure 3.11: Optimal berth locations after a short run. This is not the exact optimum.

3.4. Heuristic pathway optimisation

In this section we let go of the assumption that the pathway has to be through the centre of the basin
shape, i.e. equal to the morphological skeleton of the basin. At the moment of writing, an approach to
solve this problem does not exist yet, thus a method has to be developed. In the following sections,
like the previous section, the design concepts as well as the assumptions are discussed. After, the
algorithm is described to create an improved, near optimal pathway through the basin, given the berth
locations from the previous section. Finally, the optimisation is presented along with the result

3.4.1. Design concepts and assumptions

The central pathway functions as a benchmark for the pathway optimisation. Finding the optimal solu-
tion for multiple berths is a difficult problem; the grid changes as one berth is placed for the next berth.
The optimal solution can only be found in a formulation defined in Section 3.4, as the optimisation for
all pathways from the berths have to happen in the same optimisation. However, this, as stated before,
increases computational time significantly.

To keep the optimisation cheap, a workaround is defined. The workaround is to formulate the dredg-
ing costs in the edges of the graph. This way the Dijkstra algorithm is, to some extend, applicable for
determining the cheapest path in terms of required dredging volumes. The algorithm works according
to the following steps:

1. Update weight of edges using the vertices

Find shortest path for berth 1

Dredge pathway in the graph

Update weights in the graph with new equilibrium profile

Repeat step 2 till 4 for N berths

o o A~ w N

Repeat for all berth orders

The resulting graph should be a path that improves the central pathway approach, but claiming that
it is the optimal pathway would be an overstatement. However, it does provide a pathway that takes
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advantage of traversing through existing pathways.

The optimisation will be done different compared to previous sections in this report. Since the berth
locations are determined from the previous optimisation and the proposed algorithm is finished after
N iterations, there is no need for heuristic optimisation. The optimisation will now be a simple script
without any mathematical optimisation formulation.

3.4.2. Optimal basin pathway algorithm and results

As described in the previous paragraph, the dredging volumes have to be stored as weight in the edges
in order for shortest path algorithms to work. According to the first step, the weights of the edges have
to be updated for the dredging. The following factors have to be taken into account:

» Dredging is with respect to the current depth

+ If an edge is used and the path from the berth the vertex passed has to be dredged

Taking into account the first factor, the graph vertices are updated with regard to the required depth
of the first berth. The result is a graph with each vertex representing the difference between the design
depth for the berth and the initial depth. Since negative dredging (soil accretion) does not make sense
in this context, all negative values are setto 0. Next, the edges are updated using this new graph using
the following formula:

(%1 + Uj
Cij = 2 vij eE
In figure 3.12 an example is given in a short 4 x 4 grid. In this grid a berth with depth -8 will be
located.
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Figure 3.12: A graph with its original depths stored in the vertices and the length of the edges stored in the edge. The right figure
displays the pathway finding graph if a berth with depth -8 will be placed. The values on the edges on the right indicate value
Cij * dij
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This will, to some extend, take into account dredging when traversing through the graph. The graph
then is ready for finding the optimal path. The Dijkstra algorithm, provided by the networkx library in
python, will find the path with least dredging costs and the result is a set of vertices which will represent
the path in the basin. The pathway will be dredged, as stated in step 3 of the algorithm, in the original
graph, not in the updated graph, in which the vertex depth value represented the difference between
the berth depth and initial depth.

The next step is to repeat the previous steps, but with the new berth and its respective depth.
Note that the graph has to updated with respect to the new profile, which facilitated berth 1. After the
repetition for every berth, the result is a basin with an optimal path for the set of berths in the basin:
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Figure 3.13: Optimal pathway through the port basin using the described optimal pathway algorithm

3.5. Exact pathway optimization

This section introduces the exact optimisation formulation, given a set of assumptions to make optimisa-
tion possible. First the assumptions are given for the optimisation, after the complete exact optimisation
problem is presented. The problem description is supported by an explanation of the objective, con-
straints as well as the decision variables.

This section only give the optimisation problem formulation for the basin pathway. The basin path-
way is the pathway from all berths to the entrance of a port basin. It takes manual berth location input
or heuristically optimised berth locations, as depicted in figure 3.14.

Heuristic berth
location
optimisation
Exact pathway Heuristic pathway
optimisation optimisation

Figure 3.14: This section gives the exact pathway optimisation as part of the workflow in the figure. The complete basin layout
optimisation consists of berth optimisation and sequential pathway optimisation.

3.5.1. Basin pathway optimisation problem formulation
Before getting into the problem formulation, some assumptions are made in bullet points.
Assumptions

* The main assumption is that berths are represented as single-cell entities, implying that the berth
does not have geometry

» The vessels inside the basin are indifferent of pathway directions and length and that vessels are
allowed to make any turn, even sharp corners.

» The basin bottom is of uniform material, making the stability slope constant over the whole basin.
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Using the assumptions mentioned and given a graph G (Vy, Ey,) which represents the water area of
a basin with a given basin bottom profile, mathematical programming model is:

Vw
min Z Vi — 601'
v,x,A 4 !
i=1
Vi Vi 1 V; €S,
s.t. xij — in =4 Ny Vi € T,
= = 0 v, EV\S,T
Vi > 61
Xij 21_.“(1 Al])
0= Xij #’11]

vj 2 v — p(1 = 4)
'Uj = Vi _Adij

1% > 60,1'

v; € [0' dmax]
xij €{0,1,2,.,np}
Aij €{0,1}
Sets
Vi = The vertices that represent water in the grid
Ey = The edges that connect the water vertices Vy,,

S = Source node, i.e. the berth locations, S < V},,
T = Termination node, i.e. basin entrance/exit, T < V,

Parameters

nb = Number of berths in the port basin, nb € Z*

6; = The required depth of berth i, i € V}y,

u = Alarge constant number, u >> nb

A = Unit depth difference allowed for stability slope ¢, ¢ € R
d;; = Distance from vertex i to vertex j, d;; € Ey,

0o, = The original depth of vertex i, i € Vy,

Variables

v; = Depth of vertexi, i € V,
x;j = Flow out of vertex i to vertex j, (i,) € Ey,

(3.3)

(3.4)

V,ES (3.5)

V) € Ew (3.6)

ViV, EVy \T, i #j (3.8)
V) € Ew (3.9)

V; EVy (3.10)

Aij = Slack variable for edge activation if part of the optimal pathway, (i,j) € Ey,

The complete problem is in essence a modified elementary shortest path problem formulation for
integer programming (Taccari, 2016) and it has some aspects from a network flow distribution optimi-
sation problem. Instead of optimizing for the distances over the edges, the optimisation is over the
vertices, which represent the depth of each cell. In short, the optimisation consists of the following

parts:
1. The objective (3.3)
The flow constraint for path finding (3.4)
Berth depth requirement (3.5)
Big M pathway edge activation constraints (3.6-3.8)
Soil stability constraint (3.9)

o o M 0w DN

Minimum depth constraint (3.10)

Each of the parts is discussed to provide the idea behind the constraint.
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Objective The objective in this context is to minimize the sum of ’depths’ of all the vertices v; minus
the original depth §;. This makes the optimisation algorithm ’push the values down’ of the depths facil-
itating the formation of an equilibrium profile. This objective formulation in combination with constraint
3.9 generate a stable equilibrium profile

Flow constraints for path finding The basic idea is stability of 'flow’ between the activated edges.
For the source it states that there should be at least one outgoing activated edge x;; more than incoming
activated edges x;;. The constraint ‘activates’ the path finding, since the path cannot end in the source
edge. For the sink T, which is a dummy node connected to all vertices at the entrance of the basin, the
amount of activated edges going out should be at least one less than the activated edges incoming.
The other edges, so the vertices which are not the source or sink, require to have balance in flow, i.e.
the incoming activated edges should be equal to the outgoing activated edges.

Berth depth requirement The berths (sources) should satisfy a minimum depth §; determined by
the vessel dimensions. The depth is not set as an equilibrium constraint, because that would be detri-
mental to the algorithm performance. The constraint is set such that larger depths are allowed, but the
algorithm, in practice, always tend to the depth given due to the objective.

Big M pathway edge activation constraints This set of constraints ensures that, if the edge is part
of the shortest path, the vertices crossed should at least require the depth determined by the source it
traveled from. essentially, this constraint is an if-statement: if the edge is in the path from the berth, it
should be at least as deep as the berth it departed from.

Integer programming does not allow for if statements, thus the big M method is applied to imitate
such statement. u is large number, which allows for v; be any value if 4;; is 0 (v; is not in the path) and
it has to be equal or larger than v; if 4;; is 1 (v; is part of the shortest path for the berth).

Soil stability constraint The vertices which are connected, should satisfy the soil stability constraint.
In the equation the ¢ depicts the soil stability angle (Al-Hashemi & Al-Amoudi, 2018) and d;; is the
distance between vertex i and j. This constraint only consists of the low limit, since it has to counteract
the minimization objective.

Minimum depth constraint The vertice v; are forced to 0 by the optimisation objective. However,
because the basin bottom has an initial depth, it is not allowed for the vertices to be shallower than the
initial depth &, ;. A depth shallower than the initial depth means sediment supplementation, which is
not allowed in this context.

3.5.2. Exact solution approach

The problem formulated at the start of the section can be solved with a MIP-solver of choice, e.g. com-
mercial solvers: gurobi (Gurobi, 2023), cplex (IBM, 2023), xpress (FICO, 2023) or free solvers such as
glpk (GNU, 2023). Note that the performance can vary per solver, but the commercial solver tend to
perform better overall (Mittelman, 2011), especially on MIP problems.

However, solving the exact solution can take a long time as the amount of vertices and edges get
larger and more constraints are added. In a port planning context, it's safe to assume that the con-
straints can get numerous, which would make the problem computationally expensive to solve. Some
problems can take weeks to solve using the exact method.






Method verification

The case presented in the previous chapter was an example to show what the methods do in the
discrete port environment. The performance is not yet tested. The testing of the method requires
benchmark cases. In this chapter, 5 benchmark cases are presented. Each of the cases has a unique
problem, which will test the algorithms.

4.1. Method validation

Before the validation of the algorithms, remarks regarding brute force optimisation are done. For bench-
marking often the results are compared to the brute force solution to display the benefit of alternative
approaches and to measure performance. However, these types of problems grow exponentially in
number of combinations, which is shown in the first section.

After the remarks, the environment is presented with the water area, basin bottom profile, and the
possible berth locations. Then, the berth optimisations are optimized and a qualitative reflection is
done on the locations. After that, the pathways are optimized using the heuristic, as well as the exact
approach. To make the approaches comparable, the optimisations are limited in time. The optimisation
approaches are also compared to the objective value of the central pathway used for the berth optimi-
sation. Finally, the results are discussed for each of the benchmarks.

An important notion is that the objective value is dependent on the dredging formulation for the exact
optimisation and the dredging function for the heuristic approaches. The exact optimisation uses the
Moore neighbourhoods, while the dredging function uses the Neumann neighbourhoods. The result
is that the dredging function, hence the heuristic approach, underestimates the dredging value. The
reason is the stability requirement between diagonal vertices that is not adapted for.

4.1.1. Remarks on brute force optimisation

This chapter does not include a brute force calculation for comparison. The downside is that the abso-
lute global optimum is not found and, hence, cannot be compared to the exact and heuristic approach.
The sole reason for this decision is the immense computational complexity of such computation. No
exact formula exists for the computational complexity of paths in a graph, but a simple approximation
can be done.

Given the graph G(V,E) in which V is the vertices and E is the edges. Assume a port basin with B
number of berths and the goal is to find the optimal path for all the berths through the basin to some
entrance T. To find the optimal pathway by brute force, all berth configurations and for each configuration
all the pathways have to be evaluated. Let's assume that only a select set of vertices is suitable for the
berths, Vpp,.. The set Vpp, consists of N elements. Berth 1 has N possible locations and the next berth,

35
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berth 2, has N-1 possible locations and berth 3 has N-2 possible locations, and so on. This sequence
can be continued for B berths. The amount of berth configurations is:

N
Nconfigs,berth = B

where Neonrigsperen 1S the number of berth configurations.

For every configuration, all pathways from berth to entrance have to be considered. The approxi-
mation for this varies per graph, hence no formula exists to estimate all the possible paths in a graph.
Algorithms exist to calculate the number of paths by means of a depth-first-search algorithm. However,
in this section, a simple approximation is done. Assume that for every path, also paths which do not
connect the berth to the entrance, have to be evaluated. A path is in essence the activation of edges
in a graph; an edges is either activated, 1, or not, 0. This has to be done for every edge in the graph.
Let's assume that the graph G(V,E) has k edges. The number of possible combinations of (de)activated
edges is:

Kconfigs,edges =2k
where Keonrigseages iS the number of configurations of (de)activated edges.

The simple estimation for the total amount of evaluations is:

Nevaluations configs,berth * Kconfigs,edges

where N.y,qiuations 1S the total number of evaluations done.

To give a sense of magnitude, a fictional grid graph with 42 nodes (6 x 7 cells) is considered, which
is very small. This basin requires 3 berths in it. Not all cells are suitable for berths, thus the amount
of possible berth locations is reduced to 17, which represents the 3 outer sides of the grid graph. The
number of berth configurations is:

17
Nconfigs,berth = 3 = 4080

The grid graph uses Moore neighbourhoods for connectivity, resulting in 262 edges in total. The
total amount of combinations for (de)activated edges is:

Kconfigs,edges =2%62=7,4%1078

The total amount of evaluations is:

Nevaiuations = 4080 * 7,4 * 1078 = 3,0 * 1082

This number is so large, even if you manage to evaluate a configuration in 1 nanosecond (10~? sec-
onds) it will take you longer than the elapsed time of planet Earth’s existence, which is about 1, 45 1017
seconds.

There are faster ways to brute force the optimal solution, but with this small calculation, the aim is to
display the size these combinatorial optimisation problems can amass. Hence, brute forcing a solution
does not seem feasible in the time frame of interest. Thus, we will only consider the heuristic and exact
optimisation scores in the validation

4.1.2. Benchmark 1: Rectangle basin with uniform basin bottom and uniform
fleet

In order to validate the methods, a new test case environment is modeled. In contrary to the previous

case, the set-up and methods will not be discussed, because the methods applied are the same. This

section simply concerns the layout and the optimisation outcomes.
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The case consists of a basin of 10 units in width and 60 units in length, depicted in figure 4.1. The
basin should facilitate 6 berths with a design depth of -7 meters. All of the berths have a minimal
required distance with respect to each other of 10 units, as described in Table 4.1

| Berth no. | Required depth [units] [ Minimal distance to other berths [units] |

1 -7 10
2 -7 10
3 -7 10
4 -7 10
5 -7 10
6 -7 10

Table 4.1: Fleet composition for benchmark case 1

Figure 4.1: Rectangle basin with the possible berth locations in purple.

The basin and the berths are used as input for the heuristic berth optimisation formulation. The
optimisation consist of a population of 20000 genomes and is evolved for 10000 generations, resulting
in 2+ 108 evaluations. The algorithm used is the improved harmony search (IHS) algorithm provided by
pygmo, using the standard settings. The location optimisation resulted in the following berth locations
and pathway:

0 0
10 10
20 20
30 30
40 40
50 50
60 60

0 20 a0 60 0 20 a0 60
-7 -6 -5 -4 -3 -2 -1 0 -7 -6 -5 -4 -3 -2 -1 0
(a) Rectangle basin bottom (b) Optimal berth locations

Figure 4.2: Basin bottom and optimised berth locations

The optimal pathway produced by the exact and heuristic approach are depicted in the figure below:
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(a) Optimal heuristic pathway through rectangle basin with uniform fleet(b) Optimal exact pathway through rectangle basin with uniform fleet and
and non-uniform basin bottom non-uniform basin bottom

Figure 4.3: Optimal pathways through rectangle basin

For comparison the objective values are compared with each other. However, an important differ-
ence between the heuristic and exact optimisation, is the fact that the heuristic approach uses Neumann
neighbourhood for dredging equilibrium, while the exact approach uses Moore neighbourhoods. The
results is that the heuristic approach underestimates dredging and the exact approach gives a more
correct measure for dredging. Hence, the comparison is not fair, but is gives an indication. The best
comparison would be to qualitatively reason the outcomes, but the objective values are provided as
indication of performance in table 4.2.

The optimal pathway provided by the exact optimisation seems to be the most logical, since it tra-
verses as much along the quay wall to limit dredging and its path is as straight as possible. The heuristic
pathway has a larger total pathway length and it does not maximizes its dredging savings from the quay
wall. Moreover, the objective value of the exact optimisation is not far of the heuristic objective value,
even though the heuristic objective value is an underestimation.

| Pathway | Objective value | Computational time |
Central pathway (underestimate) | 529 -
Heuristic (underestimate) 366 3 minutes
Exact 400 3 hours

Table 4.2: Benchmark 1 objective values

4.1.3. Benchmark 2: Rectangle basin with uniform basin bottom and berth loca-
tion restrictions

The second case is a rectangular port basin where the berths are only allowed in a small portion of the

port basin. Along with the berth restriction, the basin bottom is non-uniform and is deepest on the right

basin side. The basin along with the berth locations is depicted in figure 4.4. The fleet is the same as

in benchmark 1, described in Table 4.1.
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Figure 4.4: The rectangle basin as a benchmark. Purple cells indicate possible berth locations

The optimal berth locations in the basin after 20 million evaluations are depicted in the figure below:
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-7 -6 -5 -4 -3 -2 -1 0 -7 -6 -5 -4 -3 -2 -1 0
(a) rectangle-shaped basin bottom (b) Optimised berth locations for uniform fleet with berth restrictions

Figure 4.5: Y-shaped basin bottom and optimised berth locations

The optimal pathway produced by the exact and heuristic approach are depicted in the figure below:
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(a) Heuristic pathway for uniform fleet and non-uniform basin bottom.  (b) Exact pathway for uniform fleet and non-uniform basin bottom.

Figure 4.6: Optimal pathways through basin

Both the optimal paths travel through the right side of the basin and the left berth travels to the right
side. The difference in pathways between the heuristic and the exact path is the pathway shape; the
heuristic pathway goes in a straight line, while the exact pathway sees benéefit in traversing along an
arced line. The arced pathway even goes further inside the basin, however, this could be due to the
pre-solved solution from the MIP solver. Mirroring the arced line towards the basin entrance should
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provide the same objective value, as the left berth does not gain or lose an advantage due to the quay
wall. The objective values are stored in table 4.3. The exact pathway scores the best, even when the
other pathway measures are underestimated.

| Pathway | Objective value | Computational time |
Central pathway (underestimate) | 1046 -
Heuristic (underestimate) 513 3 minutes
Exact 510 3 hours

Table 4.3: Benchmark 2 objective values

4.1.4. Benchmark 3: Y-shaped basin with uniform bottom and uniform fleet

The Y-shaped basin differs from the rectangle basin in shape but also in possible berth locations. The
benchmark case does not allow for berths to be located in the channel that connects the two basins.
Thus, the berths are forced to be located in the port basin ends.

The case consists of a Y-shaped basin with a uniform depth across the basin, depicted in figure 4.7
and 4.8a. The basin should facilitate 5 berths with all a design depth of -7 meter. The possible berth
locations in this case are restricted; the main fairway that connects the two side basin does not allow
for berth allocation. All of the berths have minimal required distance with respect to each other of 10
units, as described in Table 4.4

| Berth no. | Required depth [units] | Minimal distance to other berths [units] |

1 -7 10
2 -7 10
3 -7 10
4 -7 10
5 -7 10

Table 4.4: Fleet composition for benchmark case 3

Figure 4.7: The Y-shaped basin as benchmark. Purple cells indicate possible berth locations

The basin and the berths are used as input for the heuristic berth optimisation formulation. The
optimisation consist of a population of 20000 genomes and is evolved for 10000 generations, resulting
in 2+ 108 evaluations. The algorithm used is the improved harmony search (IHS) algorithm provided by
pygmo, using the standard settings. The location optimisation resulted in the following berth locations
and pathway:
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(a) Y-shaped basin bottom (b) Optimised berth locations for the uniform fleet.

Figure 4.8: Y-shaped basin bottom and optimised berth locations

The optimal pathway produced by the exact and heuristic approach are depicted in the figure below:
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(a) Heuristic pathway for uniform fleet and uniform basin bottom. (b) Exact pathway for uniform fleet and uniform basin bottom.

Figure 4.9: Optimal pathways through Y-shaped basin with uniform fleet and uniform basin bottom

The pathways generated are significantly different from each other. The heuristic pathway prefers
to travel as much along the quay walls as possible, even if it means that one berth’s path has to cross
the entire basin. The exact approach, however, does not see the advantage of moving along the quay
walls as much as possible, but prefers a central path through the left basin that is angled towards the
path of the most right berth.

This case displays interesting behaviour in the exact approach. It is hard to say whether the exact
pathway is wrong, because it does perform well in the other benchmarks and it does show optimal
behaviour in its pathways. The following factors could play a role in this result:

» The optimisation failed to converge during the time-limited run. The reason could be the lack of
sensitivity in changing the pathway to objective value improvement.

» The optimisation is stuck in a local optimum. The optmisation uses a 'warm start’ as in heuristic
algorithms pre-solved the solution for the MIP solver to solve exactly

» The difference in berth design depth and initial depth allows for limited quay wall benefits to
pathway dredging. It considers a combined pathway more valuable than pathways along a quay
wall.

In terms of objective value, the heuristic approach provides the best result, but the result is an
underestimation compared to the exact approach’s formulation for dredging. The results are in table
4.5
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| Pathway

| Objective value | Computational time |

Exact

Central pathway (underestimate)
Heuristic (underestimate)

858
591
775

3 minutes
3 hours

Table 4.5: Benchmark 3 objective values

4.1.5. Benchmark 4: Y-shaped basin with uniform bottom and divers fleet

The port basin environment is the same as benchmark 3, shown in figure 4.7. The difference in this
case is the fleet composition. The fleet is composed of 5 vessels with different depths and distance
constraints, as described in Table 4.6. The basin bottom and optimal berth locations are depicted in

the figure below:

| Berth no. | Required depth [units] | Minimal distance to other berths [units] |

1 -10
2 -9
3 -6
4 -6
5 -6

20
10
5
5
5

Table 4.6: Fleet composition for benchmark case 4
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(b) Optimised berth locations for the non uniform fleet.

Figure 4.10: Y-shaped basin bottom and optimised berth locations

The optimised pathways through the basin are shown in figure 4.11

0 20 2 60
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(a) Heuristic pathway for non-uniform fleet and uniform basin bottom.

Figure 4.11: Optimal pathways through Y-shaped basin with non-uniform fleet and uniform basin bottom
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(b) Exact pathway for non-uniform fleet and uniform basin bottom.

4. Method verification
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Looking at the results produced, the exact pathway provides a more logical optimal route. However,
the heuristic pathway maximizes the benefit provided by the quay walls, even if it means that the path-
way in itself will be longer. The exact pathway prefers a pathway that traverses through the middle of
the basin. Thus, the exact pathway does not see the benefit of traversing around the basin perimeter
compared to traversing using the shortest route.

Another observation of the exact optimisation is the 'wiggle’ in the pathway. This phenomenon can
be explained by the lack of convergence of the solution. The optimisation was done in 3 hours, which
seems to be too little for the pathway optimisation.

| Pathway | Objective value | Computational time |
Central pathway (underestimate) | 2665 -
Heuristic (underestimate) 1451 3 minutes
Exact 1726 3 hours

Table 4.7: Benchmark 4 objective values

4.1.6. Benchmark 5: Y-shaped basin with non-uniform bottom and divers fleet
The port basin environment is the same as benchmark 3, shown in figure 4.7. The difference in this
case is the fleet composition and the basin bottom. The fleet is composed of 5 vessels with different
depths and distance constraints, like case 4, as described in Table 4.6. The basin bottom is deeper
in the left basin and shallower in the right basin. The basin bottom and optimal berth locations are
depicted in the figure below:
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(a) Y-shaped basin with non-uniform bottom. (b) Optimised berth locations non-uniform fleet.

Figure 4.12: Y-shaped basin with a non-inform fleet and a non-uniform bottom

The optimised pathways through the basin are shown in figure 4.13
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(a) Heuristic optimal pathway through the basin with a non-uniform basin(b) Exact optimal pathway through the basin with a non-uniform basin
bottom with non-uniform fleet. bottom with non-uniform fleet.

Figure 4.13: Optimal pathways through Y-shaped basin with non-uniform fleet and non-uniform basin bottom

The heuristic pathway shows the most remarkable behaviour, as the depth to the basin entrance is
not deep enough for the deepest design depth of -10 meters. This is due to a bug in the algorithm, hence
the result is not valid. The exact pathway does provide a valid solution. The pathway also maximizes
the benefit of the quay wall. The berth with -9 depth sees the benefit of moving along the quay wall
and then creating the shortest route to the berth of -10 meters, compared to picking the shortest path
to the basin entrance. The lack of convergence does play a role again; the berths located at the top of
the right basin have a route that crosses the middle basin, instead of latching onto the pathway of the
-9 depth berth.

| Pathway | Objective value | Computational time |
Central pathway (underestimate) | 2637 -
Heuristic (underestimate) 1600 3 minutes
Exact 1904 3 hours

Table 4.8: Benchmark 5 objective values

4.2. Sensitivity analysis

This section provides a sensitivity analysis of the exact optimisation approach. The goal of this analysis
is to see how the pathway behaves for different basin geometries, vessel depths, and stability slope ¢.
The topic of interest is the evolution of the pathway and the respective objective value. This is studied
by moving berth locations further from the entrance of the basin and changing parameters to study the
formation of a central pathway. The study is inspired by the previous section, where benchmarks 3
and 4 showed interesting pathway behaviour. Each of the cases is analysed separately and the end
conclusions are presented.

The reason only the exact pathway is studied is due to the nature of the heuristic pathway. The
heuristic pathway approach can never formulate a central pathway. The heuristic approach in essence
answers the question: is it more beneficial to latch onto an existing pathway, or to create a separate
pathway to the basin entrance? Since berths are located near the side of the basin, it will never con-
sider a combined central pathway with other berths.

As stated before, the locations of the berths are moved through the basin to study the formation
of a central pathway. The basin used for this analysis is simple; it is the same basin as presented
in benchmark 1 (rectangular basin with uniform bottom). However, in this study, we only consider 2
berths which are located on the opposite side of the basin.
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4.2.1. Berth location sensitivity

The berths start at a distance of 5 units to the basin entrance. Every iteration, the berths are both
moving 5 units further from the basin next to the quay wall. The stability slope ¢ and berth depth §;
are constant and are 40°and -7 units respectively. These parameters and the berth locations form the
standard for the other sensitivity analyses. Figure 4.14 displays the evolution of the pathway and figure
4.14 plots the objective value per berth location. The location is measured in unit distance from the
basin entrance. Table 4.9 presents the objective values and figure 4.15 plots the values.
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M 4 [
-7 -6 -5 -4 -3 -2 -1 0 -7 -6 -5 -4 -3 -2 -1 0

Figure 4.14: Optimal pathways for 4 different locations

| Location [m] | Obj. |

5 100
15 226
25 303
15 354

Table 4.9: Objective value of exact pathway per berth location.
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Location sensitivity
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Figure 4.15: Graph plotting the objective values over the different locations

Judging by the data and plots provided, the algorithm quickly sees benefit of combining pathways
to the berths. However, it decided to not formulate a central pathway, but it preferred to traverse to one
side and then head out of the basin. This is logical, since the quay wall provides dredging protection.
Thus, the pathway is sensitive using the current parameters to the berth locations.

4.2.2. Basin width sensitivity

The parameters set for the basin are the same as in the previous analysis. However, this time the
basin width changed. The widths are set to 10, 15, 20, 25 units. The results produced by the exact
optimisation algorithms are depicted in figures 4.16 - 4.19. The objective values are stored in table
4.10 and plotted in figure 4.20.
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Figure 4.16: Optimal pathways for 4 different locations and basin width 10
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Figure 4.18: Optimal pathways for 4 different locations and basin width 20
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Figure 4.19: Optimal pathways for 4 different locations and basin width 25

| Location [m] | Obj. W= 10 | Obj. W= 15 | Obj. W =20 [ Obj. W =25 |

5 100 100 100 100
15 226 240 240 244
25 303 363 442 379
35 354 419 502 518

Table 4.10: Objective value of exact pathway per berth location with different widths

Width sensitivity

400 4

Objective value
w
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200

5 10 15 20 25 30 35
Location

Figure 4.20: Graph plotting the objective values over the different locations and different widths

The optimisations show that the pathway is sensitive to the width of the basin. When the basin gets
wider compared to the length of the basin, the optimal pathway is no longer a combined path. For width
25 units the basin pathway only prefers a combined path for berth far up the basin. Even though the
pathways are sensitive to the basin width, the objective value shows it is not influenced as strongly.
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4.2.3. Berth depth requirement sensitivity

The parameters set for the basin are the same as the berth location analysis. However, this time the
berth design depths change. The depths are set to -6, -7, -8, and -9 units. The results produced by
the exact optimisation algorithms are depicted in figure 4.21 - 4.24. The objective values are stored in
table 4.11 and plotted in figure 4.25
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Figure 4.21: Optimal pathways for 4 different locations and berth depth -6
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Figure 4.23: Optimal pathways for 4 different locations and berth depth -8
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Figure 4.24: Optimal pathways for 4 different locations and berth depth -9

[ Location [m] | Obj. 5= -6 | Obj. 5= -7 | Obj. 5= -8 | Obj. 5= 9 |

5 46 100 181 285
15 105 226 364 537
25 138 303 478 730
35 172 354 596 879

Table 4.11: Objective value of exact pathway per berth location.
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Figure 4.25: Graph plotting the objective values over the different locations and different depths
By comparing the columns, it can be concluded that the objective is very sensitive to the design

depths of the berth. A depth increase of 1 meter comes close to doubling the objective value for small
depths and gets smaller, but still significant, for larger depths.
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4.2.4. Stability slope sensitivity

The parameters set for the basin are the same as the berth location analysis. However, this time the
stability slope changes. The stability slopes are set to 30, 35, 40 and 45 units. The results produced
by the exact optimisation algorithms are depicted in figure 4.26 - 4.29. The objective values are stored
in table 4.12 and plotted in figure 4.30.
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Figure 4.26: Optimal pathways for 4 different locations and ¢ is 30 degrees
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Figure 4.28: Optimal pathways for 4 different locations and ¢ is 40 degrees
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Figure 4.29: Optimal pathways for 4 different locations and ¢ is 45 degrees

| Location | Obj. ¢=30 [ Obj. =35 | Obj. ¢=40 [ Obj. ¢=45 |

5 148 121 100 83

15 297 250 226 213
25 390 325 303 243
35 502 404 354 305

Table 4.12: Objective value of exact pathway per berth location with different stability slopes ¢

Stability slope sensitivity
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Figure 4.30: Graph plotting the objective values over the different locations and different stability slopes

The stability slope exercises influence on the objective value. A larger gimplies a smaller objective
value. This makes sense, since an increase in stability slope allows for basin bottoms to be steeper
and, hence, be cheaper to dredge.

The pathway is also slightly influenced by the stability slope. Figure 4.26 shows pathways that are
more 'fluid’, in the sense that there are little sharp corners. The reason for this is the dredging influence
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region that attracts the pathway gradually. The pathway benefits from the dredged region by traversing
to it, while moving to the quay wall and minimizing the total pathway length.

4.2.5. Sensitivity analysis outcomes
To conclude the sensitivity analyses, the most important outcomes are summed up in the list below:

» The location of the berths increase the objective value. This increase is not completely linear due
to the pathways merging.

» The objective is most sensitive to the depths of the berths. For every meter depth extra, the
objective value increases significantly. This increase does reduce between the deeper berths.

» The stability slope of the soil allows for pathways that are slightly arced when joining another
pathway. The reason for this is that the pathway tries to both find a short route while benefiting
as much from the dredging influence region of the other pathway.

» The pathway is most sensitive to the width of the basin. As the basin gets wider, the optimal
pathway is no longer a combined pathway.






Scheurhaven case optimisation

5.1. The Scheurhaven case

The Scheurhaven is a small port basin located in the port of Rotterdam, as depicted in Figure 5.1. The
port basin originally was meant as a working port for the construction of the Maasvlakte. However, after
construction, the port basin had little use, since the construction was over. Over time the port basin
was used as a leftover spot: if an unassigned vessel required a spot, the Scheurhaven could be an
option to lay berth. The position of the port basin was favourable for tugboats, since they require to be
close to the Port of Rotterdam entrance to assist incoming vessels fast. Hence, the tugboats were a
suitable client for the Scheurhaven. Over time the berths in the port basin grew naturally, because of
the ‘leftover berth’ idea that reigned in port planners’ minds. The consequence of this natural growth
is that the basin does not have the optimal layout and it is hard to get to the optimal layout, since re-
assigning berths requires contracts to either expire or to be renegotiated with several parties. The lack
of strategy for the port makes it hard to optimize the port basin layout. For the Scheurhaven a plan is
made to give the port basin a defined purpose, along with the creation of additional berth locations for
Fairplay tugboats.

Figure 5.1: Map of the Scheurhaven

The basin now facilitates a variety of clients, thus vessel types. Most berths are assigned for tug-
boats from Boluda and the other berths are for Evides (drink water company), the Rowers Association
KRVE, and more. The problem that came to rise recently is the tugboats ‘bumping’ into the slope of
the Scheurhaven. Tugboats in itself are quite robust, hence only the slope of the embankment is at
risk. By bumping into the embankment, the embankment loses material which can impose a risk on

57
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the stability of the slope.

A fundamental question to this problem: why is the bumping happening? The origin of the problem
lies in the growing size of the tugboat vessels. In the past tugboats had a B: LOA (Beam to Length
overall) ratio of 1:4. Contemporary vessels are getting closer to a 1:3 ratio and it is expected that the
vessels will even reach a 1:2 ratio, resulting in so-called ‘doughnuts’. Along with the ratio change, the
vessel lengths have also increased, thus bumping into the embankment, because the vessels have
outgrown the current berth sizes.

A growing vessel size means that it also requires more space to maneuver itself through the basin.
The problem with a port basin is the stiffness of the dimensions: a port basin perimeter is expensive
to adjust, since it requires construction of elements and site excavation. Both cost a lot of money and
result in downtime in the port basin, which requires compensation for the contracted companies inside
the port basin. A solution that requires these major interventions is not preferred by the port authority
and if a solution can be found within interventions inside the port basin, without affecting the port basin
perimeter and the adjacent land, it would be preferred. Changes in the port basin perimeter would
result in the roads being rearranged, which affects the accessibility of the basin.

The land around the basin perimeter is occupied by roads, a small office building, a house, and a
pair of wind turbines. Sacrificing these buildings would result in settlements between the port authority
and local stakeholders, which drive the costs up, an unfavorable outcome for the port authority. The
wind turbines impose a different type of constraint on the environment. The wind turbines have a ‘safety
contour’ (circular area) around them in which people are not allowed to stay for longer than an hour.
The circular area of the safety zone stretches to the water area, which implies constraints on the berth
locations.

Apart from the safety constraints, the port handles a guideline for designing port basins. The guide-
lines prescribe mainly geometric constraints for port basins: berths require a certain distance from one
another, a guaranteed depth, distance from embankments, and more requirements stated in the guide-
line. These constraints are based on operational and safety philosophies.

Tackling all the constraints without doing an intervention in the system seems nearly impossible.
Thus, interventions, such as building quay walls, retaining walls, embankment slope improvements,
and more, are allowed to be used. The downside is that every intervention comes at a, literal, cost,
either monetary or emission-wise. Along with the direct costs is the cost of operational downtime and
compensation that goes hand-in-hand with construction. The important question that arises with build-
ing these interventions is: is it worth to implement such an intervention? In most cases it is more
worthwhile to adjust the system slightly instead of implementing major changes on the system when
accomplishing the same result. The key concept in this question is trade-offs; how does an adjustment
in the system affect the rest of the system? These trade-offs happen in multiple dimensions (cost,
space, connectivity, etc.), which makes the problem hard for humans to comprehend. The more di-
mensions considered, the harder it is to determine what is the optimal result for the situation.

5.2. Goal of the case

The goal is to facilitate nine futureproof berths for tug boats of Boluda in the Scheurhaven. The berths
are required to facilitate tug boats of size 35x15x6,5 (LxBxD). Other berths inside the port basin remain
unaffected by the improved/new berths.

5.3. Port basin layout requirements

5.3.1. Geometric layout requirements

Before determining the costs and emissions, the design has to be deemed ‘valid’. A design is valid when
it satisfies the constraints given. For designing port basins, the validity is determined by many different
factors from many disciplines. The first document for designing port basin layouts is ‘Ontwerprichtlijnen
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havens en vaarwegen’. The relevant constraints given in this document are:

* Required width of the port basin

» Required depth for vessel

* Required turning basin diameter

* Required respective vessel distance

» Required distance from embankments

» Required distance margin for tugboat assistance (if applicable)

* Required minimal distance from wind turbines

Along with these given constraints, constraints that are deemed ‘common sense’ should also be
set. These constraints are:

* Berths should be located inside the basin, in the water area

 Berths are not allowed to overlap

» No overlap between berths and constructions is allowed

» Berths are required to be attached to a 1) quay wall or 2) jetty 3) pontoons.

» The pathing to a berth requires a depth equal to the design depth of the vessel allocated to the
berth

» The berths don’t obstruct the pathway

5.3.2. Port basin construction requirements

The mentioned constructions also require some validity checks; a round quay wall or hexagonal pon-
toons are not realistic. So every construction has a special set of constraints, which will all be ad-
dressed. First, a quay wall should be:

* A straight line or rectangular (continuous)

» Long enough to facilitate respective design vessel

* Built on the wet perimeter of a port basin

+ Built as an interface between water and land

+ Built to a certain depth to provide stability

A pontoon:

* Must be built into the water

* Requires a certain design depth to not hit the bottom
* Must be a line or rectangular (continuous)

* Requires a connection (bridge) to the land head

» Should be long enough to facilitate the respective vessel

The port basin design only contains pontoons and quay walls which are of interest. Therefore other
elements, such as jetties, are not considered.



60 5. Scheurhaven case optimisation

5.3.3. Basin bottom requirements

Designing a port basin layout imposes changes to the environment to facilitate the design vessels.
Hence, the bottom of the port basin will also be adjusted. Since the bottom profile can be seen as
a function of the berths inside the basin, the major requirement is the stability of the bottom after the
intervention.

5.4. Case scope for optimisation

The scope of the case is mostly equal to the research scope. It mainly concerns finding the optimal
pathway for the berths in a basin as its optimisation. Thus, structures are not taken into account for
the optimisation. The consequence of this assumption is that a large part of the optimisation is taken
as an assumption. If the method is applied to the basin without the structures, the outcomes would not
be comparable at all. Hence, the berth locations are set according to the design produced by the port
of Rotterdam Authority. The only optimisation left would be the pathway optimisation.

To conclude, the case scope would be to optimize the pathway for the set of Boluda berths, which
locations are set for the optimisation.

5.5. Environment modeling

Before optimisation, the environment has to be set up. To start, an environment matrix of 256 x 256
elements is created with each element representing a grid cell. In order to make the Scheurhaven fit
in the matrix, the scale is set as 1 cell is 2x2 meter. This makes the Scheurhaven basin with a length
of approximately 310 x 90 meters fit in the matrix. The water body in the matrix is drawn using the
OpenCYV fillPoly function and assigning the water body a value of 0 and the land cells a value of 1. The
resulting basin:
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Figure 5.2: Scheurhaven modeled in the environment matrix. Green is the land side and blue is the waterside

The pathway optimisation is done based on the berths set by the Port of Rotterdam design. The
design for the Boluda tugboat berths in the basin is depicted in the figure below:
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Figure 5.3: The Boluda tug berths are attached to a pontoon indicated by the gray line. The berths are in yellow

The next step is to model the basin bottom of the scheurhaven. Since the original Scheurhaven
design was made in 2020, those depths will be taken into account. The basin bottom, by estimation,
has the following depth profile:
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Figure 5.4: Scheurhaven depth profile in 2020, by estimation based

5.6. Pre-processing for optimisation

The created environment has to be translated into a graph for the optimisation. The graph is made by
checking the Moore neighbours for each cell. The result is an adjacency matrix of dimensions 65536
x 65536 with each column and row indexed representing a grid cell. This adjacency matrix can easily
be translated into a graph by means of the networkx library in python, using the 'from_scipy_sparse’
function. The graph is denoted as G(V, E) with V being all the vertices and E being all the edges. Note
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that the weight of the edges in the graph represents the relative distance between cells. In this case,
the grid cells are 2 x 2 meters, thus the unit distance has to be scaled by a factor of 2.

The depths of each vertex (grid cell center) are stored in a vector of length 65536 with each position
coinciding with indices in the graph. This vector is called the depth vector, denoted as:

dV = {dV,O' dV,lﬂ dV,Z' e dV,65533' dV,65534-' ClV,65535}

The scope of the case is on the waterborne side of port planning and no adjustments are allowed
to the land vertices. For the sake of the dredging algorithm and computational speed, the land nodes
have to be expelled from the graph. The set of vertices consists of land vertices, V|, and water nodes,
V. The land nodes are the nodes with depth 0, and the water vertices have smaller depths. The
depths are with respect to the water level with the negative values being below water level and positive
values being above water level. Finally, the nodes are either water vertices or land vertices, no overlap
in identities exists. With these characteristics, the following identities hold:

Vp={i : dy; =0}
VW = {L : dV.i < 0}
VL U VW = V
VvonVy, =0

The edges have to be filtered accordingly, leading to the following notation:

Ew ={@,)); ViV € Vy}
The considered graph is:

G(Vw, Ew)

5.7. Optimisation set-up and result

The environment and graph are set up to facilitate optimisation. Now some parameters have to be set
for the optimisation, such as:

» The starting points of the berths for the pathway optimisations
+ Design depth of the vessels
 Dealing with the pontoons and in between space of berths

+ determining the entrance/exit point for the vessels

The starting point of the optimisation of the vessels are the centers of mass for each berth. The
starting locations are depicted in figure 5.5. The location of these center points implies that this vertex
has to be dredged. The normative vessel has a design depth of -9 meters w.r.t. the water level. The
vessels in the scope all have this normative depth. The basin bottom is depicted in figure 5.5. Note
that the bottom is not yet dredged for equilibrium, thus the gradient in values can exceed the stability
slope for soil.
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Figure 5.5: Scheurhaven depth profile with the required depth set at the berth locations (light green dots). Note that the color
palette slightly shifted from the original depth colors.

The pontoons and spaces in between the berths should not be traversable. Otherwise, the pathfind-
ing algorithm would traverse through the pontoons or use another berth for its pathway. Hence, these
vertices are excluded from the considered graph.

Now the optimisation is ready and the method described in Chapter 3 is applied to find the optimal
pathway. The figure below displays the final result of the optimisation:
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Figure 5.6: Optimal pathway for the Scheurhaven port basin using the heuristic approach






Discussion

This chapter discusses the limitations, applicability, and performance of the methods developed.

6.1. Limitations of heuristic berth location optimisation

Chapter 3 introduced the method to optimise berth locations for berths with a minimal required depth
and a required minimal distance to other berths, assuming berths as single-cell entities. The first lim-
itation is the lack of berth geometry. As can be seen from the literature presented in Chapter 2, berth
layouts is an exercise that relies on a vessel, thus berth, geometry. The distance constraints hold
specifically for the bow and aft of the vessel, which cannot be distinguished with the current method.
Hence, the distance constraint measures distances in every direction from the berth. The result is that
opposite berths are not valid due to being too close to other berths using the method, but in reality, the
berth layout is valid. This problem also goes for berths located around corners. The distance measur-
ing in the graph does not make a distinction between berths located on the same straight quay wall,
where the distance constraint does hold, or the distance around corners, where the distance constraint
does not hold anymore. The result of this flaw is that good quality variants are unjustly labeled as
invalid, thus reducing the overall quality of the optimisation, thus leaving out potential optimal variants,
thereby limiting support quality for decision-making and selecting the best berth layout variant.

The lack of geometry is the result of the choice to model the space discrete using a grid. A berth
shape is a rectangle, which is easy to comprehend for people, but defining a rectangle in discrete
space turned out to be difficult. Geometric properties of shapes are hard to define when the grid only
contains information on connectivity and grid cell characteristics. The solution might be found in digital
geometry or computational geometry. The named subjects have been studied slightly in order to im-
plement geometry, but to no avail. These subjects require a mathematical skill set that goes beyond
the mathematics thought in the civil engineering curriculum at TU Delft. Hence, it might be advisable to
research the possibility of combining the current methods with a mathematical approach that functions
in a continuous space.

Apart from the implications of the lack of geometry on berths, another result of the lack of geometry
is the absence of structures in the developed methods. In a basin layout, constructions are indicated
using ’simple’ geometric elements. A quay wall is schematised as a line or a thin rectangle, just like
jetties and pontoons. A considerable amount of time was spent to define geometric shapes in a grid,
but, again, to no avail. The lack of structures restricts the port planning exercise significantly, since the
possibility of building structures allows for more design variants, thus the potential added value to the
decision process for selecting the best berth layout. Other studies mentioned, such as Woerlee (2019),
did manage to implement multiple geometric features for breakwater design for a simple basin. The
hypothesised reason could be due to the choice of modeling structures in continuous space, which did
not require addressing complex disciplines such as digital geometry.

The experienced problem with the implementation of geometry and the resulting lack of structures
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withheld the progress made in terms of formulating structures in the optimisation formulation. Struc-
tures in the context of optimisation for minimal costs have been researched: every structure imposes
a monetary cost to the objective. Implementing a structure in a port basin is not a goal in itself; it is a
monetary sacrifice willing to be made in order to allow for more design possibilities. The trade-off exists
between expanding the design space by building a structure versus the additional costs of building a
structure. This trade-off could provide alternative insights relevant to the port basin design exercise
for port planners in deciding the best variant, but this is not accomplished due to the complexity of
implementing geometry in a discrete environment.

The above-mentioned problems regarding geometry came from the assumption of a discrete space
and the importance of geometry in basin layout design. The root lies within the selection to use a dis-
crete space. The reason it was picked was due to the complex shapes of large port basins, which was
shortly addressed in Section 3.2.3, to avoid future problems when applying the method to larger port
areas. Assuming that port basins are manifold and that analytical mathematical expressions (functions
as y = ax + b) are not suited for describing complex port geometries of larger port basins, ends up
resulting in complex mathematics for describing simple geometric elements in the port basin, such as
berth and structures. However, in the recommendations concepts are introduced to possibly implement
geometry.

Another limitation is a minor problem in defining the pathway from the berth to the entrance of the
port basin using the predefined central pathway. The pathway from the berth to the central pathway is
the shortest path between them. However, the pathway per berth has to be the shortest path from berth
to entrance, instead of the shortest path from the berth to the central pathway to the basin entrance.
The result is that the berths are located and evaluated based on a total pathway that does not consider
optimal pathways for each berth. An example can be found in Figure 3.10b, where the pathways have
sharp-cornered pathways. The result is another drop in the quality of the generated variant.

Finally, there is a limitation in finding the optimal berth layout using the meta-heuristic improved
harmony search algorithm to optimise the layout. The meta-heuristic used has not been fine-tuned in
terms of optimisation parameters, such as the convergence speed parameter and focus parameter pro-
vided by the pygmo python library. The parameters have been studied limited, hence the optimisation
could have converged faster when these parameters were adapted. Moreover, it is suggested to look
into developing a self-made heuristic to solve the problem, for instance, a genetic algorithm as done
in other student theses as Schaly (2021). A tailor-made heuristic algorithm could end up generating
better results in a shorter amount of time.

6.2. Discussion on benchmark performance of heuristic and exact

pathway optimisation
The Chapter 4 presented two approaches to optimise pathways through the basin: an exact approach
and a heuristics approach. This section discusses the outcome of the two approaches and compares
them. After, the limitations are given with regard to the respective methods.

In the first place, both approaches produced better pathways than the initial assumption of a central
pathway. Even though the central pathway is an underestimation, as is the heuristic approach, it is
improved by the exact pathway, as well as the heuristic pathway. This implies that both approaches
provide quality improvement for minimizing pathway dredging. The second result is the overlap in
pathways created by heuristic and exact approach when the fleet is divers and the basin bottom is not
uniform.

If the fleet is uniform and the depth is also uniform, the results between the heuristic and exact
pathway could vary, depending on the basin geometry and berth locations. The pathways created by
both approaches both arguably optimise the pathway their way; the heuristic approach maximises the
dredging savings by moving along the quay wall, even though the method is not 'aware’ of dredging
savings due to its negligence of the dredging influence around the pathway, while the exact pathway
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prefers a central pathway. Due to the difference in measuring dredging between the methods, it is
hard to conclude which one performs best, considering the qualitatively good performance of the exact
approach in the other benchmarks.

Another factor to consider is the computational time it took for these optimisations. The heuristic
approach could generate quality berth layouts in about 2 hours. After that, the pathway optimisations
differed slightly. The heuristic pathway finished in about 10 minutes, while the exact approach in some
cases required 6 hours to converge to a stable solution. This computational time differed per bench-
mark; benchmark 1 took 20 minutes to converge using the exact pathway, while benchmark 3 took 6
hours to produce an arguably non-converged solution. However, from a project point of view, these
optimisation times are very short compared to the time it takes for designers to design a layout, which
is touched upon in Appendix C.

To conclude, it is hard to say which of the approaches is superior in terms of performance. The only
certainty is that the exact approach provides a more robust approach, since it is less sensible to human
programming errors and it can potentially find a global optimum. Hence, the exact approach would be
the more reliable approach to consider for application.

6.3. Limitations on the heuristic and exact pathway approaches

For both the heuristic and exact pathway optimisations, numerous limitations have to be addressed to
give a clear view of the extent to which the approaches are applicable. The first obvious limitation is
the lack of geometry of the berths, which is discussed in the first section of this chapter. Due to the
lack of geometry pathway dimensions are not taken into consideration.

Furthermore, both methods do not take into account vessel maneuverability when forming a path-
way through the basin. Vessels in general are less capable of taking sharp turns. This differs from
vessel type as tug boats are more maneuverable than large container vessels. Thus, the pathway
should be in accordance with the maneuverability of the vessels, resulting in pathways with less sharp
turns and more monotonic pathway directions. The result of the negligence of maneuverability is a
potentially unrealistic pathway. However, for decision making it could have small implications as the
pathway can be used as an indication of optimality for selecting the best basin layout.

Apart from the geometry and maneuverability absence of both methods, each method has its spe-
cific drawbacks. A significant drawback of the heuristic approach is in the sequential pathway finding
for each berth to eventually define the pathway through the basin. By finding the pathway for the berth
sequentially, each berth pathway iteration the method will produce an optimal path for each berth given
an environment that will be different from the previous and the next environment, due to the creation of
the pathway. This means that in every berth iteration, the problem gets adapted and has its respective
optimal solution. The result is that the method will produce local optima upon local optima, which could
lead to a non-global optimum, given the problem of finding the best pathway through the whole basin
for all berths together. Although this method will produce a better pathway than the central pathway,
it can potentially reduce the quality of the pathway design, hence supporting the decision-makers in
assessing the best pathway.

To reduce the negative effect of the method described in the paragraph before, the method proposes
to try every sequence of pathways from berth to the basin entrance. However, this combinatorial prob-
lem increases computational expense when the number of berths increases. Specifically, the number
of combinations for a given number of berths is n,!. For the benchmarks with 5 berths, it gives 120
combinations, which was done in roughly 3 minutes. Keep in mind that the basins in the benchmarks
were small. For larger basins and a larger fleet, the computational time can increase dramatically.

The exact pathway optimisation approach, contrary to the heuristic pathway optimisation, is capable
of finding the global optimal solution. However, when solving the problem for the benchmark cases,
it became clear that actual convergence to the optimal solution is hard. The runs done for the bench-
mark were time-limited to 3 hours. In none of the benchmark cases, the optimisation converged to the
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optimal. The only convergence during this research was in the sensitivity analysis for a basin width
of 25 units and berths located 5 units from the basin entrance, as it converged in roughly 3 minutes.
The precise reason for the lack of convergence is not assessed. Observations concerning the log
gurobi (the mathematical programming solver used) show that the lower bounds didn’t move or moved
barely, just as the objective value of the best iteration after 2 hours. However, the optimisation can con-
verge to an optimal solution as previously mentioned, and after 3 hours the produced pathway is stable.

6.4. Applicability of heuristic approach on Scheurhaven case

The heuristic pathway optimisation has been applied on the Scheurhaven case. The reason that no
berth location optimisation is applied, is the unfair comparison due to the lack of features in the optimisa-
tion method compared to the features used in the real basin layout and therefore the redundancy of the
optimisation. In the context of adding value to the potential decision-making process, the Scheurhaven
case was a bridge too far for the existing methods to add value in terms of berth layout and pathways.

Even though the method cannot add substantial value to decision-making for berth layout and path-
way design for the Scheurhaven case, the case itself had limited potential optimisation. The design
possibilities were limited, because most of the basin was already designed and the layout for the ad-
ditional berths had limited design options. Hence, the potential to add value was little. The current
method could potentially add more value to problems with more available berth locations and a fleet
that is diverse in terms of design depths and diverse minimal distances between berths and berth lo-
cation constraints.

To conclude this section: the current case is not the ideal case for this optimisation approach, due
to the lack of features in the approaches, as well as the case spatial complexity and fleet composition.
Nevertheless, the case study can function as a guideline for modeling a case.

6.5. Limitations of optimisation scope

The current optimisation is to minimize the required dredging for creating the pathway through the
basin. Dredging is a factor in deciding what layout is the best, but several other factors also play a role
in deciding what basin berth layout to realise. A sample of the other factors is discussed in this section.

The berth layout optimisation locates a set of berths that minimized the dredging for a pathway. the
result of the optmisation only takes into account dredging volumes. The result of the volumes can be
translated to costs and emissions exhausted to realize the dredging pathway. The additions of these
factors will not affect the optimisation, because the relation between costs, emissions and dredging
volume is positive; dredging will lead to an increase in costs and emissions. However, when structures
are also considered, the relation between dredging and creating structures could affect the optimal de-
sign, since a trade-off could exist in marginal costs and emissions of dredging and building structures.
By limiting only to dredging volume, this trade-off could not occur.

Another factor to consider would be the safety of the layout. The current method only can impose
safety restrictions by means of required distancing between berths. The safety with regard to the cre-
ated pathway is not considered. The optimisation runs create pathways that run straight along a quay
wall, which might not be preferred by vessel operators, because of the risk of colliding with the quay
walls caused by, for example, a current. Therefore, the output generated could provide an optimal for
dredging, but safety officers could deem it sub-optimal or even invalid. Incorporation of safety stan-
dards beyond the guidelines could be considered for future study.

The current scope optimises dredging costs for realising the basin berths and pathway. This optimi-
sation is short-sighted, since costs of infrastructure also occur over its lifetime. Port basins experience
the transportation of sediment in and out of the basin that might result in maintenance dredging in a
part of the basin when the depth of the basin is no longer the NGD. The effects of basin sedimentation
could create a new optimal layout that minimizes lifetime dredging costs.
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Conclusion

This chapter presents the conclusion of the research. Using research done in the previous chapter the
main question stated in the introduction will be answered. The main research question reads:

"How can generative design be used to optimise (or improve) design solutions of port basin layouts
during the early project phase?”

In order to answer this question, a method has been developed to generate an optimal berth lay-
outs that minimizes the required dredging path assuming a pre-defined central pathway, while satisfying
distance requirements between berths in a basin with quay walls around the perimeter and constant
dimensions. The location of the berths is optimised using the Improved harmony search (IHS) meta-
heuristic optimisation algorithm. After locating the berths, the optimal pathway for the berth layout is
generated using either the heuristic pathway method, which translates dredging into a weighted graph
and sequentially formulating a pathway from each berth to the entrance, and an exact pathway method,
which uses mathematical programming and the gurobi solver to generate an optimal pathway. The
heuristic berth layout, heuristic pathway, and exact pathway optimisation methods were then applied
to conceptual, self-developed benchmark cases to test the performance qualitatively and quantitatively
of the methods and to compare the objective value for all the pathways developed. Also, the pathways
formed by the heuristic and exact pathways were discussed. After that, the exact pathway method was
tested on sensitivity to berth location, basin width, slope stability angle, and berth design depth. Finally,
the heuristic pathway approach was applied to the Scheurhaven case.

After the research, it can be concluded that generative design using the developed method can
improve design solutions by providing an optimised berth layout and pathway that could be used for
reference when evaluating expert-developed berth layout designs. The current method lacks features
in order to produce a berth layout variant that could compete with the expert’s layouts or a layout that
could be taken into consideration when selecting a preferred layout for realisation. The method as is
can be used to study layouts and pathway in different basin environments and different fleets to observe
the optimal behaviour, as done in the method validation and the sensitivity analysis. In the context of
the early project phase, the method can give an indication of the locations that could be optimal and
after the method has been applied, the experts can compare it to their intuition and use it to update
their beliefs on the optimal berth layout and its pathway.

The developed method was made in an attempt to improve port basin layout design in accordance
with the thesis scope. However, when doing the literature review for this research, papers were found
that optimised the topology of a cantilever beam (Sigmund, 2001, Wang et al., 2002) and combined
structural elements (Hofmeyer et al., 2017), which might function as inspiration to improve the structure
of port basin elements as quay walls and breakwaters. Generative design could be used to study a
breakwater or breakwaters that minimizes material usage, while maintaining structural integrity, which
is comparable with Sigmund (2001) and Wang et al. (2002). The optimisation of port basin elements
was not in the scope of this research, since it does not concern basin layouts, but application of gen-
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erative design on the mentioned port basin elements might improve design solutions for port basins.

Returning to the scope of this research, in terms of optimising design solutions in the early phase
of an actual project, the Scheurhaven case study indicated that the current method is not ready to im-
prove or optimise berth layouts by means of generated optimal layouts in the early project phase by
neither producing a variant that considers substantial berth layout features, such as structures, to be
comparable nor by providing decision support for experts. The Scheurhaven case can be described
as a bridge too far for the current methods. Hence, the added value for an actual real-life project is little.

Apart from the little added value on the Scheurhaven project using the developed method, the added
value of generative design on the early project phase in particular is debatable. Providing a general
conclusion of the added value of generative design in the early project phase is not realistic after this
research, but factors that impact the added value can be discussed. The first factor is the project size.
The Scheurhaven project was a relatively small project with limited design solutions, hence optimisation
using generative design is redundant; the added value of the generative design algorithm is negligi-
ble. The added value would be greater if the design fleet for the case was greater and more diverse
and the basin geometry would be more complex with a greater number of possible berth locations. |
hypothesize that these cases get more complex for human designers to find the optimal layout. How-
ever the exact added value for these cases has not been studied, thus a definite conclusion cannot
be drawn. However, the complexities might not be found on a project level, but on greater port areas,
such as the Maasvlakte or Europoort. These areas can be evaluated on whether the current layout is
the optimal layout in terms of berth locations. The evaluation could provide a basis for berth location
policy aims to minimize dredging in the port areas. The scope might then be no longer on a project level.

Another factor that impacts the added value of generative design in the early project phase is the
costs of developing a generative design method versus the potential added value of such generated
designs for berth layouts in a project. This research took almost one full-time equivalent of work and
several hours of feedback from experts. The result is a method that could be used for further research,
but the added value at the moment is little. For further development, the potential added value could
be assessed in comparison to the value of current basin layout methods and the resources required to
fulfill the potential added value. In this comparison the amount of port basin layouts designs could be
considered; if the added value is small for one berth layout design is small, the method could provide
limited added value, but if the amount of berth layout designs is numerous the small added value for
one design could increment to a great added value.

From a long-term perspective, this research does provide a basis for berth location and pathway
optimisation that can be used for development of more features. Most of the features start by finding a
way to implement geometry to the method, as the lack of features originates from the lack of geometry.
Though itis possible to add geometry by studying digital geometry or find other ways to formulate basic
geometry, as in Peng et al. (2016) where simple geometry is defined using mathematical programming,
it is difficult due to the complex mathematics that is not granted in the civil engineering curriculum. The
upside when the method can be extended with geometric features, it allows for optimisation of any
basin shape, which allows for analysis of complex port environments. The method that has the most
potential to do these analyses is the exact pathway approach, which has to be extended. The exact
pathway optimisation, if extended to berth location optimisation and implementation of geometric fea-
tures, allows for a global optimum design to be found off the port basin, which the heuristic approaches
lack in finding a global optimum.



Recommendations

This chapter presents recommendations for further research and improvements. Along with the rec-
ommendations, some suggestions are made for implementation.

Adding geometry to the berths and pathways

As stated in the discussion, the geometries of the berths and the impact of vessel dimensions on the
fairway are significant. It is a crucial step to generate designs that could be deemed valid. The solution
should be to add information on orientation in the graph. A promising method for such implication lies
in applying chain code. Chain code considers all possible directions in the Moore neighbourhood and
giving each edge direction a value, see figure 8.1. The edge of shapes and regions can be expressed
as a chain of directions from a certain starting point. This way shapes can be drawn.

N
|

Figure 8.1: Moore neighbourhood directional chain code
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Another interesting topic to add geometry would be to consider edge contraction. Berths in a grid
can also be represented as one vertex in the grid by contracting all edges of the vertices that describe
the berth. By contracting the edges, the berth simply consists of one node, but its surface would be
equal to the sum of vertices that are contracted. Also, the notion of edge bundling could help in reduc-
ing the computational complexity of the optimisation

Considering operability of vessels in basins

Port basins are interfaces made for vessels. Vessels experience relatively bad maneuverability due to
their size and inertia. The designs provided in this report do not take this into account. The result is
pathways that have sharp turns that are not navigable by the vessels.

A solution could lie in the addition of a dual graph. A dual graph is a graph that stores relations in
the graph. In this case, the dual graph stores relations between the edges and their respective angle.
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By tracking graph traversal over the edges, the turns can be measured and then be constrained or be
made an objective in the form of a relaxed constraint. A method to formulate this is provided by Nourian
(2016), where this is referred to as 'the easiest path’.

Adding structures to the optimisation

As stated in the discussion, not considering structures cuts out a large part of port planning. Imple-
menting structures into the exact formulation would be hard, but rewarding. The formulation for the
construction does not have to be of great detail; a set of connected vertices and their impact on the
optimisation and environment could help out. In later stages, other factors could be taken into account,
such as considering the feasibility of a structure given a soil profile.

A way to formulate the structures in the system would be to consider a structure as a penalty to the
objective value and as a disruption in the graph. The penalty is due to the construction cost of such a
structure. A structure in the system does provide additional design options, but its counterweight is the
cost of building. The disruption in the graph is due to the fact that structures are solid, physical objects:
there is no possibility to move through them. In the graph, this could be achieved by deleting all edges
going in and out of the structure, or by adding an infinite weight to the edges for graph traversing al-
gorithms to be discouraged from using them. The edge removal would be more logical for the exact
approach, while the infinite edge weight is applicable for the heuristic approach.

Extending the exact optimisation formulation

The exact optimisation formulation seems promising in finding the exact optimal solution. If geomet-
ric constraints and distance constraints are added to the formulation, the layout optimisation problem
would be promising in determining optimal berth layout solutions. A way to address the distance con-
straint is to pre-process the distances between the possible berth locations and store them in a matrix.
The matrix can be used as parameters for the optimisation problem and constraints can be set using
it.

Application of heuristic algorithms on the exact optimisation formulation

The exact formulation has yet to be used by applying for the exact optimisation programs. It is also
possible to apply heuristic algorithms on the exact problem formulation to produce near-optimal results.
The pygmo library is also suitable to use for this cause (Hagberg et al., 2008). As the exact optimisa-
tion formulation gets more sophisticated, the application of the heuristic optimisation algorithms on the
exact problem could improve computational time.

Designing for value instead of costs

The method proposed only considers costs for optimisation. However, port planning is a measure to
obtain a larger strategic goal, which would be to create value. It would be of interest to add parameters
to berths which could estimate its revenue and then design a basin for maximal value in terms of placing
a number of berths and its location.

If the goal is to add as much valuable berths as possible in a limited port basin area, the problem
has close resemblance to a knapsack problem (Cacchiani et al., 2022), which could be combined with
the exact approach.

Sensitivity analysis on optimisation parameters

The optimisation script contain optimisation parameters, which can be adapted to get to converge to
the solution quicker. This report only used the standard optimisation settings in pygmo and gurobi. For
example, the gurobi optimizer can pre-solve the problem more aggressive, which makes the upfront
solving more thorough, to give better solutions. A study is required for the parameters and the model’s
sensitivity to the resulting convergence speed.
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UKC policy

Havengebied, varend UKC beleid

Nieuwe Waterweg, Nieuwe Maas en Oude Maas 10% van de diepgang
Nieuwe Maas: containerschepen Eem- en Waalhaven |[1,0m

Inloop centrale geul Botlek, Eemhaven en Waalhaven |[1,0m

Havens regio Botlek/Stad 0,5m
Caland-/Beer-/Yangtzekanaal en Arianehaven 1,0m

Container Vessels L>350m

- 10% van de diepgang

Havens grenzend aan Caland-, Beer- en
Yangtzekanaal en Arianehaven, T < 17,4m
Container Vessels L>350m

0,5m
- 8% van de diepgang

Havens grenzend aan Caland-, Beer- en
Yangtzekanaal en Arianehaven, T = 17,4m
Container Vessels L >350m

1,0 m
- 8% van de diepgang

Hartelkanaal

10% van de diepgang en 0,5 m in
sluizen

Krabbegeul en Zeehaven Dordrecht, inkomend

10% van de locale diepgang

Krabbegeul en Zeehaven Dardrecht, uitgaand

5% van de locale diepgang

Dordtsche Kil en Overloop

10% van de locale diepgang

Havens Moerdijk en Zuid Hollandsch Diep

5% van de locale diepgang

MNoord via Bolnes

10% van de locale diepgang

MNoord via Dordrecht

10% van de locale diepgang

Binnenvaart (varend én ligplaats i.v.m. boegschroef)

0,7 m

Havenslepers (varend en ligplaats i.v.m. grote
vermogens en straalbuizen)

1,0 m

Figure A.1: Static UKC policy
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ALAT policy

Figure B.1: ALAT regions, where the numbers indicate the height of the NAP reference level with respect to ALAT
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B. ALAT policy

Deelgebieden ALAT HMT FWA
t.o.v.
NAP
Prinses Amalia-, Alexia- ,Ariane- en Margriethaven -115 cm 30 cm 1,0%
Palen 90 en 91 -110 cm 30 cm 1,0%
Yangtzekanaal -105 cm 30 cm 1,0%
Maasvlakte 1 en Europoort -100 cm 30 cm 1,0%
Beergat/Hudsonhaven -95 cm 30 cm 1,0%
Nieuwe Waterweg - raai 1031 tot 1028 -95 cm 30 cm 1,0%
Nieuwe Waterweg - raai 1028 tot 1021 -90 cm 30 cm 1,0%
Dintelhaven/Hartelkanaal (tot Pionierkade) -90 cm 30 cm 2,5%
Hartelkanaal tot Hartel 2 terminal t.h.v. Donauhaven -85 cm 30 cm 2,5%
Scheur - raai 1021 tot 1017 -85 cm 30 cm 2,5%
Scheur - raai 1017 tot 1014 -80cm | 30cm 2,5%
Hartelkanaal Rozenburgsesluis - Oude Maas -80cm | 30cm 2,5%
Botlek, Oude Maas tot Botlekbrug en Nieuwe Maas tot Schiemond | -75 €m | 30 cm 2,5%
Nieuwe Maas van Schiemond tot raai 997 70cm | 30cm 2,5%
Nieuwe Maas - raai 997 tot 994 =65 cm 30 cm 2,5%
Krabbegeul en Zeehaven Dordrecht -5 cm 30 cm 2,5%
Moerdijk +15 cm 30 cm 2,5%

Figure B.2: Normative ALAT and FWA in port regions



Scheurhaven case design process

The research aims to compare the current port planning process for the Scheurhaven project to the
production of the algorithm. The design process is stored in the table below. Each step is provided
with an estimation of time spend on the step:

] Task | Time spent [hours] |

Intake 4
Modelling status quo
Exploratory research

Create variant 1
Evaluate variant 1
Adapt variant 1
Create variant 2
Evaluate variant 2
Adapt variant 2
Create variant 3
Evaluate variant 3
Adapt variant 3
Create variant 4
Evaluate variant 4
Adapt variant 4
Create variant 5
Evaluate variant 5
Adapt variant 5

W WO W WO W W O W WO W W| O | 0o

Table C.1: Time estimation of the port basin design of the Scheurhaven project for a port designer.

The table is the result of an interview with a port planner from the port of Rotterdam. The tasks in
the table describe:

» Create variant: shaping a spatial layout, given constraints given by the experts on the project
team. The variant produced is deemed possibly optimal or of particular interest.

» Evaluate variant: the variant is evaluated by the project team on the quality (objective perfor-
mance) and validity (requirements satisfaction).

» Adapt variant: feedback provided by the evaluation is processed in the variant design.

The intake, modelling status quo and the exploratory research are all tasks done at the start of the
project to inventory what the situation is and what the situation should be. During this phase people
also get to know each other and set out expectations for the project. The interesting part of the process
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90 C. Scheurhaven case design process

is the repetitive parts, since an algorithms is meant for repetitive tasks. The variant design, evaluation
and adaption provide an opportunity for improvement. The current man hours it takes for one design
is 80 hours. This is only one member of the project team, which consists of 8 people.

The time in itself does not give complete insight in the process. Information is required in the
timeframe these steps were taken during the early project phase. The early project phase started ap-
proximately in April 2022 and the end of the early project phase ended in December 2022.



Dredging algorithm

Placing a berth requires adjustments in the basin bottom profile to guarantee a certain depth for vessel
to navigate and berth safely. Keep in mind that the environment is discrtised into a mesh with cells.
When the pathing and berth are at guaranteed depth by 'removing’ soil from a cell, the profile will not
be in equilibrium. The reason is that the height difference between the dredged cells and non-dredged
cells can give non-feasible basin bottoms. Thus, a function is required which:

1. Dredges the pathway and berth;
2. Creates the new bottom equilibrium profile after dredging to the required depth in path and berths;

In that order, The process is schematised in figure E.21. The value for the stability slope ¢, de-
pends on the soil in the basin. For now, the soil is assumed to be saturated sand, resulting in a stability
slope angle of 40°

Step 2: create

Status quo Step 1: 'dredge’ path equilibrium

‘Water line ‘Water line ‘Water line

Bottom profile | 1 Bottom profile Bottom profile ~ i
- i

b Py =

Guaranteed depth | | Guaranteed depth Guaranteed depth

Figure D.1: Dredging function

The calculation for the equilibrium profile starts from the cells where dredging is required and sprawls
to the adjacent cells. This process keeps going until the neighbouring cells are stable compared to the
original cells and the given slope stability angle ¢,,. In graph theory such algorithm is called a ’breadth-
first search (BFS) algorithm. The process of the BFS algorithm is displayed in figure D.2

Figure D.2: BFS algorithm on schematised port basin

This process is done for every node in the pathway to create an equilibrium for the respective path-
way. However, in the process some vertices in the pathway are affected and are no longer the required
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92 D. Dredging algorithm

depth. Hence, the vertices that are no longer the required depth have to be dredged again. This pro-
cess is repeated until every pathway vertex has satisfactory depth and the bottom is in equilibrium.



Geometric approach

This appendix contains the geometric approach. Important is the fact that this method is not worked
out completely, only for a part. Evaluation of the method and advice from the committee caused this
approach to be abandoned. The appendix is meant to display the complexity constraints and accom-
panying notations.

E.1. Input variables
The input for the problem will be an amount of vessels. The vessel input will consist of:

* Length overall (LOA)

- Width (B)

* Draught (D)

* Vessel centre coordinates (Xy; ¢, Yvic)

From the input all relevant parameters can be calculated. In figure E.1 depicts the coordinates of a
vessel in a rotated and un-rotated state.
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(a) Non-rotated vessel coordinates (b) Rotated vessel coordinates

Figure E.1: Vessel coordinates
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94 E. Geometric approach

The coordinates of the non-rotated vessels are:

Xpi1 = Xpie = Bpi/2 5 Ypia = Yoie — LOAy/2

Xpiz = Xvie = Byi/2 5 Wpi2 = Yoie + LOA/2

Xpi3 = Xvie + Bui/2 5 Wiz = Yoic + LOA/2

Xpia = Xpic + Byi/2 5 Yyia = Yvic —LOAy; /2
The coordinates of the rotated vessels are:

Xyi1 = Xy * €OS(Api) = Ypia * SIN(Qy) 5 Vi = Xpia * SI(Qyi) + Yyi1 * cos(ay;)
Jz171',2 = Xpi2 * COS(CZW-) — Yvi2 * Sin(avi) ; yvi,z = Xpi2 * Sin(avi) + Wvi2 * COS(CZW-)
J_5121',3 = Xpi3 * COS(avi) — i3 * Sin(avi) ; yvi,3 = Xpi3 * Sin(avi) + Wi * COS((ZW-)
Xyia = Xpia * COS(Api) = Ypia * SIN(Ayi) 5 Vi = Xpia * SIN(Ay;) + Vyia * cOS(Ay;)

with:

-90<a<90

The reason for this domain for a,; is the repetition of orientation for a larger domain.

E.2. Constraints

In this section presents the imposed restrictions. The imposed restrictions are obtained from the doc-
ument "Ontwerprichtlijnen havens en vaarwegen”. The section shows the practical depiction and de-
scription of the restriction and the mathematical depiction and description. The base case is a simple
rectangle port basin.

1. Port basin domain The vessels lay completely inside the port basin domain.

y )

fo o —0 fot

v
fe

i

(a) Practical representation (b) Mathematical representation

Figure E.2: Vessel domain

The vessel coordinates have to satisfy all the following mathematical expressions:

}-’m’,m = fel fOT xel,O < xm’,m < xel,l
yvi,m < fqi fOT xqi,O < Xvim < xqi,l
}_’vi,m < qu fOT qu,o < xvi,m < qu,l
Tvim 2 qu for Xqj0 = Xpim < Xgj1

In which i, j, k=1, 2, .., o, with 0 being the number of basin boundaries. | = 1, 2, .., p, with p being
the number of entrances.



E.2. Constraints

2. vessel overlap The vessels are not allowed to overlap with each other in each others 'operations
zone'. The operations zone is the zone around the vessel where no other objects are allowed, unless

for a quay wall or jetty. The zone is 10% of the vessel length around the whole vessel.
The coordinates for the non-rotated vessel operations zone are:

5B,; + LOA,;

Xvi1,0z = Xvie — T 5 Vi1 = Ywie — 0.6LOA,;
5B,; + LOA,;

Xvi 2,0z = Xvic — 1—0 5 Wiz = Yoic t 0.6LOA,;
5B,; + LOA,;

Xvi,3,0z = Xvi,c T 5 Wiz = Ywic T 0.6LOA,;
5B + LOA,;

Xvia0z = Xpic T T v Wia = Yvic — 0.6LOA;

The coordinates for the rotated vessel operations zone are

jvi,l,oz = Xpil,0z * COS(OYW-) — Wi,0z * Sln(avi) ; )_’vi,l,oz =
Xvi2,0z = Xvi20z * cos(ay;) — Wi2,0z * sin(ay;) ; Yvi,2,02
xvi,S,oz = xvi,3,oz * COS(OIW-) - yvi,3,oz * Sln(avi) ; yvi,3,oz
Xviaoz = Xviaoz * cos(ay;) — Wi 4,0z * sin(ay;) ; WYvidoz =

(a) Practical representation

Figure E.3: Vessel overlap

Overlapping for rotated vessels requires extra attention since the restrictions set are more complex.
To tackle the restrictions, regions A to F are introduced to set the restrictions piece wise. Figures E.3a

oy .00 Ui a,00)

(mef.lu‘ .:-;,1,«:)

ANND

(Bejtars Fujgian)

xvi,l,oz * Sin(avi) + YVi,l,oz * COS((IW-)
= Xpi2,0z2 * SIN(Ayi) + Vpi2,07 * €COS(Ay;)
= Xpi3,0z * Sin(avi) + Yvi3,0z * COS((ZW-)

Xyia0z * sin(ay;) + Wvidoz * cos(ay;)

yvj,i,a:)

\

(b) Mathematical representation

and E.3b display the regions. First, the case for -90°<x<0°is addressed (figure E.3).
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Figure E.4: Vessel domain for -90°<a<0°

Each of the regions is addressed in the list below. All points of vessel vi should at least comply to
one of the criteria:

A: Xvi,m < Xvj1,0z

_ )_’vj,z,oz - yvj,l,oz - . - _

B: yvi,m > YUj,l,oz + % — % * (xvi,m - xvj,l,oz) with xvj,l,oz < xvi,m < xvj,z,oz

vj,2,0z vj,1,0z

_ yvj,zl,oz - yvj,l,oz - . - _

C: yvi,m < YUj,l,oz + 3 z * (xvi,m - xvj,l,oz) with xvj,l,oz < xvi,m < xvj,4,oz
vj4,0z — *vjlo0z

_ }_’vj,S,oz - }_’vj,z,oz
D: Wim > yvj,z,oz + =

_ * (Xyim — xvj,z,oz) with Xpj2,0z < Xvim < Xpj3,0z
Xvj3,0z — Xvj2,0z

- }-’vj,3,oz - yvj,4,oz
E: Wvim < ij,4,0Z + =

_ - * (xvi,m - J_Cvj,él,oz) with J_Cvj,él,oz < xvi,m < JE1Jj,3,oz
xvj,S,oz xvj,4,oz

F: xvi,m > Q-Cvj,3,oz
with m=1,2,3,4; i=1,2,.,n; j=1,2,.,n i#]
n = number of vessels

For the vessel domain when 0°<a,;<90°the situation is shown in the figure below:
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Figure E.5: Vessel domain for 0°<a,;<90°

Each of the regions is addressed in the list below. All points of vessel vi should at least comply to
one of the criteria:

Az Xvi,m < jvj,z

- yvj,3,oz - yvj,z,oz _ . _ _
B yyim > Yvj2 + = — - * (Xpim — xvj,z,oz) with Xvj20z X S Xpj30z
xvj,3,oz xvj,z,oz

- yvj,l,oz - yvj,z,oz - . - _
C: Wvim < yvj,z,oz + 2 — = * (xvi,m - xvj,Z,oz) with xvj,z,oz < Xvim < xvj,l,oz
xvj,l,oz xvj,z,oz

_ }-’vj,4,oz - yvj,3,oz _ . _ _
D: yvi,m > yvj,3,oz + = * (xvi,m - xvj,3,oz) with xvj,3,oz < xvi,m < xvj,4,oz

vj4,0z — xvj,3,oz

_ }_]vjA - yvj,l _ . _ -
E: Yoim < Wpji t = — * (xvi,m - xvj,l,oz) with Xpj1,0z < Xpim < Xvj4,0z

Xyj4 — Xyj1
F: Xvim > xvj,4

Another case is when o,;=-90°, shown in the figure below:
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Yujlees yvj,ﬁ,az 1T

R yvj,-%,az 1T

Figure E.6: Vessel domain ,;=-90°
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Each of the regions is addressed in the list below. All points of vessel vi should at least comply to

one of the criteria:

The case for o,;=90°is:

O a W o

P Xyim < xvj,l,oz
P Woim > }-’vj,l,oz
: yvi,m < }_’Uj,3,oz

P Xyim > 92vj,3,oz
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Figure E.7: Vessel domain o,;=90°
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Each of the regions is addressed in the list below. All points of vessel vi should at least comply to

one of the criteria:

: xvi,m < Q-Cvj,z,oz
: yvi,m > yvj,ll—,oz

* Wvim < yvj,z,oz

O o o

b Xyim > Jz1;j,4-,oz
The final case is when «=0°:
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Y2000 yvj,-%,az 1T

Y108 yvj,4,az —

Lyj 1oz Tof2es

Tyjdori Tug,de

Figure E.8: Vessel domain o,;=0°

Each of the regions is addressed in the list below. All points of vessel vi should at least comply to
one of the criteria:

P Xvim < Xpj1,0z
> Wvim > YUj,3,oz

: yvi,m < }_’vj,l,oz

O o w >

: xvi,m > xvj,S,oz

3. Quay attach The vessels in the basin have to be attached to a quay wall or jetty (figure E.9).

ANND
ANND

yb.0
\ »
*p.0 *p,1 *

(a) Practical representation (b) Mathematical representation
Figure E.9: Quay wall attach
Mathematically speaking, the quay wall is a line in space. The vessels modelled have to be attached

with the long side of the vessel to that exact line. The exact side of attachment of the vessel does not
matter, as long as it is one of either sides. Mathematically this is expressed as:
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(xvi,l = qu) n (xvi,z = qu) n (.VUi,l = qu) n (YUL',Z = qu) or;
(xm',3 = qu) n (xviA- = qu) n (yvi,S = qu) n (ym'A— = qu)

for
qu,l < ka,m < qu,Z

qu,l < Yvk,m < qu,z

withm =1,2,3,4; k=1,2,..,p ; p being the amount of quay walls in the port basin.

4. Quay wall clash Vessels in the basin should not clash with the quay wall. If correct, restrictions
set at paragraph 1 and 3 prevents this clash along with the formulation of the vessel geometry.

5. Safety contours In port basins safety contours play a role in the layout of the basin. The safety
contours could be due to terminals, storage tanks or residential areas. An example of for safety contours
is the region around a wind turbine (figure E.10)

7 4

Ywt —— =

| |

(a) Practical representation (b) Mathematical representation

ANND
ANND

Figure E.10: Safety contours of surrounding objects

The safety contour is a circle with an accompanying radius. The formula for a circle, translating the
radius for Cartesian coordinates, is:
(x—a)+(y-b?=r?

in which a and b are the coordinates of the centre (a, b). Translating the formula to the port planning
case:

(x = Xopj)* + (Y = Yobj)* = Rcznbj,l,sc
The vessels are not allowed to be in the circle, thus the following mathematical restriction is imposed.
along a rewriting of the equation above is done:

_ 2 2
Y =Yobji JRobj,l,sc — (X = Xopj,1)

(YVi,m > yobj,l + \/Rgbj,l,sc - (xvi,m - xobj,l)z) n (yvi,m < YObj,l - \/Rgbj,l,sc - (xvi,m - xobj,l)z)

with m = 1,2,3,4 and y,y,; being object number I, with 1=1,2,..,q; q being the number of objects with
safety contours.
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6. Vessel safety contours Some vessels carry dangerous goods with them, imposing a potential
treat for surrounding vessels. Hence, a safety contour is imposed around the vessel. The safety
contour for the vessel is depicted in Figure E.14.

\ wvno
\, wno

(a) Practical representation (b) Mathematical representation

Figure E.11: Safety contours of vessels

The principle for determining the vessel safety contour is the same as for objects with safety con-
tours. The domain restrictions for vessel safety contours is:

Y = Wje t \/jo,c,sc —(x— x”ij)z

Owim > Yvjc + \/jo,c,sc — (Xim — xvj,c)z) N Wyiym < Wjec — \/st,c,sc = (oviym — xvj,c)z)

6. Fairways The port basin requires a certain width in order to be operational. Two cases are pre-
sented in the design guide:

 Short basins
* Long basins

Short basins have a required width determined by the normative vessel berth, while long basins
require a certain distance between two vessel berths. The guideline does not define what the difference
between a long and short basin. Looking at the figures in the design guide, the assumption is made
that a long basin can fit two normative vessels in sequence, while a short basin can only fit one. The
following fairway width are assumed:

Bfairway > 2*By if Lfairway < 2.5%L0Ay;

Bfairway =3 Bvi if Lfairway > 2.5+ LOAm'

With B,; being the normative vessel width and Le,inay being:

Lfairway = \/(yqi,z - Yqi,l)z + (xqi,z - xqi,l)2

The factor 3B is the general width for port basins, independent from location. In a further stadium
this width could be made variable depending on location. The situations are depicted in figure E.12a
and figure E.12b.
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(a) Short basin fairway width (b) Long basin fairway width

Figure E.12: Basin width dimensions

The given fairway widths are not the design widths for the basins; the formulae are restrictions on
the fairway. The width of the fairway is dependent on whether berths are on both quay sides. If both
quay sides contain berths, the fairway width is equal to the distance between the berths. If only one of
the quay wall sides has a berth, the fairway width is two times the width of the normative vessel B,;.

The fairway should be accessible for the vessels entering the basin, which means that the depth of
the fairway should be equal to the design depth. As a consequence the dredged volume in the basin
is affected.

In order to mathematically express the domain for the fairway, the following assumptions are made:

» The fairway goes from entrance to the final vessel’s operation zone;
» The fairway width is the perpendicular distance between two parallel quay walls;

» The width of the fairway is determined by the normative vessel width, if the minimum width fits
between the berths, or;

» The fairway width is equal to the distance between parallel berths on opposite sides

In order to calculate the perpendicular distance between the quay walls, the equations for the quay
wall have to be assumed. Quay walls are most of the time straight lines, which translates in a 2D plane
to:

fqi =m;x + bi
faj =myx + b

The two lines are assumed to be parallel, which makes m;=m;. The resulting perpendicular distance
is:

d. = |b; — by
W T m?

From this distance the fairway width By,jrway for long basins is calculated:

Brairway = dqiqj — Bvi = Bvj if Brairway = 3 * By
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else Brgirway = 3 * By,
and for short basins:

Bfairway = dqi,qj - Bm' - ij if Bfairway =2+ Bvi
else Brgirway = 2 * By;
The resulting fairways widths have to be plotted in a 2D plane. The fairway is in essence a trans-

formed function with respect to the quay wall. The transformation done is perpendicular to the quay

wall. The transformation can mathematically be described as a transformation along the x-axis or the
y-axis. In this case the transformation is done along the y-axis.

£

"y

ey

[

X

Figure E.13: Scheme for line transformation to find fairway boundary function (fairway indicated in green)

The transformation is done using geometry rules. In order to find the distance A¢;, the angle (has
to be determined. To get ¢, the linear equation is considered:

fqi =mx+b
The formula for slope m is:
_ Yy
m= Ax

Te angle CHowever, the angle Cis the inverse of the slope:

¢ = arctan(l/m)
From geometry the distance Ay 4 comes from geometry:
_ By
V= i@

The resulting transformed function is:

f},qi = fqi - Ayf,qi
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The fairway consists of 2 boundary lines. Hence, the fairway boundary equation on the other basin
side is:

fraj = faj + Dyraqj

in which f; ;; uses the vessel width B,; from the berth on the opposite quay side. Both function have
a domain and reach starting at the entrance of the basin till the end of the basin.

Slope distance To prevent the vessels from penetrating the bed slope, restrictions are imposed for
the distance between the vessel and the slope. The distance is parameterised to be 10 percent of the
vessel length of the vessel nearest to the slope. The representation of the situation is shown below:
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(a) Practical representation (b) Mathematical representation

Figure E.14: Quay embankment distance vessels

In real life, the embankment goes from one basin edge to the opposite embankment. This means
that when the basin edged have a different slope, the embankment gets wider or smaller as it goes in
the water. However, in most cases the edges are in the same angle. Hence, it is assumed that the
width is constant over the length of the embankment. The result is a rectangular zone.

The quay embankment is assumed to be modeled as a line, which is also the edge of the basin.
The input for the line is two coordinates which are the intersections with the other quays, depicted in
the figure below as (Xger,1: Yge,r,1) @Nd (Xqer2, Yqer2)- From these coordinates the quay embankment
angle can be computed:

Yaer2 — Yger
Bger = arctan(%

)

xqe,r,z - xqe,r,l
The other coordinates are calculated from the angle 34 . The formulae are:

Xgera = Xger1 + Lqe,r * Sin(ﬁqe,r)
Yaera = Yqer1 + Loer * c0S(Bger)
Xger3 = Xger2 + Lqe,r * Sin(ﬁqe,r)

Yqer3 = Yqer,2 + Lqe,r * Cos(ﬁqe,r)
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The restrictions for the quay embankment are the same type of restrictions as the vessel operations
zone. All the restrictions are described below. First the restrictions are set for -90<(34¢ <0, depicted in
figure E.16:

Vel —— /

Lgerd —— 7—5

Vo2 —— /

Ve, 3 ——

Tgerd Toerd Toerd Toerid

v

Figure E.15: Slope zone restrictions -90<@ge <0
The restrictions are:

A: xvi,m,oz < xqe,r,4

- yqe,r,l - yqe,r,4 - . -
B: Wim,oz > qu,r,4 + * (xvi,m,oz - xqe,r,4) with xqe,r,4 < Xvim,oz < xqe,r,l
Xger1 — Xqer4

- Yqer3 — Yger4s _ . _
C: yvi,m,oz < yqe,r,4 + * (xvi,m,oz - xqe,r,4) with xqe,r,4 < xvi,m,oz < xqe,r,S
xqe,r,S - xqe,TA-

_ qu,r,z - qu,r,l _ . _
D: WYvi,m,oz > qu,r,l + — * (xvi,m,oz - xqe,r,l) with xqe,r,l < Xvim,0z < xqe,r,z
Xqer2 ~ Xqera
yqe,r,z - yqe,r,S

E: }_]vi,m,oz < yqe,r,S + * (xvi,m,oz - xqe,r,3) with xqe,r,B < J_Cvi,m,oz < xqe,r,z
Xger2 ~ Xger3

F: Xyimoz > Xqe,r,2

For 0<Bqe,r<90 the restrictions are depicted in the figure below:
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Figure E.16: Slope zone restrictions 0<Bge <90

The restrictions are:

B Yoimoz > Ygera T
C: yvi,m,oz < qu,r,l +
D: yvi,m,oz > yqe,r,z +

E: yvi,m,oz < yqe,r,4 +

Az Xvim,oz < xqe,r,l

Yqger2 — Ygera _
- - * (xvi,m,oz - xqe,r,l)
xqe,r,z xqe,r,l

yqe,r,4 - yqe,r,l _
— * (xvi,m,oz - xqe,r,l)
xqe,r,4 xqe,r,l

Yqe,r;3 — Vger2 _
_ * (xvi,m,oz - xqe,r,z)
xqe,r,3 xqe,r,z

qu,r,3 - yqe,r,4 -
_ * (xvi,m,oz - xqe,r,4)
Xger3 — Xqera4

F: Xvim,oz > xqe,r,3

For B4e,,=90, shown in the figure below, the restrictions are:

v

with Xger1 < 9_C1;i,m,oz < Xge,r,2
with Xger1 < Xvi,m,oz < Xqe,r 4
With Xger2 < Xpimoz < Xqer3

with xqe,r,4 < JZvi,m,oz < xqe,r,3
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Vpmr2iloerd ——

Vpmrlilgerd ——

Figure E.17: Slope zone restrictions 34 =90

The restrictions are:

a W o>

Tper1: Tger2
Tomyd Toard

. xvi,m,oz < xqe,r,l
: yvi,m,oz > yqe,r,3
: yvi,m,oz < yqe,r,l
D:
For the case 90<f4 <180, shown in figure E.18, the restrictions are:

Xvim,0z > xqe,r,3

A
y
B ‘ D
|
Vigerd —— /
Voerz —— |
A 7 F
Vgerd —— /
Vgerl ——
C E
I |
Tperi Tgerd Tperl Tgsrd

Figure E.18: Slope zone restrictions 90<@ge <180

v
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The restrictions are:

At Xypimoz < Xge,r2

- Yqer3 — Yger2 _ . -
B: yvi,m,oz > qu,r,z + * (xm',m,oz - xqe,r,z) with xqe,r,z < xvi,m,oz < xqe,r,S

Xqer3 ~ Xqer,2

- J’qe,r,l - qu,r,z _ . _
C: Wim,oz < qu,r,z + * (xvi,m,oz - xqe,r,z) with xqe,r,z < Xvim,oz < xqe,r,l

Xqer1 ~ Xqer,2

_ yqe,rA— - :qu,r,3 - . _
D: yvi,m,oz > yqe,r,3 + * (xvi,m,oz - xqe,r,3) with xqe,r,3 < xvi,m,oz < xqe,TA-

xqe,r,4 - xqe,r.3

Yqera — Vger1

E: Yyimoz < Yger1 T * (Xyim,oz — xqe,r,l) with Xger1 < Xvimoz < Xqera

Xqera ~ Xger
F: xvi,m,oz > xqe,r,4

For the case B4e,=180 or 34 =-180, shown in the figure below, the restrictions are:

s
¥
B
Fpmrd lgepd —— —_—
A s |D
Ypmrd lgerl —— |
C
[
I -
. . X
Toerdi Tomrd Toer 1 Tgurd

Figure E.19: Slope zone restrictions 34 =180

P Xpim,oz < xqe,r,3

* Wvim,oz > yqe,r,3

a W o>

: yvi,m,oz < yqe,r,l
D Xypimoz > Xqer1

For the case -180<@4¢ (<-90, shown in the figure below, the restrictions are:
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Ygerd —— \

Vel ——

Vgerd —— \ ng,r

Ve 2 ——

Tperd Tperd Tperd Tperd

Figure E.20: Slope zone restrictions -180<fge r<-90

A: J-Cvi,m,oz < xqe,r,3

- yqe,r,4- - qu,r,3 _ . _
B: YUi,m,oz > qu,r,3 + * (xvi,m,oz - xqe,r,3) with xqe,r,3 < xvi,m,oz < xqe,r,4
Xgera — Xger3

- qu,r,z - yqe,r,3 _ . -
C: Wvim,oz < qu,r,3 + * (xvi,m,oz - xqe,r,3) with xqe,r,3 < Xvim,oz < xqe,r,z
xqe,r,Z - xqe,r,3

_ yqe,r,l - qu,rA - . _
D: yvi,m,oz > yqe,r,4 + * (xvi,m,oz - xqe,rA-) with xqe,rA- < xvi,m,oz < xqe,r,l
Xger1 ~ Xger4

Yaer1 — Yger,2

E: yvi,m,oz < yqe,r,z + * (J-Cvi,m,oz - xqe,r,z) with xqe,r,z < J-Cm',m,oz < xqe,r,l
Xqer1 ~ Xqer2

F: ivi,m,oz > xqe,r,l

E.3. Objectives

The quality of the solution is determined by the degree of objective satisfaction. The objectives in port
planning range from dredging to X. the objectives are defined and mathematically described in this
section.

Dredging The volume of dredged sediment determines the cost of the layout. The berth location de-
termines the amount of required dredged sediment, because of the NGD provided by the port. In this
section the dredging is done in two parts: the initial berth dredging and the profile equilibrium dredging.

The initial dredging is the dredging required to provide the vessel with the described NGD below
the vessel. Mathematically speaking, the analytical way the bottom can be described determines the
initial berth dredging function. Two situations are relevant:

1. The bottom is irregularly shaped and can’t be expressed by an analytical function

2. The bottom can be expressed as an analytical function
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In case 1) the dredged volume is calculated by means of a numerical approach. The bottom gets
divided in small cells forming a grid together. For each cell where the vessel berth is placed, the cell
depth has to be equal to the design depth.

In case 2) an integral provides the amount of sediment dredged to facilitate the vessel the integral
is in the form of:

JJ| fotey axay

in which f, is the bottom function and D is the dredging domain, dependant on the orientation of the
vessel. Function f, is a fitted function of the bottom data points. Before using this function, the function
has to be tested whether it produces a function that fits the bottom well.

The presented manner of the initial berth dredging is not realistic, since it produces an unrealistic
profile with straight vertical edged in the bottom profile. Therefore the profile equilibrium dredging is
introduced: this the additional sediment that has to be removed in order to create a realistic bottom
profile post initial berth dredging. The assumption for this profile is that the sediment requires a certain
bed slope in order to obtain stability. This slope is now called the stability slope v (angle yof slope
stability). The angle for now is assumed to be 40°, which is the angle of internal friction for wet sand
Geotechdata.info, 2013. The depiction of the dredging types is shown in figure E.21

.fi {2:! y}

VEM. \l_ “Yae

o

v

Figure E.21: Dredging function

E.4. Preliminary conclusion on geometric method

This approach is an approach which requires plenty of parameter definition. It is easy to lose oversight
using many parameters and notations are prone to errors. Although the geometric approach is easy to
comprehend, the execution can get tedious and hard to oversee.

Another conclusion regards the geometry of the basin. The basin is a combination of linear func-
tions, which is unrealistic when applying a method to a real basin. Real basins, or port environments,
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have shapes and curves that cannot be described as a combination of linear functions. It is more real-
istic to assume that the port basin is a manifold, an abstract topological space. Creating an approach
that works on manifolds is more widely applicable.

Finally, the geometric approach is not widely used in literature. This research is not about inventing
the wheel and creating a new approach, it is about applying a design method to another problem type.
Using the topological approach (meshes, integer space) is more common and more information about
the approach is available.
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