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Abstract

The North Sea Locks connect the saline Western Scheldt to the Terneuzen—Gent canal,
requiring efficient scheduling of vessels. While current scheduling models minimise
vessel delays, lockages also cause freshwater loss and salt intrusion into the canal,
negatively affecting drinking water, agriculture, and the surrounding ecosystem. This
thesis extends an existing simulated annealing scheduling model with water loss and
salt intrusion objectives, and evaluates adaptive hyperparameter mechanisms to reduce
the burden of empirical tuning. The results confirm a direct tradeoff between the en-
vironmental impact and vessel delays; incorporating environmental objectives yields
significant reductions in freshwater loss and salt intrusion at the cost of increased vessel
delays. Among the adaptive approaches, those guided by domain-specific information,
such as tidal conditions and salinity levels, show performance improvements. Gen-
eral approaches from the literature, specifically the Modified Lam Annealing sched-
ule and memory-based neighbourhood selection, do not transfer effectively to the
North Sea Lock scheduling problem. These findings suggest that for domain-specific
optimisation problems, problem-specific adaptive mechanisms outperform general-
purpose ones, and that meaningful environmental gains in lock scheduling are achiev-
able through optimisation alone.

Thesis Committee:

Chair: Dr. N. Yorke-Smith, Faculty EEMCS, TU Delft

University supervisor: Dr. N. Yorke-Smith, Faculty EEMCS, TU Delft

Company supervisor:  Ir. P. Kotodziejczyk, Macomi

Committee Member: ~ Dr. V. Reppa, Faculty of Maritime and Transport Technology, TU Delft


J.Heijne-1@student.tudelft.nl




Preface

Throughout my studies in computer science, I discovered my passion for solving puzzles.
This thesis provided an opportunity to pursue that passion in a professional setting, at the in-
tersection of algorithmic research and a real-world societal challenge. I am grateful to have
conducted this work together with Macomi and TU Delft’s Algorithmics research group. I
would like to preface this thesis by thanking everyone who supported this project.

Specifically, I would like to thank Neil Yorke-Smith and Pawet Kolodziejczyk, my su-
pervisors during this thesis. Thank you for your guidance, constructive feedback, and advice
throughout this thesis. While I enjoy working independently, in moments of insecurity, your
support and guidance greatly improved my confidence and the quality of this thesis.

Furthermore, I would like to thank all colleagues at Macomi for thinking along with me
on my thesis, for answering my questions when they arose, and, maybe most importantly,
for the fun game nights with excellent craft beers and pizza. I believe the alternation be-
tween writing my thesis and having fun outside working hours has greatly improved my
experience of writing a thesis and, with that, the quality of my thesis.

On that note, I would like to thank my amazing family and friends for their support
and for the needed distractions during the past months. You helped me keep this period
light-hearted and fun, even during the more challenging stages of writing this thesis.

Lastly, I would like to thank the professionals willing to assist me in learning the non-
computer science background necessary for this thesis. Specifically, Bouke Biemond, David
Wiithrich, Floor Bakker, and Mark Voorendt from TU Delft for answering my questions on
lock functionality and for pointing me toward valuable sources outside my familiar research
domain. From Rijkswaterstaat and Departement Mobiliteit en Openbare Werken, 1 would
like to thank Inge van Tongeren and Maarten Deschamps for meeting with me and helping
me understand the specific locks in Terneuzen.

I started this thesis motivated by a passion for solving puzzles; I conclude it with an
even greater appreciation for the people and disciplines that made solving this particular
puzzle possible.

Jasper Heijne

Delft, the Netherlands
June 3, 2026

iii






Contents

[Prefacel iii
v
vii
(IIntroduction| 1
2 Background| 5
21 NorthSealocks . ... ... ... ... . 5
22 WaterFlow] . ... ... ... . . ... 6
2.3 Simulated Annealing| . . . ... .. ... ... ... ... ... ... ... 9
24 Macomi’sModell . ... ... ... ... 9
3 Problem Statement] 13
3.1 Lockage Effects on Water Scarcity and Quality| . . . ... ... ... ... 13
3.2 ExistingModell . . ... ... ... .. ... . 16
4__Related Workl 19
4.1  Lockage Scheduling|. . . . . . ... ... ... ... ... . 19
4.2 Adaptive Stmulated Annealing| . . . . ... L0000 21
4.3 ResearchGap| . . . . ... ... .. . .. 23
|5 Methodology| 25
[5.1 Experiment 1: Water Loss and Salt Intrusion Parameters| . . . . . ... .. 25
5.2 Experiment 2: Adaptive Weights| . . . . . ... ... oL 27
[5.3  Experiment 3: Adaptive Temperature{. . . . . . . . ... ... ... .... 29
[5.4  Experiment 4: Adaptive Neighbourhood Control| . . . . . . . ... .. .. 29
5.5 Experiment 5: Fully Adaptive Stmulated Annealing| . . . . . ... ... .. 31
{6 Experiment Design| 33




CONTENTS

7_Results|

Experiment 1: Water Loss and Salt Intrusion Parameters| . . . . .. .. ..
Experiment 2: Adaptive Weights| . . . . . . . ... ... 0L
Experiment 3: Adaptive Temperature|. . . . . . . .. ... .. ... ....
Experiment 4: Adaptive Neighbourhood Controll . . . . . . ... ... ..
Experiment 5: Fully Adaptive Simulated Annealing| . . . . . ... ... ..

......................................

6.2

Experiment 1: Water Loss and Salt Intrusion Parameters| . . . . . ... ..

6.3

Experiment 2: Adaptive Weights| . . . . . . ... .. ... ... ......

6.4

Experiment 3: Adaptive Temperature|. . . . . . . . ... ... ... .. ..

6.5

Experiment 4. Adaptive Neighbourhood Controlf . . . . . ... ... ...

6.6

Experiment 5: Fully Adaptive Simulated Annealing| . . . . . ... ... ..

A

72

73

74

73

vi

33

39
39
40
43
46
49
51

55
55
56
57

59

67



List of Figures

[2.1 ~ Water loss of an upstream and downstream cycle of a lock [2]].] . . . . .. . .. 6
[7.1 ~SA with water loss and salt intrusion compared to Macomi’s original model as |
| baseline. The error bars represent the variance over the pairwise differences.|. . 40
[7.2  SA with adaptive weights compared to the baseline with static weights fixed at |
C02] 41
[7.3  Comparison of the static weights SA and the adaptive weights SA, paired on |
| the same (start) weight for water loss and salt intrusion.| . . . . . ... ... .. 42
[7.4  Fixed adaptive temperature SA, compared to the baseline on fitness and number |
| of iterations. The variance in runtime follows only from the baseline variance.| . 44
[7.5  No Improvement adaptive temperature SA, compared to the baseline on fitness |
[ and number of iterations) . . . . . ... ... 45
|7.6  Pairwise comparison 1n number of iterations and fitness of Fixed and No [m- |
| provement adaptive temperature SA.| . . . . ... ..o oo 46
|77 Adaptive neighbourhood control with memory of best-performing mutation op- |
| erators compared to the baseline on fitness and number of iterations.| . . . . . . 47
[7.8 The averaged weights of the mutation selection operators over the iterations for |
| the memory approach.| . . . . .. ... .. L o 47
[7.9  Comparison of adaptive neighbourhood control guided by environmental heuris- |
| tics against the baseline, on vessel delay, water loss, and salt intrusion.| . . . . . 48
[7.10 Comparison of adaptive neighbourhood control guided by environmental heuris- |
| tics against the baseline, on fitness and the number of iterations.| . . . . . . .. 48

vii






Chapter 1

Introduction

This chapter introduces the motivation and context for this thesis. We describe the problem
of water loss and salt intrusion of the North Sea Locks and provide an outline for solving
this issue. We also give the structure of this thesis by providing a brief overview of each
chapter.

The Dutch and Belgian economies are experiencing growing demand in cargo transport,
accompanied by a modal shift towards inland navigation, which leads to more and larger
vessels arriving in Dutch and Belgian ports [3} 4]]. In Terneuzen, one of the largest locks
in the world was opened in 2024 [[1]]. The lock facilities in Terneuzen allow vessels from
the North Sea to go to the port of Gent. Given the economic importance of minimising
vessel travel times, efficient scheduling of these cargo vessels is essential. A bottleneck
in scheduling vessels through the Terneuzen—Gent canal is planning these vessels through
the North Sea Locks. To make this schedule efficient, Macomi, a Dutch software company
specialised in maritime simulation, has developed a model which minimises vessel delays in
the lockage planning. However, vessel delays are not the only variable at stake in lockage
planning. Lockages also have large consequences for the surrounding water. As vessels
travel through the locks, water at the side with a higher water level is lost to the lower
level, and the waterbodies on either side of the locks mix. The loss of water and mixing
of waterbodies have negative impacts on available drinking water, agriculture, industry, and
the nature surrounding the North Sea Locks.

Algorithmic approaches exist to model vessels moving through the locks, often referred
to as the lock scheduling problem. Macomi’s simulation model uses simulated annealing
(SA) to minimise the vessel delays. SA is dependent on hyper-parameters. The algo-
rithm’s performance is highly dependent on selecting the correct hyper-parameters [5]. Pre-
vious research has shown that empirically selecting hyper-parameters can lead to weaker-
performing models [6]. Therefore, it is crucial to improve Macomi’s current parameters.

Lockage scheduling is understudied; research focuses on more general scheduling prob-
lems. The environmental impact, although important [[7, 8, 9], of lockage scheduling is often
ignored. There is a direct tradeoff between the freshwater loss and salt intrusion, and the
vessel delays in lockage scheduling [[10]. This tradeoff can be optimised. Optimising the
efficiency of lock scheduling is referred to as the lock scheduling problem. Since lockage
scheduling research is sparse, research uses similarities to more general scheduling prob-
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1. INTRODUCTION

lems, which are studied thoroughly [[11, [12} [13]]. This research shows that the lockage
scheduling problem can be solved to optimality, but this requires excessively long runtimes.
Therefore, the necessity for metaheuristic approaches, such as SA, is highlighted.

SA is widely studied. Research proves the importance of using correctly tuned hyper-
parameters [S]. To alleviate this prerequisite, there are adaptive SA approaches which mod-
ify the hyper-parameters based on feedback during the search. This feedback can be based
on problem-specific data. This is rarely studied, as such approaches are not generalisable.
However, the sparse research using problem-specific information to guide SA finds perfor-
mance increases [14}[15].

The key hyper-parameters of SA are the evaluation function, cooling schedule, and
neighbourhood control. The evaluation function is the goal to optimise. This function
cannot be optimised, as there is no way to evaluate its quality. However, the adaptive
approach can make the weights in the multi-objective evaluation function reactive to the
dynamic lockage environment [[15]. The cooling schedule can be made adaptive using the
well-established Modified Lam annealing algorithm [[16]. This algorithm shows promising
results over a wide range of problems [17,[18,19]]. Therefore, we evaluate whether its strong
performance transfers to the lockage scheduling problem. The selection of new mutations
of a current solution is called neighbourhood control. Literature proposes the idea of a
memory which stores what mutation operators work well historically [20, 21]. We adopt
this method to Macomi’s model.

Although much research into the general scheduling problem has been done, the lock-
age scheduling problem is overlooked. The sparsely available research is aimed at general
algorithms, relying on minimal domain-specific data. There is an especially small amount
of research considering the environmental effects of lockage planning. Research in different
domains shows that using problem-specific information can cause better performance. We
aim to extend research into lock scheduling by using domain-specific information to guide
the SA.

To alleviate the importance of selecting the correct empirical hyper-parameters for SA,
we explore the adaptive SA field. Literature in this field provides general approaches for SA
[16l 20, 22]. These approaches show strong performance on generic test classes, but their
adaptability to lock scheduling is unknown. We aim to evaluate these general algorithms on
the North Sea Lock scheduling problem.

The aim of extending Macomi’s algorithm is to provide environmental awareness in
lock scheduling with environmental variables. We will then evaluate adaptive approaches
to the SA algorithms, which aim to reduce the significance of the empirically selected SA
parameters. This leads us to the following research question investigated in this thesis:

What is the effect of adaptive Simulated Annealing parameters on the minimisa-
tion of the environmental impact of the lockage scheduling problem of the North Sea
Locks?

To answer this question, the following sub-questions are answered:

1. What environmental variables are crucial in the cost function of a lockage?

2. What is the effect of extending a Simulated Annealing lock-scheduling algorithm
with environmental variables?



3. What is the effect of making the hyper-parameters of the Simulated Annealing lock
scheduling algorithm adaptive?

We answer these research questions by exploring related work to find the important vari-
ables in lockage scheduling. We add these variables to the model and compare the effects
on the water loss and salt intrusion between the extended model and the original model.
Then, for each of the SA parameters, we explore an adaptive approach, from literature or
based on problem-specific data, to see if the adaptive SA approaches perform well on the
North Sea Lock scheduling problem and to see if using lock scheduling-specific data can
improve the SA algorithm.

The remaining structure of this thesis is as follows. Initially, provides the
background of the North Sea Lock situation. We discuss the functionality of locks and
how this impacts the water surrounding the locks. This chapter also gives the necessary
background in SA, which is the algorithm used by Macomi to plan lockages. This thesis
extends this algorithm.

describes the problem of the North Sea Locks in more detail. We discuss
the environmental impact that lockages have, especially under drought conditions. Fur-
thermore, we elaborate on Macomi’s algorithm to schedule lockages and highlight possible
improvements of the empirically selected SA hyper-parameters.

In |Chapter 4] we discuss related work on lockage scheduling. We show that research
on the environmental impact of lockage scheduling is sparse, and we draw similarities to
similar scheduling problems. We go over research regarding adaptive SA, which alleviates
the difficult task of empirically selecting strong parameters for SA. We discuss two general
approaches from the literature, which we adopt for lockage scheduling, and discuss adaptive
parameters based on problem-specific data.

describes our approach for adding water loss and salt intrusion variables to
the SA model, forming the baseline for further experiments. Then, we describe the adaptive
weights, temperature, and neighbourhood algorithms, leading to the final fully adaptive SA
approach.

Then, in we give the outline for the experiments to evaluate each algorithm.
We perform twenty runs of each adaptive configuration and compare them against an equal
number of runs of the baseline. We test if the new approaches significantly outperform or
underperform the baseline.

The experiment results are provided and discussed in[Chapter 7] We observe that adding
water loss and salt intrusion variables to the SA algorithm reduces their negative effects at
the cost of increased vessel delays. The adaptive approaches guided by problem-specific
data show the clearest improvements. The adaptive SA algorithms directly from the litera-
ture do not show improvements.

gives the conclusion of this thesis and provides guidance for future research.
We show that the environmental impact, in the form of water loss and salt intrusion, of
a lockage schedule can be reduced by reasoning over the environmental parameters and
efficient scheduling, at a cost of increased vessel delays. We find that general all-purpose
adaptive SA solutions are not always the best solution for practical problems. Algorithmic
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1. INTRODUCTION

approaches using the problem-specific data of the problem under optimisation can offer
better-performing solutions.



Chapter 2

Background

This chapter gives the required background to understand the main body of this work. We
discuss the basic functionality of a lock to give some background to the domain we are
working in. Lockages influence, and are influenced by, the water surrounding the lock, so
we elaborate on the effects of lockages. Then, we give the necessary background in SA and
Macomi’s simulation model, which uses SA.

2.1 North Sea Locks

The North Sea Locks consists of 3 locks: the New Lock, for the largest sea vessels; the
West Lock, for sea-going ships; and the East Lock, for inland shipping [[1]]. The locks differ
in size and specific purpose, but they serve the same general purpose: to transfer vessels
between different water levels on either side of the locks.

Although lockages serve differing general purposes, vessels can be scheduled in any
lock that fits them. If space allows it, multiple vessels can be scheduled in a single lockage.
This constitutes the lockage scheduling problem, which describes the problem of planning
vessels through the locks efficiently.

Besides the vessels, the locks subsequently influence the transfer of water. Generally,
the water level at the Western Scheldt side of the lock is lower than the level of the canal
water. The water level of the canal is maintained at a fixed level of +2.10 meters NAH]
There are small fluctuations around this water level of £5 cm. The water level is kept at this
level to ensure vessels can safely navigate the canal at all times [23]]. The water level at sea
is dependent on tides, so it oscillates with a high variance. The water level at sea oscillates
between approximately +3.0 m NAP and —2.2 m NAP.

Locks can be enhanced with mechanical additions to reduce water usage or limit the
entry of high salinity water. Examples of this are a water-saving basin, a bubble screen,
or a sill [24]. However, since this work considers the specific locks in Terneuzen, the
lock mechanisms are fixed and therefore not a variable in an optimisation algorithm. The
addition of new mechanics to the existing locks is deemed outside the scope of this work.

INAP: Normaal Amsterdams Peil, is the reference water level of O m in the Netherlands.
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Figure 2.1: Water loss of an upstream and downstream cycle of a lock [2].

2.2 Water Flow

Water flows through a lock from the higher water level to the lower water level, as depicted
in To increase the level of the water inside the lock, water from the higher water
level is released into the lock, as shown in the left subfigures. To lower the water level inside
the lock, water is released from inside the lock to the lower water level, as shown on the
right side of the figure. A lockage causes the loss of water from the higher water level and
causes mixing of the water on both sides of the lock.

2.2.1 Water Loss

The water level in the Western Scheldt is generally lower than the Terneuzen—Gent canal
water. This means that a full lockage cycle loses canal water to the Western Scheldt. When
the difference in water level is larger, the amount of water lost from the canal is also greater.
To compute the amount of water lost in a levelling cycle, we can use this formula [2]:

Wioss =A -2+ Wup — Waown

Where:

A horizontal area lock chamber
z difference in water level, water head
Wap amount of water which is displaced by vessels going upstream

Wiown amount of water which is displaced by vessels going downstream

This formula considers a lockage as a full cycle consisting of four phases:



2.2. Water Flow

1. Opening the Lock doors to the Western Scheldt, to allow vessels to leave and enter
the lock to and from that side.

2. Closing the lock doors and levelling the lock chamber’s water level to the Terneuzen—
Gent canal level.

3. Opening the Lock doors to the Terneuzen—Gent canal, to allow vessels to leave and
enter the lock to and from that side.

4. Closing the lock doors and levelling the lock chamber’s water level back to the West-
ern Scheldt water level.

In Macomi’s model, a lockage is considered one-sided; a lockage is either phases 1, 2, and 3
for upstream lockages (shown on the left side in[Figure 2.1)), or phases 3, 4, and 1 for down-
stream lockages (shown on the right side in labelled 4, 5, and 6 respectively).
Water loss is considered over a full lock cycle, meaning two lockages by Macomi’s lockage
definition. Therefore, we split the water loss computation over two lockages, giving the
following two formulas:

vvlossUp =A 'Z+Wup

VV[ossDown = _Wdown

The usage of these formulas is further discussed in
The relevant net water loss is the difference between the water discharged through the

lock to the Western Scheldt and the water discharged into the Terneuzen—Gent canal. We
consider water loss as the total water discharged through the North Sea Locks, as this is a
direct consequence of the lockage schedule, independent of historical data. The historical
discharge data reflects past lock operator decisions, dependent on conditions relevant at that
time. Using this data to determine the water loss would assume their decisions are indepen-
dent of the North Sea Lock operations, which is not the case. An effect of our definition
is that a lockage’s water loss is large, while part of the water loss is natural discharge from
the locks surrounding Gent. This part of the water loss has a net loss of zero, as there is an
equal amount of water discharged from Gent as discharged through the locks. This inflated
water loss amount does not influence the comparison of lockage schedules.

2.2.2 Salinity

The high-salinity water from the Western Scheldt, with high salt levels caused by the direct
connection to the North Sea, is mixed into the Terneuzen—Gent canal’s fresh water. A
lockage mixes fresh water from the canal side of the lock and salt water from the Western
Scheldt side of the lock. This mixture of fresh and salt water inside the lock is released into
the water outside of the lock. When the lock door to the Terneuzen—Gent canal is opened,
this means the canal’s water increases in salinity level.

To compute the expected change in salinity, we use the ZeeSluisFormulerinf] (ZSF) [25]].
ZSF is a model created and utilised by Deltares [26]]. It is adopted in practice by Rijkswa-

2«Zeesluisformulering” translates to Sea Lock Formulation
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terstaaﬂ and used in related hydraulic engineering research [[10, [24]]. Performance measures
show high accuracy in predicting the salt transfer through locks [27]]. Based on the follow-
ing input parameters, which ZSF finds crucial in the computation of the salt intrusion: the
lock dimensions; the sea and canal water level and salinity; the ship volume through the
lock in both directions; and the opening times of the lock doors, ZSF can compute, among
other values, the amount of salt that enters each side of the lock. The lock dimensions and
the water and salinity levels are publicly available from Rijkswaterstaat [28]]; the other val-
ues are estimated, as described in In our algorithm, we minimise the amount of salt
entering the Terneuzen—Gent canal, as computed by ZSF.

ZSF is an elaborate research into a simplification of the high salinity water intrusion
through lockages [26]. The salt intrusion computation does not match the exact mixing
process in the lock. The mixing of water inside and outside the lock chamber is complex.
For the purposes of this research, the exact details are unnecessary to reach conclusions on
the macro level of the salt intrusion. Based on a suggestion from the ZSF documentation,
we assume the initial salinity of the lock chamber to equal the average of the sea and canal
water salinities. This is as if we assume a steady state for the lock chamber salinity prior to
a lockage.

ZSF’s method consists of four phases: 1. levelling the lock water level to the canal water
level, 2. opening the lock doors to the canal for vessels to leave/enter the lock, 3. levelling
the lock water level to the Western Scheldt water level, and 4. opening the lock doors to the
Western Scheldt for vessels to leave/enter the lock.

We use a per-lockage computation to compute the salt intrusion for a lockage as defined
by Macomi. A lockage translates to three phases of ZSF: either phases 2 (open to canal),
3 (level to sea), and 4 (open to sea) for a lockage in the downstream direction; or phases 4
(open to sea), 1 (level to canal), and 2 (open to canal) for a lockage in the upstream direction.

Besides the difference in salinity levels between both sides of the lock, the most impor-
tant factor in salt transition is the discharge of fresh water into the canal, as higher discharge
means that the high salinity water is ‘flushed’ out of the canal [29]. ZSF does not reason
about discharge, as it considers a lake as the freshwater side of the lock. Therefore, we add
discharge as a separate component to the computation of a lockage’s salt intrusion.

Stratification likely also plays an important role in the exact computation of the mass salt
intrusion [30, 31l]. These variables are excluded from this study because the stratification
data are not available and are difficult to estimate. Since stratification is considered less
critical for the salt intrusion computation, and we do not need the exact value of the salt
intrusion to guide us towards a more environmentally friendly lockage planning, we assume
complete mixing inside the lock after a cycle.

Since the sea and canal mix, other variables in the canal are also affected. For example,
oxygen and acidity are affected by seawater. These variables have no critical effects on
the water quality in the Terneuzen—Gent canal [32, 33] and were not included in the expert
discussion to guide lock operations with a decision support system [34]. Therefore, they are
deemed irrelevant for this thesis.

3Rijkswaterstaat are the Dutch water authorities, largely responsible for lock operations and water manage-
ment of the Netherlands.
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2.3 Simulated Annealing

Simulated annealing (SA) [35,136] is an optimisation technique based on annealing in met-
allurgy. Annealing is a controlled way of cooling a material to influence its physical prop-
erties. The SA algorithm adapts this approach to model how quickly the algorithm narrows
its search space to local solutions. This is called the cooling schedule.

SA starts with an arbitrary solution to the problem under optimisation. The algorithm
proceeds to make alterations, called mutations, to the current solution to find new solutions.
The quality of solutions can be measured by scoring a solution. The goal of the algorithm
is to iteratively find new solutions that score better than the current solution. The cooling
schedule causes the algorithm to sometimes select mutations which score worse than the
current solution. When the temperature of the cooling schedule is high, the probability of
selecting worse-performing solutions is higher. This allows the search algorithm to cover a
broader area of the search space, avoiding getting stuck in local optima.

Scoring a solution is done using an evaluation function. The evaluation function is
problem-specific, meaning it depends on the problem under optimisation. The evaluation
function in lockage scheduling assigns a score to a schedule of lockages and vessels. The
score is dependent on multiple dependent variables. In lockage scheduling, important vari-
ables are the vessel delays caused by lock waiting times, the water loss due to lockages,
and the amount of salt entering the freshwater canal. The evaluation function scores the
schedule based on how large the negative consequences are of each of these variables under
the current schedule.

Besides the scoring function, SA has a cooling schedule and uses mutation selection.
The cooling schedule describes at what temperature the simulated algorithm starts and how
this temperature changes over time. The temperature determines, based on some predeter-
mined acceptance probability, if worse solutions are accepted. This thesis also experiments
with the stopping criteria as part of the cooling schedule. SA does not necessarily continue
until the global optimum is found. The stopping criterion dictates when SA stops looking
for new solutions. The stopping criterion is closely related to the temperature. When the
temperature approaches zero, accepting new solutions becomes rarer, leading to eventual
termination of the algorithm. Mutation selection describes what mutations are made to the
current solution to explore new solutions, as well as what solution to start the search from.

2.4 Macomi’s Model

Macomi has created a model which simulates vessels through the Terneuzen—Gent canal.
Part of this simulation model is lockage scheduling, using SA. The hyper-parameters, such
as evaluation function weights, cooling schedule ¢, and mutation operator probabilities, are
selected empirically. The SA model schedules which vessels should enter which lock at a
given time. This results in a schedule with lockages for a given time period. A lockage can
be empty or contain one or more vessels.
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2.4.1 Evaluation Function

Macomi implemented multiple objective functions to score solutions. Each of the func-
tions prioritises a different goal to optimise. The objectives currently under optimisation
are: minimising the number of lockages; minimising the total vessel delay; minimising the
maximum delay of a single vessel; minimising the preference punishment scores of vessels,
which are higher if a vessel is not scheduled in its preferred lock; and Macomi has a basic
implementation for the minimisation of water loss. This thesis extends this list of objectives
with a more extensive water loss computation and minimisation of salt intrusion. Each of
the separate components is combined in a weighted sum to form the evaluation function.

The main tradeoff in lockage scheduling is vessel delay against water loss and salt in-
trusion, also referred to in this thesis as the environmental parameters. The minimisation
of total vessel delay and maximum vessel delay will be the main drivers of the vessel delay
results. The water loss and salt intrusion scorers will have the largest impact on the en-
vironmental parameters. The other scorers do impact the vessel delays and environmental
variables, so we do keep them in the evaluation function, but we do not compare their di-
rect contribution in this thesis to keep the tradeoff between vessel delay and environmental
parameters clear.

Therefore, a simplified version of the evaluation function is as follows:

Fs = Wielay - Z Delay; + Wyater 1oss * Z WaterLoss; + Wit intrusion * Z SaltIntrusion;
les les les

Where Fj is the fitness value of schedule S, and / represents a lockage in S. W represents the
weight assigned to each component. The weights are selected manually before running the
simulation and represent how important the associated variable is in the current simulation.

2.4.2 Cooling Schedule

Macomi uses a geometric cooling schedule, which decreases with a constant factor o every
second iteration. The temperature T starts at a value of 100, a is set at 0.993. Giving the
following formula for T at iteration i:

Tio1 = 0.9937;

A new solution i is accepted with the following probability:

Pi == e_Ai/n

Where A; is the difference in fitness between the new solution and the current solution.
Meaning that the probability of accepting a new solution becomes smaller as A increases,
or as the temperature decreases.

Macomi’s SA algorithm terminates when no improvement over the current solution is
found for 1000 iterations. This leads the algorithm to exploit the found solutions, as it only
terminates when it is not possible to find a mutation which improves the current solution.

10



2.4. Macomi’s Model

2.4.3 Mutation Selection

To explore new solutions, the current solution is mutated. In lockage scheduling, mutations
are changes in the assignments of vessels to lockages. The mutations are selected from one
of five predetermined mutation operators:

* Move Vessel: Moves the vessel to a random existing lockage.

* Move Vessel Greedy: Moves the vessel to an existing lockage near the vessel’s arrival
time.

* Swap Vessels: Swaps the vessel with another vessel in a random lockage.
* To New: Creates a new lockage for the vessel at a different time in the same lock.

* Change Visit: Move the vessel to a different lock at a similar time as the original
lockage.

The operators are selected by weighted random selection. The operator weights are
empirically decided and fixed between simulations.

For all operations, the requirements of vessels are taken into account. Vessels which
are too large for the smaller locks will not be scheduled in these locks. Vessels moving
upstream cannot be scheduled in downstream lockages. An empty lockage is a candidate
for removal. If an empty lockage is preceded or followed by another empty lockage, both
lockages are removed. An empty lockage is also not bound by the time requirements of
vessels, making them flexible between the preceding and succeeding lockages.
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Chapter 3

Problem Statement

In lockage scheduling, many variables play a role. An optimal schedule should create min-
imal waiting time for vessels. Macomi has constructed an SA model which allows schedul-
ing the locks based on arriving vessels to minimise their waiting time. The model also
includes a basic measure to minimise water loss, but the environmental awareness of the
lockage scheduling can be extended. In addition to the environmental variables, we believe
improvements can be made to the optimisation algorithm. This chapter describes which
variables play a crucial role in creating an optimal lock schedule. Then, we discuss how
Macomi’s current SA algorithm can be improved while considering the environmental vari-
ables.

3.1 Lockage Effects on Water Scarcity and Quality

The North Sea Locks in Terneuzen form a passage between higher salinity Western Scheldt
water, also referred to as seawater in this thesis due to its high salinity, and the freshwater
Terneuzen—Gent canal. Lockages cause freshwater from the Terneuzen—Gent canal to be
lost to the sea. Lockages also cause high-salinity seawater to enter the canal. Both events
have negative consequences for the maintenance of freshwater. The loss and contamination
of fresh canal water should be minimised.

3.1.1 Freshwater Scarcity

Freshwater is limited in availability. It is crucial to important infrastructures, such as drink-
ing water, agriculture, industry, and nature [8]. We should aim to reduce wasting freshwa-
ter, especially during droughts, caused by low discharge from the rivers flowing into the
Terneuzen—Gent canal and by high temperatures with little rainfall. Such conditions are
strengthened by global warming [37]], making this an intensifying problem.

Hardly any water is lost when a lockage is scheduled at a time when the water levels
of the Western Scheldt and the Terneuzen—Gent canal are equal. However, one lockage of
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3. PROBLEM STATEMENT

the New Lock — the largest of the North Sea Locks — can lose over 100,000,000 litre{l
(equivalent to 40 Olympic swimming pools) of fresh water when scheduled at an inefficient
moment. Such losses should be avoided.

In the Netherlands, safety measures for important hydraulic structures and vulnerable
nature are deemed paramount during freshwater shortages [38]]. A shortage of freshwater
can cause damage to dikes, which reduces their structural integrity. This could lead to mal-
functions during periods of high water [39]]. Vulnerable nature can also suffer from fresh-
water shortage. Nature in the Netherlands, and surrounding Terneuzen, is very diverse and
unique in biodiversity and ecological values. This nature is under pressure from, among oth-
ers, nitrogen deposition, urbanisation, and desiccation; amplified by global warming [40].
Efficient water management is crucial in sustaining these locations.

Other infrastructures heavily reliant on freshwater are drinking water facilities and en-
ergy suppliers [38]. Both these facilities fall under the critical infrastructure of the Nether-
lands, meaning disruptions can be detrimental to the national and European economy and
safety [41]. Careful management of water loss is crucial to protect these infrastructures.

Drought also has large consequences on inland vessel transport surrounding locks. We
further discuss the direct consequences on lock operations in Besides direct
restrictions on lock operations, low discharge periods cause a lower water level, forcing
limitations on vessel cargo loads. This means more vessels are required for the same cargo.
Together with a narrowed navigation channel, this leads to increased vessel traffic and thus
longer waiting times at the locks [42].

Periods of drought are also strongly connected to the salinisation of the freshwater canal.
During high discharge, high salinity water is ‘flushed’ out of the freshwater canal [29]. Low
water allows the high salinity water to further intrude inland. We further discuss salinisation
in[Section 3.1.3

The water losses can be minimised by efficient scheduling of lockages. A method to
minimise the water loss is to schedule lockages at high tide moments. During high tide, the
sea level and the canal water level differ only slightly, reducing the water lost. However,
high tide only occurs approximately two times a day. Scheduling lockages only at such
times can mean long waiting times for vessels arriving at low tide. The locks could also
become overcrowded at high-tide moments when many vessels are scheduled in lockages
at those times. This can cause large delays for vessels [3]].

Another method for reducing water loss is by reducing the number of lockages by com-
bining multiple vessels in a single lockage. This causes delays for vessels that have to wait
for other vessels to arrive at the lock or to leave the lock post lockage.

Since Terneuzen has 3 locks, varying in size, another possibility to reduce water loss is
to schedule vessels to a smaller lock. The locks have requirements for maximum vessel size
[43]], so switching to another lock is not always a viable option. Rescheduling vessels to
smaller locks can also cause the smallest lock to be overloaded with vessels, again leading
to vessel delays.

! Approximated by: Water loss = surface area New Lock x greatest difference in water level between sea
and canal in November 2025 = 23,485 x 4.44 = 104,273.4m>.
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3.1. Lockage Effects on Water Scarcity and Quality

The delay of vessels and the minimisation of freshwater loss are dependent variables
[10]. This highlights the importance of an optimisation model to find a solution which
optimises both.

3.1.2 Lock deactivation

The water level in the Terneuzen—Gent canal has to be maintained at a minimum height [23]].
This assures vessels can safely navigate the canal. During periods of drought, meaning the
discharge into the Terneuzen—Gent canal is consistently smaller than the discharge through
the locks to the Western Scheldt, the locks can be deactivated, or their activity can be limited
to reduce water loss and maintain an acceptable water level [44} 45]].

We observe a direct consequence of low water on the operation regulations of the locks
in Terneuzen. The locks have previously been disabled for two to four hours around low
tide to avoid large water losses [46, 47]]. The time windows of the disabled locks can be
improved using efficient lockage scheduling.

Deactivating locks or limiting their activity can cause significant vessel delays; force
more strict cargo regulations; or cause the rescheduling of vessels to a different port [48]].
Deactivating locks should be avoided at all costs, highlighting the importance of regulating
the canal water effectively.

With the rise of global warming, drought occurrences arise more frequently [49]. The
lock scheduling in Terneuzen should be robust against such occurrences, highlighting the
importance of a well-performing planning tool to keep the locks active.

Conversely, in periods of high discharge, locks can also be disabled. To regulate the
abundance of water in the canal, one of the locks can be left open to release water to the
Western Scheldt [34]]. In periods of high discharge or when such periods are approaching,
having more lockages is beneficial. The ‘loss’ of water to the Western Scheldt is considered
beneficial to reduce the water level in the canal. Efficient lock operations during these
high-discharge periods can also be scheduled using an optimisation algorithm.

3.1.3 Increased Salinity Level

While lockages cause a loss of freshwater, the high salinity seawater also flows in the reverse
direction. This has negative effects on agriculture, ecosystems, industries, and drinking
water.

The ecosystems surrounding the Terneuzen—Gent canal rely on fresh water to maintain
balance. Many plants in such a freshwater ecosystem have a maximum amount of salt they
can handle in water. An increase in the salinity level of the water can cause negative effects
on certain more vulnerable plants, or even cause species to go locally extinct [SO]. Such
biodiversity loss has negative effects on the ecosystem functioning and resilience [51]]. A
similar concern holds for agriculture that depends on the Terneuzen—Gent canal for irriga-
tion. Crop yields and soil quality might suffer when water in the canal becomes too saline
[52].

High salinity water also negatively affects industries by increasing metal corrosion. In-
dustries using water for cooling, agriculture using water for irrigation, and water infrastruc-
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ture all deal with an increased rate of metal corrosion when in contact with water. Water
with higher levels of salt leads to increased reactivity with oxygen, causing faster oxidation
[53]]. This means faults and, therefore, maintenance occur more often [54].

Water from rivers and canals in the Netherlands is directly and indirectly, through
groundwater, filtered and used as drinking water. Water with increased salinity levels is
harder for filtering systems to clean, and water filtering industries have even been forced to
shut down the intake of water due to increased salinity [55]].

Global warming causes more severe and widespread periods of drought [3 49]. In
periods of drought and low discharge from rivers, it is shown that the salinity of inland water,
such as the Terneuzen—Gent canal, is increased [29, 156]. This causes the aforementioned
negative side effects of high-salinity water to be amplified in periods where freshwater is
already scarce.

It is important to minimise the salinisation of the freshwater Terneuzen—Gent canal. Ma-
comi’s current model does not consider salinisation as one of the variables in lock schedul-
ing to minimise. Extending the model with a salinity measurement could extend the breadth
of the model.

3.2 Existing Model

Macomi has implemented a model which uses SA to schedule vessels through the locks in
the Terneuzen—Gent canal, as described in The model minimises the delay of
vessels and contains a basic function to compute water loss. However, this computation can
be extended, and the salt intrusion is not yet considered in optimisation. Furthermore, Ma-
comi’s SA algorithm can potentially be improved by making the hyper-parameters adaptive
to the specific problem instance.

3.2.1 Environmental Variables

The inclusion of environmental variables is not complete in Macomi’s model. The current
computation of the water loss of a lockage does not consider water displacement by vessels.
The model also does not account for the salt intrusion, which is caused by lockages.

Vessels inside a lock during the lockage displace water in the lock chamber. As de-
scribed in this causes extra water loss for vessels moving upstream, while it
reduces the amount of water loss for downstream lockages [2]]. Downstream lockages with
multiple vessels should therefore use less water than empty downstream lockages, under the
same circumstances. This consideration is not implemented in Macomi’s current model.

Besides the litres of water lost in a lockage, another important factor determining the
cost of lockages is the salinity of the canal water. Macomi’s current model does not consider
the flow of high salinity water to compute the cost of a lockage. Adding such a parameter
would broaden the model to include all crucial environmental considerations.
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3.2. Existing Model

3.2.2 Fixed Simulated Annealing Parameters

Macomi’s SA hyper-parameters are fixed between simulations. This means that for differ-
ent optimisation problems, the same parameters are used. While these generalised parame-
ters can perform well for certain problem instances, they may lack adaptability to specific
ones [5]. The exact empirical parameter selection methodology is not documented. Empiri-
cally selecting SA parameters has been shown to lead to weaker performing models [6]. As
operator requirements change over time, this leads Macomi to time-consuming recalibration
of parameters that may no longer perform optimally for the current problem.

In the current model, the weight of the water loss needs to be set by the operator prior
to running each simulation. This has a large impact on the model’s outcome, as shown in
previous experiments by Macomi. However, the weight is represented by a dimensionless
scalar, which does not have a clear meaning for inexperienced users of the system. Reducing
the cruciality of the weight, by making it adaptive, would reduce the experience required to
use the system.

Adapting the SA parameters based on problem-specific variables can improve the pos-
sibly outdated empirically selected parameters. It also leads to an SA approach tailored to
specific problem instances. We expect this could improve the performance of the optimisa-
tion algorithm.
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Chapter 4

Related Work

Optimisation is a thoroughly studied domain in computer science. This chapter discusses
SA practices applied to the scheduling of lockages. We discuss two research fields. First,
research on lockage scheduling and the parameters that influence the cost of lockages. Then,
SA and its adaptive variants.

4.1 Lockage Scheduling

The lockage scheduling problem is understudied. Most work considers the scheduling of
vessels, with the lock(s) as a secondary focus. The locks are mainly seen as an obstacle to
the vessel schedule. Therefore, the more extensive lockage variables, such as their environ-
mental impact, are often not considered. We discuss several studies related to the lockage
scheduling problem to get an idea of the current state of the academic landscape.

4.1.1 Environment Parameters

Work regarding lockage scheduling and its environmental impact is limited. We discuss
research regarding the environmental impact of lock operations. These papers highlight the
importance of this research field and provide insight into what parameters are considered
crucial in the environmental conditions of a lock.

Wau et al. [7] highlight the importance of environmental awareness in lock scheduling.
They provide a solution for the Green Lock Scheduling Problem (GLSP), where they focus
on minimising the environmental impact of lockage scheduling. Their work approaches the
GLSP by minimising vessels’ carbon emissions. Despite the focus on minimising the envi-
ronmental impact of lock scheduling, the water loss and salt intrusion are not considered.

A study by Bakker and Van Koningsveld [10] explores the connection between the
number of lockages and the salinity of the water in the Terneuzen—Gent canal. This work
shows that clustering vessels compactly in a lockage to reduce the number of lockages limits
saltwater intrusion, but it introduces high vessel delays. Their study uses a theoretical model
with simplified assumptions and simulations in TU Delft’s OpenTNSim to simulate vessel
behaviour. While their work models the physical consequences of lock usage, it does not

19



4. RELATED WORK

implement an optimisation framework. We build upon their findings and use SA to find
improved schedules with reduced environmental impact for the locks in Terneuzen.

Research on the lock situation in Bremen considers water loss and energy usage in their
lockage scheduling, emphasising the importance of these parameters in lockage schedul-
ing [57]]. In the described lockage process, a water pump is used to pump water back into
the port area. The energy usage of this pump can be minimised if the water level in the port
area remains at an acceptable level, which can be achieved by locking at moments when the
(sea)water level is high. Indicating similar requirements to our water loss minimisation. To
model this system, the authors propose a multi-agent system with an agent for each individ-
ual variable in the scheduling problem, such as each vessel, each lock, or the harbour basin.
The paper suggests a model to solve the scheduling problem, while focusing on minimis-
ing the vessel waiting times and reducing energy usage. Simulations with the model have
not yet been performed, but are expected to show how effective water management with
lockages can be maintained. The multi-agent system approach is highly dependent on the
specific lock agents, making it complicated to adapt to other lock facilities. We expect SA
to give a more general solution to lockage scheduling and will show the tradeoff between
vessel delays and environmental impact with experimental results.

4.1.2 The Scheduling Problem

The lockage scheduling optimisation problem is sparsely studied [58]], as it is a niche op-
timisation problem. However, the lockage scheduling problem is closely related to more
general forms of NP-hard scheduling problems [11]. These general scheduling problems
are studied more intensively [59].

Passchyn [12] did extensive research into lock scheduling. In his work, he draws the
similarities between lock scheduling and the machine scheduling problem, an NP-hard opti-
misation problem which is studied more extensively. In this comparison, locks are mapped
to machines, and vessels are the jobs that these machines have to process. This work dis-
cusses multiple versions of the lock scheduling problem, such as a single lock, multiple
locks in a sequence, or multiple locks in parallel. For the latter, which is most similar to
the situation in Terneuzen, he proposes a dynamic programming approach which schedules
vessels with a runtime of O(mn™), for m vessels and n chambers.

A similar mapping from the lockage scheduling problem to machine scheduling is used
in work by Verstichel et al. [13]. In this work, they construct a mixed integer linear pro-
gramming model which can be solved to optimality on small problem instances.

Both papers show the high complexity of the lockage scheduling problem and show that
it can be solved to optimality for smaller problem instances. However, the environmental
impact of lockages is not considered despite its crucial role in lockage planning, and the
proposed dynamic and mixed integer linear programming approaches are not feasible for the
large and complex real-world situation in Terneuzen. A metaheuristics-based optimisation
approach, such as SA, is therefore necessary to get good results in an acceptable time for
larger problem instances.

A study by Zhang et al. [60] on the two dams of the Three Gorges Project in China
uses SA, in combination with local search, to demonstrate the feasibility and optimality of
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a lockage schedule of the five locks in the project. In their approach, they minimise vessel
tardiness, minimise empty lockages, and maximise the balance between the workload of the
locks. Minimising empty lockages can be considered a basic form of water loss and salt in-
trusion minimisation. To solve the lock scheduling problem, they draw similarities with the
Flexible Manufacturing System (FMS) problem, which is a more extensive version of the
machine scheduling problem mentioned previously, yet it is less complex than the lockage
scheduling problem. The authors highlight that their model is limited to deterministic nav-
igation conditions and emphasise the need for a model to adapt to the stochastic dynamic
environment of locks. Their model does not account for direct water loss or salt intrusion
parameters. Therefore, the trade-off between increased vessel delays and the reduction of
environmental impact is not discussed.

4.2 Adaptive Simulated Annealing

Simulated Annealing is a widely adopted optimisation method, due to its straightforward
algorithm. The initial version is attributed to Kirkpatrick et al. [35]. It is studied extensively
in a broad domain. This section discusses research with SA using adaptive parameters,
which alleviates the burden of manually selecting good parameters.

Previous work on adaptive parameters for SA shows that they can produce accurate
results, competitive with well-crafted empirically selected parameters [[17,161]. We discuss
several papers which evaluate adaptive parameters in scheduling optimisation tasks.

4.2.1 Domain Driven

This thesis aims to improve lockage scheduling for the North Sea Locks. This is a specific
problem. Therefore, besides the general adaptive SA approaches we will discuss, we can
consider utilising the domain-specific information to guide the SA parameters. This sec-
tion discusses related work exploring these domain-driven adaptive SA approaches. This
research field is mainly focused on neighbourhood operations and initialisation procedures.
We take inspiration from these domain-specific approaches for our implementation of an
adaptive evaluation function and adaptive neighbourhood control.

Musharavati and Hamouda [14]] exploit auxiliary knowledge in manufacturing process
planning. Multiple SA algorithms are extended with heuristic and meta knowledge of the
planning problem and compared to a basic version of the SA algorithm. The version ex-
tended with auxiliary knowledge shows significant improvements over the basic algorithm.
This work uses domain-specific knowledge on scheduling, such as generating a more effi-
cient initial solution and reusing previous schedules in new solutions. These heuristics are
based on neighbourhood operations (i.e. the generation of a new solution). The heuristics
suggested are for process planning and are not applicable to the water variables in lock
scheduling. Further parameters beyond neighbourhood control are not considered.

Domain-specific knowledge can also be used to inflate or deflate evaluation scores.
Based on knowledge of scheduling, major inefficiencies in a solution can be detected, guid-
ing the mutation selection to avoid such solutions [15]. This algorithmic approach also leads
to improved performance.
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The domain-specific methods are not directly applicable to the lockage scheduling prob-
lem of the North Sea locks, but show that the methodology can be effective. In our study,
we will discuss the effects of problem-specific water/lock heuristics on a wider range of SA
parameters to see if these adjustments follow the same trend of improving SA.

4.2.2 Evaluation Function

Macomi’s SA algorithm uses a weighted sum evaluation function. The evaluation function
is the objective to optimise; we have no way to score an evaluation function. Therefore,
the evaluation function itself cannot be optimised. However, the function currently is static,
while the lockage scheduling problem is a dynamic problem. We can make the evaluation
function dynamically reactive to the lock situation, following the idea of the domain-driven
approaches, which inflate evaluation weights [[15]].

Research on such dynamic evaluation functions is rare. Eiben et al. [62] discuss three
approaches to dynamically change penalty coefficients for a different metaheuristic, the evo-
lutionary algorithm: a function for the weights over time, feedback from the search process,
and self-adapting weights. The former does not reduce the effort of empirical selection
of weights; the latter is specific to the workings of evolutionary algorithms. Therefore,
we adapt the evaluation function weights based on domain-driven feedback in the search

process; this methodology is described in

4.2.3 Cooling Schedule

A large part of adaptive SA research centres around the cooling schedule. The temperature
change in standard SA follows a geometric decay function with fixed parameters. These
parameters can be adapted based on the search state to form a more effective algorithm [63]].
We discuss research showing the benefits of an adaptive cooling schedule for SA. Then, we
describe how we selected the Modified Lam annealing approach for our cooling schedule.

Azizi and Zolfaghari [64] compare an SA algorithm with an adaptive cooling schedule
against a standard SA algorithm and find that the adaptive cooling approach outperforms the
baseline. In their research, they find that a combination of adaptive simulated annealing with
a tabu-list is significantly superior to the baseline simulated annealing. They demonstrate
that adjusting the temperature based on the search trajectory helps escape local maxima and
therefore improves SA. The experiments are performed on several job scheduling problems,
which have similarities with lockage scheduling. However, they remain theoretical, which
means that the results on a practical problem, such as the North Sea Lock situation, are
unknown.

Triki et al. [65], in their research on the cooling schedule, show empirically that most
classical cooling schedules perform similarly. This indicates that the basic geometric cool-
ing schedule functions as an interchangeable baseline. A new adaptive method is proposed
that outperforms these classical approaches on the travelling salesperson problem. This
shows that an adaptive cooling schedule can improve the SA algorithm. The results are
based on artificial test functions, which might not translate to lockage scheduling. There-
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fore, this thesis adopts a better-established and more widely tested, well-performing ap-
proach called Lam annealing.

Lam annealing is a well-established approach for adapting the cooling schedule [63]]. It
was initially proposed by Lam and Delosme [66]. In their cooling schedule, they change the
size of the neighbourhood to allow increased or decreased exploration. Since it is difficult
to define a dynamic neighbourhood, their approach is modified by Swartz [16]], causing the
neighbourhood function to no longer be changed during search, giving the later formalised
Modified Lam annealing schedule [67], which only adjusts the temperature based on the
ideal Lam acceptance rate. This model has been shown to perform well over multiple do-
mains [17, [18} [19]. We implement a computationally more efficient approach [68]. The
methodology is described further in|Section 5.3

4.2.4 Neighbourhood Control

The neighbourhood control is responsible for selecting the next mutated solution based on
the current solution. Creating a mutated solution is problem-specific, as a solution is defined
within the problem’s domain. Therefore, we explore an adaptive neighbourhood approach
using domain-driven heuristics to determine how a mutation is constructed. Since these
heuristics are highly dependent on the North Sea Lock situation and Macomi’s implemen-
tation, there is no related work to directly follow. However, as described in
previous work in related fields has shown that the use of problem-specific knowledge can
improve mutation selection. The heuristics we use for the first adaptive neighbourhood
approach are based on domain knowledge and are further described in |Section 5.4.2

Possible other approaches, independent of the problem under optimisation, for adaptive
neighbourhood control are the adaptive large neighbourhood search [69] or a reinforce-
ment learning-based hyper-heuristic approach [70]. These approaches require more tuning
and hyper-parameters. They are more difficult to directly adopt into Macomi’s existing
model. Therefore, we opt to evaluate a less complex, problem-independent, memory-based
approach, which we evaluate alongside the domain-driven approach.

We adopt a strategy from the literature. Yu et al. [20] propose Adaptive Neighbourhood
Simulated Annealing (ANSA) for a fleet vehicle routing problem. ANSA aims to guide the
selection of the next mutation. It does so by keeping a memory of what operators reach
good fitness in previous mutations. This memory can be used to influence the probabilities
of selecting each mutation operator in the future. ANSA performs well on the fleet vehicle
routing problem. A similar memory-based neighbourhood control also shows strong results
on university course timetabling problems [21]]. These memory approaches are easily gen-
eralisable to other problem classes. We will evaluate an adapted version for the North Sea
Lock scheduling problem. The methodology for this algorithm is described in[Section 5.4.1]

4.3 Research Gap

Throughout all academic work on lock scheduling, we see a similar pattern. The sources
mainly focus on scheduling the vessels efficiently. Most models contain no parameters
related to water loss or salt intrusion. If they do, they are basic indicators which do not
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cover the full lock scheduling problem, and the concrete effects are not discussed. Much
research also focuses on modelling the lock scheduling problem. This work can be used to
prove feasibility, but it does not show how the North Sea Lock scheduling problem can be
solved efficiently.

Although it is known that tuning parameters is a tedious but important aspect of SA,
there is a lack of experimentation with adaptive parameters. The adaptive cooling schedule
has been extensively researched, providing the well-established Modified Lam Annealing
approach. However, the evaluation function and neighbourhood control are more sparsely
studied. Work on adaptive SA also rarely discusses domain-driven heuristics, as such algo-
rithms are not generalisable. However, we expect that for a specific problem, such as the
North Sea Lock scheduling problem, using problem-specific information to find a solution
can be beneficial.

This work aims to evaluate adaptive variants of all parameters which are crucial in lock
scheduling to alleviate the parameter tuning efforts. With these new algorithms, we aim
to reduce the water loss and salt intrusion in the North Sea Locks to reduce the complete
environmental impact. We discuss the effect of the reduced environmental impact on the
lockage schedule’s vessel delays.
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Chapter 5

Methodology

This chapter describes how each of the adaptive parts of the SA algorithm is created. We
introduce five experiments and explain how we approach their implementation. The first
experiment compares Macomi’s original model without water loss and salt intrusion param-
eters, as a baseline, against an implementation with the environmental parameters present.
This experiment produces the new baseline with water loss and salt intrusion for the re-
maining four experiments. The following three sections explain how the SA approaches
with adaptive weights, temperature, or neighbourhood control are constructed. Finally, we
create a fully adaptive SA algorithm with a combination of the best performing approaches
from the adaptive weights, temperature, and neighbourhood control to evaluate if their suc-
cesses accumulate.

5.1 Experiment 1: Water Loss and Salt Intrusion Parameters

Based on our Background and Problem Statement (Chapter 3), we conclude

that water loss and salt intrusion are the critical environment-based parameters in a lockage
of the locks in Terneuzen. Therefore, we add these parameters to the SA algorithm. This
extended SA algorithm will form the baseline in further experiments.

To extend the SA algorithm with water loss and salt intrusion, following the existing
implementation by Macomi, we compute a fitness value per lockage. Then we extend the
evaluation function — the weighted sum of fitnesses — to add the water loss fitness and the
salt intrusion fitness.

5.1.1 Water Loss

Macomi has created a basic implementation to compute the water loss fitness of a lockage,
following the formula:
Vi = Liock, - Wiock, - (Canal; — Sea;)

With V;: the volume of water lost by upstream lockage . Ly ock, and Wi ock,: respectively the
length and width of the lockage’s lock, Lock;. (Canal, — Sea,): the water level of the canal
minus the water level of the sea, at time ¢ of lockage /.
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This computation for V; is extended with the water displacement from the vessels [2]],
as described in We estimate the volume of the water displacement by vessels
in the lockage based on the following formula [71]:

Vi=Li-B;i-T;-Cp

With:

Vi: the water displacement volume of vessel i.

L;: the vessel length.

B;: the vessel beam.

T;: the vessel draught.

Cyp: the block coefficient describing the hull fullness.

Since C}, for vessels is not available in the data, it is estimated by a constant value of 0.5.
This simplification neglects differences in hull shape between vessels, making the estima-
tion less precise. However, the water displacement is only a minor part of the water loss
computation, meaning such an estimation is sufficient for a rough estimate. The volume of
water lost to sea is transformed into a fitness value.

5.1.2 Salt Intrusion

The salt intrusion fitness value is computed using the Zeesluisformulering [25]]. Most input
values can be directly taken from the lockage data (i.e. lockages time and direction) or from
measurements from Rijkswaterstaat (i.e. sea/canal water level and salinity).

Remaining input values are estimated. We estimate the volume of the water displace-
ment by vessels and barges in the lockage the same way as in the water loss computation,
as described in the previous section. We estimate the time the lock doors are opened based
on the formula by Bakker [72]:

With T,,¢,(x): the time the doors are opened for a lockage with x vessels. 7,4, is the time
required for the vessels to pass through the lock (approximately one minute for the average
vessel). The constants 1.5 and 1.0 represent the door opening and closing times and the
preparation time, respectively. The constant 15.0 is the time allocated per inbound vessel
for entering the lock and securing the vessel. Lastly, 5.0 the extra time per outgoing vessel,
as a buffer waiting time for vessels leaving the lock shortly after one another.
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5.1.3 Weights

To determine the weights for the water loss and salt intrusion, we perform experimental
runs. We try several weights and compare the contribution of water loss and salt intrusion
to the total fitness score. Based on these experimental runs, we adjust the water loss and
fitness score to contribute similarly to the vessel delay, for a weight of 1.

The experiment compares several weights ranging from 0.05 to 10 against the baseline,
allowing us to systematically find the preferred weight for the water loss and salt intrusion.
We further elaborate on this in We give water loss and salt intrusion the same
weight throughout the experiments, as we deem them equally important in this thesis, and
this limits the number of weight configurations to test.

5.2 Experiment 2: Adaptive Weights

A core element of SA is the evaluation function. Since the evaluation function is the goal
to optimise, the function itself cannot be optimised. However, to make the cost function
adaptive, we can make the weights adapt based on the state of the lock environment at
the time of each lockage. In Macomi’s implementation, the evaluation function is a sum
of weighted components. A simplified version, with the extension of the environmental
parameters, is:

Fs = Waelay * Z Delay; + Wyater 1oss * Z WaterLoss; + Wiat intrusion * Z SaltIntrusion;
IeS les leS

Where Fs is the fitness value of schedule S, and [/ represents a lockage in S. W represents
the weight assigned to each component.

Optimising the weights W; would lead to W; = 0 or W; = —eo, depending on the bounds
of the weights, since this leads to the lowest value for the evaluation function. However,
this would not allow SA to find new solutions that improve the lock schedule. Therefore,
SA would no longer work.

To make the cost function adaptive, we can make the weights adapt to the state of the
lock environment at the time of a lockage. This results in the following evaluation function:

Fs = Weelay - Z Delay; + Z Wyater loss (1) - WaterLoss; + Z Waalt intrusion (7) - SaltIntrusion;
leS les les

Where Wyater loss(f) and Weait intrusion (f) represent the weight for the respective variables at
time ¢ of the lockage. Since this thesis focuses on the environmental conditions of lock
scheduling, the water loss and salt intrusion weights are adapted. The weight for the vessel
delay remains static, as vessel delays do not depend on the environmental conditions of the
lock.

5.2.1 Adaptive Water Loss

The adaptive water loss weights wyaeer 10ss are computed as follows:
Wwater loss (t) = max (_ 1.0, min (2-07 6canal sea (t) + Wdrought(t) + Widischarge (I)))
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With:

* Wyaterloss(f): the adaptive water loss weight at time ¢ of the lockage. The value is
bounded to the range of [—1.0, 2], to keep the weights within reasonable bounds. A
negative value indicates that the Terneuzen—Gent canal water level is below the sea
water level, meaning a lockage is beneficial, and thus the weight is negative.

* Ocanal sea(?): the difference between the water level in the Terneuzen—Gent canal and
the sea. This value is normalised between [—1.0, 2] with the differences between the
water levels of the year.

* Warought(): the drought value at time ¢ of the lockage.
* Wdischarge (7)1 the discharge value at time 7 of the lockage.

The drought and discharge values at time ¢ of a lockage are computed with a sliding
window of three days. When the average water level in the Terneuzen—Gent canal or the
average discharge of the time window is below a threshold, we say that the lockage is at a
moment of drought, or low-discharge, respectively. The drought threshold is 2.1m, as this
is the ideal water level of the canal. Since there is no ideal value for discharge, its threshold
is the average discharge over the year. We increase the weight of water loss when lockages
happen during drought or low-discharge, as these circumstances make reducing the loss of
water more crucial.

When the canal water level is over the drought threshold, or the discharge is higher
than the discharge threshold, then their respective values are negative. When the water level
is consistently higher than the ideal 2.1m and when discharge is consistently higher than
average, this means that there is too much water in the canal. Lockages at such times are
beneficial; therefore, we decrease the weight of the water loss. Similarly, when the dis-
charge is high, this also signals an abundance of water, making lockages at these moments
beneficial.

5.2.2 Adaptive salt intrusion

The adaptive salt intrusion weights Weait intrusion (f) are computed as follows:
Waaltintrusion (1) = max (0, min (2.0, Ssea canal () + Ssatinity (£) — Waischarge (7)) )

With:

* Wsaltintrusion (1) the adaptive salt intrusion weight at time ¢ of the lockage. The value
is bounded to the range of [0, 2], to keep the weights within reasonable bounds. This
value cannot be negative, as lockages are always disadvantageous for salt intrusion.

* Ogea canal (7): the difference between the sea level and the water level in the Terneuzen—
Gent canal.

* Ogalinity (7): the difference between the salinity of the sea and the Terneuzen—Gent
canal.

28



5.3. Experiment 3: Adaptive Temperature

* Wdischarge (¢): the normalised discharge value at time ¢ of the lockage over the yearly
data. Discharge is subtracted, as a higher discharge means salt water is ‘flushed away’
[29], so this should lead to a lower weight.

All components are normalised between [0, 1] with minimal and maximal values of the
yearly data.

5.3 Experiment 3: Adaptive Temperature

The second key feature of SA is the temperature (T). We can adaptively control T by ad-
justing it to get an acceptance rate close to an ideal acceptance rate. We adjust T follow-
ing the work by Swartz [[16], which was refined by Boyan [67] to create the now-called
Modified Lam Annealing schedule. We implement it following the optimised version from
Cicirello [68].

T is increased or decreased when the actual acceptance rate is below or above the ideal
acceptance rate, respectively. The ideal acceptance rate starts at 1, while the actual accep-
tance rate starts at 0.5, causing T to increase. This allows exploration and acceptance of
new, possibly worse, solutions. The ideal acceptance rate declines exponentially for the
first 35% of the allowed iterations, concurrently decreasing T. Then, for 50% of the iter-
ations of the search, the ideal acceptance rate is fixed at 0.4. During the last 15% of the
iterations, it exponentially declines towards 0, continuously decreasing T to stop accepting
worse solutions than the current solution, thus exploiting good solutions towards a local
optimum.

The Modified Lam Annealing schedule uses a fixed number of iterations; we name this
stopping criterion Fixed. Macomi’s SA terminates after finding no improvements for 1000
iterations. Therefore, we construct a second hybrid approach for SA with adaptive T, fol-
lowing the Modified Lam Annealing with Macomi’s stopping criterion, which we name No
Improvement. This approach still uses a hyper-parameter for the number of iterations, but
after the specified iterations, the ideal acceptance rate is fixed at 0, continuously decreasing
T. The algorithm then continues until no improvements are found for 1000 iterations.

5.4 Experiment 4: Adaptive Neighbourhood Control

The final crucial part of SA that we make adaptive is the neighbourhood control. Neighbour-
hood control happens by the selection of the new mutation based on the current solution. We
can make this mutation selection adaptive by steering what mutation operator is selected.

Macomi’s SA has five mutation selection operators, with their own probability of being
selected:

* Move Vessel: Moves the vessel to a random existing lockage. Probability: %

* Move Vessel Greedy: Moves the vessel to an existing lockage near the vessel’s arrival
time. Probability: %
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» Swap Vessels: Swaps the vessel with another vessel in a random lockage. Probability:

=

* To New: Creates a new lockage for the vessel at a new time in the same lock. Proba-

bility: 1—12

* Change Visit: Move the vessel to a different lock at a similar time as the original
lockage. Probability: %

An operator is selected randomly following their probabilities. The probabilities are
assigned empirically by Macomi. To adapt the Neighbourhood control, we change these
probabilities. We keep the probabilities greater than O at all times, allowing SA to theoreti-
cally explore all solutions that the operators combined can produce.

5.4.1 Memory

We evaluate two approaches of adaptive neighbourhood control. The first follows from
work by Yu et al. [20]. This approach changes the weights of the operators based on the
fitness of the solutions found by that mutation. The algorithm keeps a memory of the fitness
resulting from each operator. The operators that find solutions with better fitness get an
increased probability of being selected for future mutations.

The fitness history of an operator is stored as a weighted average of the last produced
fitnesses of that operator. This weighted average is computed following the Exponential
Moving Average (EMA) [73] computation. EMA assigns the highest weight to the most
recent observation, following this formula:

EMA;=0o-P+ (1 —a)- EMA,_;

With EMA; as the current weighted average, F; as the last produced fitness, and o as the
recency bias. For the experiments, we evaluate the adaptive memory with varying values for
o. Lower values encapsulate a longer history of values, reducing the variance, and causing
the EMA, value to be minimally dependent on the most recent observation. A larger o
indicates a strong bias towards the most recent observation, causing more variance in the
EMA;.

5.4.2 Environment

The second approach to adaptive neighbourhood control is based on the environmental con-
ditions of the lock. Based on the heuristics of what makes a lockage fitter, we adjust the
mutation selection operator weights. Four environmental signals are computed to measure
how favourable the current lock conditions are.

Salt intrusion pressure is high when the water level of the sea exceeds the Terneuzen—
Gent canal level, since this causes more saline water to enter the canal during a lockage.
Water loss pressure is high when the canal level exceeds the tide level, as this indicates
more fresh water lost per lockage. Salinity pressure is high when the salinity difference
between the sea and the lake is large, because this indicates a larger increase in salinity of
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the canal. Discharge pressure is high when the river discharge is low, reflecting drought
conditions where fresh water is scarce, meaning the loss is more costly, and this reflects
the lack of flushing of the high salinity seawater. These four signals are combined into a
single scalar, which represents how environmentally favourable the current moment is for
performing a lockage.

The environmental scalar drives the selection probability of selecting the mutation op-
erators. Move Vessel is favoured under high environmental pressure and when the current
lockage only contains one vessel. The rationale is that when lockage occurs under negative
environmental conditions, vessels should be moved away from the current lockage, since
we prefer not to send vessels through the locks under negative conditions. Moving a vessel
from a lockage containing only one vessel leaves the lockage as a candidate for removal,
reducing the number of lockages. The lockage is then also no longer bound by vessel timing
requirements, giving more freedom for the time of the lockage.

Swap Vessels is favoured under low environmental pressure and when the lockage con-
tains two or more vessels. The rationale is that under good conditions, a full lockage should
be kept full, so only the category of vessels should be swapped, and the number of vessels
in the lockage should remain equal.

Move To New Lockage is increased when the lockage only contains one vessel. Creating
a new lockage will most likely increase water loss and will always increase salt intrusion.
However, creating a new lockage is more acceptable when the current one is underutilised
and thus a candidate for removal. This could lead to the possible removal of the lockage
and give more freedom to the time of the lockage.

Change Visit is favoured under low environmental pressure, as having vessels in a lock-
age at this time is beneficial, so only reassigning them to a different lock keeps the vessel at
the superior time.

The intensity of the environment-based heuristics is guided by a strength parameter. A
strength of zero results in Macomi’s empirically selected operator probabilities; a higher in-
tensity weight amplifies the differences between the probabilities of the adaptive operators.

5.5 Experiment 5: Fully Adaptive Simulated Annealing

As the final experiment, we combine the adaptive weights, temperature and neighbourhood
control to create a fully adaptive SA algorithm.

The fully adaptive SA consists of the best-performing adaptive approaches from the
previous experiments. For the adaptive weights, we select the weight which outperforms
the baseline on water loss and salt intrusion, without a substantial increase in vessel delay.
Based on the pairwise experiment between the adaptive temperature with a fixed number of
iterations and the adaptive temperature with Macomi’s stopping criteria, we select the better
approach. Then, based on the comparison with the baseline, we can select the preferred
number of iterations for the cooling schedule. Finally, we use the adaptive neighbourhood
control that has the clearest superiority over the baseline and use the parameter which scores
best; the best o in the case of the memory approach or the superior intensity weight for the
environment approach.
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Chapter 6

Experiment Design

This chapter describes how we test the performance of each of the adaptive SA approaches.
The experiment design is divided into five experiments, as described in The
baseline experiment compares Macomi’s original SA implementation, as the baseline, to the
extended version with environmental parameters. The preferred configuration from the first
experiment functions as the baseline for the further evaluation of the adaptive approaches.
First, we discuss what data we use to run the experiments on. Then, this chapter describes
the parameters on which each experiment is evaluated and how we test for significant results.

6.1 Data

Macomi has an internal simulation pipeline which constructs an arrival schedule for vessels
at the North Sea Locks. These arrival schedules are the input for the SA algorithm to
construct a lock plan. All arrival schedules are simulated on 2018 data, as this is the data
available from Macomi.

The complete dataset used to evaluate the algorithms consists of 20 such arrival sched-
ules. The arrival schedules are distributed over the four seasons, giving five schedules dur-
ing summer, autumn, winter, and spring. The schedules are divided over the seasons, as
some of the experiments depend on the environmental conditions of the locks. These con-
ditions differ between seasons. During summer and autumn, droughts are more common
and discharge from Gent is lower. During winter and spring, droughts are uncommon, and
discharge is higher. The distinction between seasons for the input data gives more diverse
data, and allows for the comparison of algorithms during a specific season.

The SA algorithm treats previously scheduled vessels and lockages as constraints. An
arrival schedule with hardly any vessels scheduled before running SA makes planning of
the current vessel with SA superficial. This leads to an uninteresting lockage schedule with
few lockages and no conflicts while finding the solutions. With such SA runs, the effects
of the algorithm adjustments are not visible. Therefore, we select arrival schedules for the
experiments where a significant number of vessels are scheduled before the SA algorithm
runs.

When comparing multiple algorithms, all algorithms run on the same input data and
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with the same random seed. This reduces the variance of the experiments, increasing the
power of the significance tests. We describe, for each experiment, how we test for significant
differences in the results.

6.2 Experiment 1: Water Loss and Salt Intrusion Parameters

To measure the effects of adding water loss and salt intrusion to the cost function, we com-
pare eight configurations with different water loss and salt intrusion weights against the
original SA implementation by Macomi. We explore the following weights: 0.05, 0.1, 0.2,
0.5, 1,2, 5, and 10. These values are selected to cover a large range of weights for the water
loss and salinity. Since the experimental runs show that there is a relatively large decrease
in water loss and salt intrusion for weights smaller than one, we explore more weight values
in the lower range.

The fitness value of SA with water loss and salt intrusion is inflated because of the
added components to the evaluation function. Therefore, we compare the performance of
the configurations and the baseline on the amount of water lost in m?, the amount of salt
entering the canal in kg and the total vessel delay in minutes.

6.2.1 Baseline Statistical Test

To test if the new configuration results are significantly different from the baseline, we
perform a statistical test. For all following experiments where we compare several con-
figurations of an algorithm approach against a baseline, as is the case in this experiment,
we evaluate the significance of the pairwise differences between the configuration and the
baseline.

For each configuration result, we compute the difference with the result of the baseline
result on the same input data. For each configuration, this gives 20 differences between the
configuration and the baseline. We test whether these differences are normally distributed
with the Shapiro-Wilk test.

If the differences are normally distributed, we can use the paired t-test [[74] to see if the
difference between the configuration and the baseline is significant. The paired t-test is a
strong statistical test, but it requires normally distributed data. Since we perform multiple
comparisons, the probability of getting a significant result by chance increases. Therefore,
we perform a correction of the p-value using the Benjamini-Hochberg (BH) procedure [75]].
The BH procedure reduces the number of false positives when testing multiple hypotheses.

If the differences are not normally distributed, we test significance using the Wilcoxon
signed rank-test [[/6]. This procedure does not require normally distributed data, but it is
weaker than the paired t-test. Again, after we compute the p-values, we correct them with
the BH procedure.

6.2.2 Hypothesis

With the added water loss and salt intrusion parameters, we expect to see a decrease in the
volume of water lost to the sea, and we expect a decrease in the amount of salt entering the
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Terneuzen—Gent canal. This result will be the effect of fewer lockages and lockages timed
at different moments. We predict that a side effect of this change in the vessel schedule is
that the vessel delay increases. With fewer lockages and lockages at moments beneficial
for water loss and salinity, vessels could potentially be planned in less optimal lockages,
increasing their delay. This hypothesis is grounded in the work by Bakker and Van Kon-
ingsveld [10].

Based on the experimental runs, we expect the configuration with weights of 1 to have
an equal contribution of water loss and salt intrusion to the total fitness, as the vessel delay
contributes to the total fitness. The lowest weight, 0.05, will likely have minimal effects on
the vessel delay, water loss and salt intrusion, as such a small weight keeps the priority on
minimising the vessel delay, similar to Macomi’s original implementation. By contrast, the
weight of 10 will show the most extreme results, showing a strong decrease in water loss
and salt intrusion at the cost of high vessel delays. We expect the baseline for the future
experiments to have weights of 0.5, showing a clear decrease in water loss and salinity, but
keeping a focus on minimising vessel delays.

6.3 Experiment 2: Adaptive Weights

We evaluate eight configurations of the adaptive weights, each with a different initial weight.
These initial weights are equal to the weights used to find our baseline with static weights:
0.05,0.1,0.2,0.5, 1, 2, 5, and 10. We evaluate the performance of SA with adaptive weights
based on three sub-experiments.

In the first experiment, we compare the eight configurations against the baseline re-
sulting from experiment 1. This shows whether the adaptive weights can outperform the
baseline. Then, we compare the eight configurations against the baseline for each of the
four seasons. This experiment indicates whether the effect of the adaptive weights is larger
under particular seasonal circumstances. Lastly, we do a pairwise comparison of each static
weight configuration with the matching adaptive weight configuration. This experiment
allows us to conclude whether SA with adaptive weights is generally better than SA with
static weights.

We compare the results on the amount of water lost in m?, the amount of salt entering
the canal in kg, and the total vessel delay in minutes.

6.3.1 Paired Statistical Test

For the comparison of the first and second subexperiments: adaptive weight SA against the
baseline, we check for significance following the same procedure as described for Experi-
ment 1 (Section 6.2.1T).

For the pairwise comparison of the static weights SA against the adaptive weights SA,
we perform a pooled pairwise significance test. We match each static weight configuration
with the adaptive weight configuration with the same weight. The differences between the
elements in each pair are pooled together, giving 8 (configs) x 20 (runs per config) = 160
differences in total. The Shapiro-Wilk test tells whether the data is normally distributed,
leading to either a one-sample paired t-test or the Wilcoxon signed-rank test.
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6.3.2 Hypothesis

In the experiment against the baseline, we expect a decrease in the water loss and the salt
intrusion, as the adaptive weights can inflate the importance of water loss and salt intrusion.
Especially during crucial periods of drought or low discharge, we expect a decrease in
water loss and salt intrusion. Since these periods are mostly during summer and autumn,
the adaptive weights SA approach will be more effective during these seasons.

We anticipate the pairwise experiment to show that adaptive weights improve the per-
formance of SA with respect to the water loss and salt intrusion. Similarly to Experiment 1,
where the weights of water loss and salt intrusion increase, the vessel delay might increase
due to the inflated cost of the water loss and salt intrusion.

6.4 Experiment 3: Adaptive Temperature

We evaluate two approaches for the adaptive temperature. The first is the Modified Lam
Annealing with a fixed number of iterations (Fixed) [17]. The second uses the same cooling
schedule, but with Macomi’s stopping criteria (No Improvement). Both approaches have
five configurations with a varying number of iterations N.

For the Fixed approach, the algorithm is terminated after NV iterations. For the No Im-
provement algorithm, N represents the number of iterations for the ideal acceptance rate to
approach 0. After N iterations, the ideal acceptance rate remains zero, meaning 7" decreases
towards zero until no new solutions are accepted for 1000 iterations.

Macomi’s original SA algorithm generally runs for circa 4000 to 5000 iterations, so
we select the following values of N: 500, 1000, 2500, 5000, and 7500, as a range around
these values. We expect the adaptive temperature approach to improve the baseline, so we
evaluate more configurations with a lower number of iterations. 7500 iterations is approx-
imately the maximum number of iterations used by Macomi’s original cooling schedule to
terminate.

Both approaches are compared against the baseline, aiming to show whether the adap-
tive temperature SA improves the baseline. Then, we do a pairwise comparison of the two
approaches for the adaptive temperature to show which is superior. We compare the results
on the fitness of the best solution and the number of iterations, as these are the variables
influenced by the temperature.

6.4.1 Statistical Tests

To test the significance of the results of the comparison between each adaptive temperature
approach and the baseline, we follow the same procedure as described in Experiment 1
(Section 6.2.1)).

For the pairwise comparison between the Fixed and No Improvement adaptive tem-
perature SA, we use the pooled pairwise comparison as described in Experiment 2
ftion 6.3.1). We match the configurations of both approaches in terms of the number of
iterations N for the cooling schedule.
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6.4.2 Hypothesis

For the Fixed algorithm, we expect the configurations with a low number of iterations (500
and 1000) to terminate with higher fitness solutions. We expect the configurations with
slightly fewer or a similar number of iterations (2500 and 5000) to reach comparable or
slightly better fitness in a similar number of iterations. An added benefit of the Fixed ap-
proach is that it gives the practitioner more control over the runtime of SA, as running SA
until no improvements are found for 1000 iterations leads to a large variance in runtime.
We expect the configuration with 7500 iterations to find solutions of higher fitness, but in
significantly more iterations.

We expect the No improvement approach to run significantly longer than the Fixed ap-
proach. We do expect this algorithm to find solutions with better fitness than the baseline,
as the adaptive temperature allows for more exploration early in search, while allowing the
same exploitation at the end of the search process. Increased exploration leads to finding a
broader range of solutions, and therefore, possibly better solutions.

In the pairwise comparison, we will see that the runtime of the adaptive temperature with
the Fixed stopping criterion is significantly lower than the runtime of the No Improvement
criterion. As a tradeoff for the lower runtime, we anticipate worse fitness values for SA with
the Fixed criterion.

6.5 Experiment 4: Adaptive Neighbourhood Control

We evaluate two approaches for the adaptive neighbourhood, as described in
and We test five configurations of the memory approach and five configurations of
the environment approach.

We test the memory approach with the values: 0.05, 0.1, 0.2, 0.3, and 0.5 for o to cover
a large range of recency biases. For EMA, the values are generally between 0.1 and 0.3 in
the literature, as these weights give a balanced weight for the most recent observation and
the history. We select a broader range to highlight the effects more clearly.

We evaluate domain-driven adaptive neighbourhood control with intensity weights of:
0.2, 0.5, 1, 2, and 5, where the smaller values aim to show realistic adjustments to the
operator probabilities, and the larger weights aim to clearly show the effects of the adaptive
neighbourhood control. Since the environmental neighbourhood is dependent on the season,
we also compare season-wise.

We compare the results on the fitness of the best found solutions and the number of iter-
ations, as these are the parameters affected by the adaptive neighbourhood control. For the
environment-based approach, we also examine the amount of water lost in m?, the amount
of salt entering the canal in kg and the total vessel delay in minutes, as the environment
heuristics are aimed at improving the water loss and salt intrusion.

6.5.1 Statistical Test

For the comparison of both adaptive neighbourhood control approaches against the baseline,
we check significance following the procedure as described in Experiment 1 (Section 6.2.1].
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6.5.2 Hypothesis

For the memory approach, we expect to see the same number of iterations as the baseline
since the number of iterations should not be affected by different operators. We do anticipate
better fitness values, because the mutation operators that have proven to work well previ-
ously by finding low fitness solutions are used more often and thus low fitness solutions can
be found more often.

For the environment approach, we expect to reduce the salt intrusion and water loss of
the found solution, because mutation operators are selected following heuristics beneficial
for water loss and salt intrusion. The mutation operators guided by heuristics are not directly
disadvantageous for the timing of vessels, so we do not expect a large increase in vessel
delays. This means that the overall fitness of the solutions should decrease.

6.6 Experiment 5S: Fully Adaptive Simulated Annealing

We do a pairwise comparison between the fully adaptive SA algorithm and the baseline.
This will show if the sum of well-performing components also outperforms the baseline.
We compare the results on the number of iterations, the amount of water lost in m3,
the amount of salt entering the canal in kg and the total vessel delay in minutes. We do
not evaluate on the fitness from the evaluation function, as the adaptive weights mutate the
weights of the components in the evaluation function, causing the fitness value to no longer

be comparable with the static fitness function from the baseline.

6.6.1 Statistical Test

We test if the difference between the baseline and the fully adaptive algorithm is significant,
as described in by computing the pooled differences between the results of
the fully adaptive algorithm and the baseline results.

6.6.2 Hypothesis

We expect adaptive SA to find better solutions, especially for water loss and salinity, in
fewer iterations. The separated parts of the complete algorithm have shown improvements
against the baseline. We expect the sum of the components to also give the sum of the
results, since the adaptive components act on secluded parts of the SA algorithm. This
would lead to their respective improvements accumulating to a greater improvement of the
baseline.
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Chapter 7

Results

This chapter describes the results of the experiments described in Experiment 1
will determine the baseline for the further experiments. Experiments 2, 3, and 4 com-
pare a singled-out adaptive component against that baseline. The final experiment explores
whether the components of adaptive SA complement each other and whether a completely
adaptive SA algorithm improves the baseline. We discuss the meaning of each experiment’s
result and conclude by discussing adaptive SA in general.

7.1 Experiment 1: Water Loss and Salt Intrusion Parameters

Experiment 1 aims to find a baseline for future experiments. Macomi’s lock planning algo-
rithm is extended with water loss and salt intrusion parameters. We evaluate eight config-
urations with varying weights for the new parameters. shows the comparison of
the configurations against the baseline.

All differences in vessel delay, water loss, and salt intrusion between the configurations
and the baseline are significant. The smallest weight for the water loss and salt intrusion
variables shows an immediate strong decline over the baseline in litres of water loss and
kilograms of salt entering the canal. The weight of 0.05, on average, causes 19.31% less
water loss and a 22.83% decrease in salt intrusion, leading to a 51.76% vessel delay in-
crease. This shows that by putting minimal focus on water loss and salt intrusion, there is
already much to gain. The amount of water loss and salt intrusion decreases with increasing
weights. However, as the weights of the environmental variables increase, the amount of
vessel delay increases more rapidly than the environmental impact decreases. The configu-
ration with a weight of 0.5, which we hypothesised as the ideal configuration, introduces a
reduction of 24.44% in water loss and 31.44% in salt intrusion, causing a 309.45% increase
in vessel delay.

These results show that our hypothesis was correct; adding water loss and salt intrusion
to the objective function leads to decreased water loss and salt intrusion. As a consequence
of this, vessel delays increase significantly. This is also supported by the results of the work
by Bakker and Van Koningsveld [[10].

For future experiments, we select the configuration with weights of 0.2 as the baseline,
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Figure 7.1: SA with water loss and salt intrusion compared to Macomi’s original model as
baseline. The error bars represent the variance over the pairwise differences.

reducing water loss by 27.20% and salt intrusion by 28.37%, at the cost of an increase in
vessel delays of 139.54%. This configuration shows a relatively large decrease in water loss
and salt intrusion, while keeping the vessel delay somewhat within the range of the base-
line’s vessel delays. We select the configuration with weight 0.2 over the smaller weights,
as it puts more emphasis on water loss and salt intrusion, allowing us to see their effects
more clearly. The selected weight is lower than our expected weight, since the effect on
water loss, salt intrusion, and vessel delay of the environmental variables was larger than
expected.

7.2 Experiment 2: Adaptive Weights

Experiment 2 compares SA with adaptive weights against the baseline with static weights.
We compare eight configurations with varying starting weights against the baseline with
weight 0.2 to see whether adaptive weights can improve the baseline. Then, we compare
each SA with adaptive weights against SA with static weights by pairing the configurations
with the same (starting) weight.
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Figure 7.2: SA with adaptive weights compared to the baseline with static weights fixed at
0.2.

7.2.1 Baseline Comparison

IFigure 7.2| shows the comparison of the adaptive weights configurations against the base-
line. In the comparison with the baseline, we observe that the configuration with the same
start weight as the baseline reaches very similar results, with no significant differences. The
configurations with smaller weights of 0.05 and 0.1 also show no significant differences for
the water loss or the salt intrusion. However, these configurations do significantly decrease
the vessel delays by 36.24% and 24.48%, respectively. The results for the water loss metric
are not significant for any of the configurations. Salt intrusion and vessel delays are sig-
nificantly affected by the start weights > 0.2. Vessel delays increase, while salt intrusion
decreases for higher weights.

The comparison of the adaptive weights SA against the baseline for each individual
season shows hardly any significant differences. Only for the largest start weights 2, 5, and
10, there is a significant improvement in salt intrusion by the adaptive weights approach.
This difference can be explained by the large weights producing more extreme results. All
other season-wise results are not significantly different from the baseline, due to the small
sample size of five runs per season.

We expected to see a decrease in water loss and salt intrusion with the adaptive weights,
since the adaptive weights focus on these parameters. However, water loss is not signif-
icantly affected by the adaptive weights. The configuration with the same start weight as
the static baseline weight also did not show significant differences. This indicates that the
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Figure 7.3: Comparison of the static weights SA and the adaptive weights SA, paired on the
same (start) weight for water loss and salt intrusion.

adaptive weights do not have a large influence on the found solutions. However, a com-
parison between the adaptive weights approach and a single baseline does not clearly show
the advantages and disadvantages of the algorithmic difference. Therefore, to explore these
differences further, we do a pairwise experiment between the two algorithms.

7.2.2 Pairwise Comparison

The results of the pairwise experiment are shown in The pooled statistical test
shows no significant differences for the vessel delays, as visible in the figure. Both water
loss and salt intrusion decrease significantly by the adaptive weights approach. Between
the different configurations, the adaptive approach differs in water loss, fluctuating between
4+1.96% and —18.77%. The salt intrusion shows an even more consistent performance in-
crease where the adaptive approach improves the salinity by —4.54% to —19.85% between
configurations.

The results of water loss and salt intrusion of the pairwise comparison are consistent
with the hypothesis and show the difference between the static and adaptive weights more
clearly. Since the adaptive weights dynamically change the weights of these parameters
under crucial lock conditions, they improve with adaptive weights. We anticipated the vessel
delays to increase because inflated water loss and salt intrusion weights could signify fewer
lockages or lockages at inefficient moments.

However, the adaptive weights do not merely inflate the weights of water loss and salt
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intrusion. Under beneficial lock conditions, their weights are decreased, and the emphasis
shifts towards vessel delay costs. The reallocation of priority from water loss and salt in-
trusion towards vessel delays causes the effect on vessel delay to cancel out over all runs.
Vessel delay is alternately prioritised and deprioritised depending on environmental condi-
tions, resulting in similar vessel delays for the adaptive weights SA to the static weights
baseline.

Water loss and salt intrusion benefit asymmetrically from shifting the priority based on
the environmental conditions. At moments where a lockage has an increased risk of high
salt intrusion or water loss, the priority of these parameters is increased. At moments less
crucial to these parameters, the priority is shifted back to the vessel delays. This results in
an overall reduction of water loss and salt intrusion.

These results highlight the effectiveness of adaptive weights. The domain-specific lock-
age heuristics allow parameters to be prioritised at their respective crucial moments. De-
ciding on the heuristics requires domain knowledge and is not generalisable, but adaptive
weights can be generalised and show promising results.

7.3 Experiment 3: Adaptive Temperature

The second component of SA that we make adaptive is the temperature (T). We evaluate
two approaches and compare them to the baseline. Both approaches adapt T with the Mod-
ified Lam annealing schedule [67]]. The first approach uses the same stopping criteria as
described in this work, with a fixed number of iterations; we name this stopping criterion
Fixed. The second approach adopts Macomi’s stopping criterion, which terminates after
finding no improvement in the found solution for one thousand iterations; we name this
criterion No Improvement.

7.3.1 Fixed Number of Iterations Stopping Criterion

The first sub-experiment evaluates the Fixed adaptive temperature SA approach. The results
are shown in

The baseline uses, on average, approximately 5000 iterations. The Fixed adaptive tem-
perature with 500, 1000, and 2500 iterations, therefore, uses significantly fewer iterations
than the baseline. All configurations, except for 7500 iterations, score significantly worse
than the baseline in fitness. This means that even the configuration of 5000 iterations, a
similar amount to the baseline, does not improve the fitness of the found solutions. The
configuration with the largest runtime has significantly more iterations and reaches fitness
that is not significantly different from the baseline.

The trend in the results of the configurations follows expectations; longer runtime trans-
lates to reaching better solutions. However, contrary to the hypothesis, adapting the cooling
schedule does not improve the performance of SA for the lock scheduling problem. The
adaptive temperature allows more exploration early in the search for a broader range of so-
Iutions. However, since the focus is more on exploration, later in search, the found solutions
are not exploited to the fullest.
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Figure 7.4: Fixed adaptive temperature SA, compared to the baseline on fitness and number
of iterations. The variance in runtime follows only from the baseline variance.

SA with the Modified Lam Annealing schedule cannot directly improve the baseline of
the lockage scheduling problem. The adaptive temperature gives the practitioner more con-
trol over the runtime of the algorithm, so if this is a high priority, the adaptive temperature
can be useful. However, following the increased exploration early in the search, exploita-
tion of found solutions is not optimal. This leads to finding worse solutions than the original
geometric cooling schedule with a stopping criterion of finding no improvements for 1000
iterations.

7.3.2 No Improvement Stopping Criterion

The second sub-experiment evaluates the No Improvement adaptive temperature. The num-
ber of iterations for each configuration represents the number of iterations for the ideal
acceptance rate to approach zero. After the assigned iterations, the ideal acceptance rate is
fixed to zero. Then, SA continues until it finds no improvements for one thousand iterations,
matching the baseline’s stopping criterion. The results are shown in

We observe that the configurations all behave similarly. Each configuration runs for
significantly more iterations than the baseline. Despite the extra iterations and the increased
focus on exploration early in the search, none of the configurations reaches significantly
better solutions than the baseline. The results signify that the No Improvement stopping
criterion reduces control over the runtime. All configurations require around 7000 iterations
or more, even though the ideal acceptance rate is fixed at zero for the largest portion of the
runtime.
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Figure 7.5: No Improvement adaptive temperature SA, compared to the baseline on fitness
and number of iterations.

The results show that even with a stopping criterion that allows exploitation of the found
solutions, the adaptive temperature does not clearly outperform the baseline. Since the cool-
ing schedule from the Modified Lam Annealing schedule cools more slowly than the geo-
metric schedule from the baseline, SA accepts solutions more often, increasing the runtime
for SA with this stopping criterion. Despite this increased runtime, the fitness does not im-
prove significantly, showing the Modified Lam algorithm is not effective for Macomi’s lock

scheduling problem.

7.3.3 Pairwise Comparison

We compare the Fixed and No Improvement stopping criteria for adaptive temperature SA.
We perform a pairwise comparison matched on the number of iterations for the cooling

schedule. The results are shown in

The results show consistently better fitness for the No Improvement approach. This
increase in fitness is at the cost of significantly more iterations. As the number of iterations
for the Fixed approach nears that of the No Improvement stopping criterion, we observe a
decrease in the difference in fitness. The results do not show a definitively better approach,
as the better performance of the No Improvement condition can be attributed to the longer

runtime.
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provement adaptive temperature SA.

7.4 Experiment 4: Adaptive Neighbourhood Control

The final adaptive SA component is the neighbourhood control. Neighbourhood control is
handled by the mutation operators, which are selected with a certain probability. In the base-
line, these probabilities are fixed; the adaptive approaches change them. The first approach
bases the probabilities on the fitness of previous solutions found by the operator. Finding
solutions with better fitness results in increased probability of being selected. The second
approach is guided by environmental conditions. Heuristics prioritise operators beneficial
under the environmental conditions at the time of the lockage.

7.4.1 Memory

First, we compare the memory-based approach against the baseline. We evaluate five con-
figurations, each with varying values for a. Higher values for o indicate that the memory
prioritises the most recent solution, so the operator weights are affected most by the last
seen fitness. The results are depicted in

The results show no significant differences between the baseline and any of the adaptive
neighbourhood control configurations with memory. A general trend in the results seems to
be that the adaptive memory approach uses fewer iterations (decrease of 7.11% to 16.45%),
leading to solutions that are slightly worse, ranging from 0.92% to 4.18% higher fitness.
This could be the consequence of selecting less favourable mutation operators despite them
reaching good fitness previously. SA terminates after no improvement is found for 1000
iterations. This means that a mutation operator should find an improvement over the current
solution to extend the search. By selecting worse mutation operators, SA terminates sooner
and therefore reaches fewer iterations and worse fitness.

Figure 7.8| shows the weights of the mutation operators over the iterations. Because
runs terminate after different numbers of iterations, averages are computed per iteration
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Figure 7.7: Adaptive neighbourhood control with memory of best-performing mutation
operators compared to the baseline on fitness and number of iterations.
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Figure 7.10: Comparison of adaptive neigh-
bourhood control guided by environmental
heuristics against the baseline, on fitness and
the number of iterations.

Figure 7.9: Comparison of adaptive neigh-
bourhood control guided by environmental
heuristics against the baseline, on vessel de-
lay, water loss, and salt intrusion.

using all available observations. Iterations for which fewer than half of the runs remained
were excluded from the figure to avoid unreliable estimates based on a small number of
observations.

We can see that the operators all start with similar weights. After a small number of
iterations, the operator weights disperse. Especially, the Move to New operator produces
consistently worse solutions. The Change Visit operator also consistently underperforms
compared to the remaining three operators. The operator weights vary between 0.047 and
0.329, showing that the mutation operator selection is influenced strongly by the memory.
As expected, larger values for o increase the variance of the weights, as it depends more
strongly on the last observation, but the values show similar patterns to lower o configura-
tions.

We can conclude that the memory approach, as described in Yu et al. [20], does not
work well for Macomi’s lockage scheduling problem. The memory does find operators that
generally construct better solutions, but selecting these operators more frequently does not
lead to better solutions over the full SA run.

7.4.2 Environmental Conditions

The second experiment adapts the mutation operator probabilities based on the lockage’s
environmental conditions. Heuristics guide what operator is preferred at a certain lockage
time. We evaluate several intensities of the heuristics, where a higher intensity weight
signifies a more significant increase in the probability of the preferred operator. The results
of comparing these configurations against the baseline are shown in[Figures 7.9and [7.10]
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The season-wise comparison based on five runs per season did not provide any signifi-
cant results. Since the variance of the results is too high, the five runs are not sufficient to
draw any conclusions.

The results on the aggregated data in show mostly non-significant results.
Only the salt intrusion is significantly lower for the intensity weight 0.2 and significantly
worse for the intensity weight of 5. only shows one significant difference with
the baseline for the fitness of the configuration with intensity weight 5. This configuration
shows a worse performance than the baseline in all parameters, leading to the conclusion
that mutation operator selection strongly guided by heuristics does not lead to improved
performance.

These results contradict our hypothesis. Since the environmental heuristics are aimed at
water loss and salt intrusion, we expected a decrease in these parameters. However, except
for the salt intrusion of the smallest intensity weight, they do not change significantly from
the baseline. Mutation operator selection guided by heuristics prioritising certain operators
based on the environmental conditions of the lockage, as we defined, shows minimal to no
improvement for the fitness of the solutions.

7.5 Experiment 5: Fully Adaptive Simulated Annealing

The final experiment evaluates the fully adaptive SA algorithm. Each of the adaptive com-
ponents is selected from the best-performing configurations of previous experiments.

7.5.1 No Improvements Stopping Criterion

For the adaptive weights, we use a start weight of 0.05. Generally, adaptive weights out-
performed the static weights in reducing water loss and salt intrusion. The start weight of
0.05 also reduces the vessel delay significantly. Since the adaptive temperature approaches
did not find a configuration which generally improves the baseline, we select the No Im-
provements adaptive temperature approach with Macomi’s stopping criterion. We assign
2500 iterations for the cooling schedule to reach zero. This configuration did not perform
significantly worse than the baseline, and the adaptive temperature configurations with Ma-
comi’s stopping criterion show better results than the configurations with fixed iterations,
even when the number of iterations is close. For the adaptive neighbourhood, we select the
configuration guided by environment heuristics and intensity weight 0.2. This is the only
adaptive neighbourhood configuration which reaches (non-significantly) better fitness than
the baseline and has significantly fewer salt intrusion.

This fully adaptive SA takes significantly more iterations than the baseline, because we
use Macomi’s stopping criteria with the slower adaptive cooling schedule. The combination
of adaptive components with the longer runtime allows the algorithm to find solutions with
significantly less vessel delay. Water loss and salinity do not show a significant difference
from the baseline. This indicates an improvement over the baseline, but this improvement
may be attributed to the increased number of iterations of the adaptive approach. Therefore,
we evaluate a configuration with a similar number of iterations to the baseline.
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7.5.2 Fixed Iterations

Since the increase in performance can be credited to the extra iterations, we evaluate the
same configuration but with a fixed number of 5000 iterations, a similar amount to the base-
line. The evaluation of the configuration with adaptive temperature with 5000 iterations
shows that it does not improve the fitness of the found solutions, nor does it decrease per-
formance. However, it does come with the benefit of increased control over the runtime and
a strong reduction of the runtime variance.

The 5000 fixed iterations for the Modified Lam Annealing, combined with the adaptive
weights and neighbourhood, show no significant differences with the baseline. This shows
that the reduced performance from the adaptive cooling schedule can be compensated for
by the adaptive weights and neighbourhood. This gives an algorithm which reaches similar
performance to the baseline, without the variance in runtime.

7.5.3 Post-Hoc Environment-Driven Simulated Annealing

Since the only adaptive configurations which showed a concrete improvement over the
baseline are the environment-driven adaptive weights and the environment-driven adaptive
neighbourhood, we perform a post-hoc experiment to evaluate a final environment-driven
configuration. The environment-driven algorithm uses the baseline’s geometric cooling
schedule, combined with adaptive weights with start weight 0.05, and adaptive neighbour-
hood guided by heuristics with strength 0.2.

Compared against the original baseline, the environmental approach achieves a signif-
icant reduction in vessel delays of 42.71% compared to the baseline. The increases in water
loss (4+1.99%) or salt intrusion (4+0.24%) are also significant. These results suggest that the
environmental conditions approach provides an improvement over the baseline.

However, the increased performance in vessel delays for the environment-driven al-
gorithm can be attributed to the selected start weight of the adaptive weights. For the
environment-driven approach, the weights start at 0.05, while the baseline uses 0.2 as the
fixed weight. This means that the baseline generally prioritises the water loss and salt intru-
sion over the vessel delays.

To isolate the effect of the adaptive mechanisms and the neighbourhood control, we
can compare the environmental approach against a baseline with fixed weights of 0.05
for the environmental variables. These results show a performance increase for the vessel
delays (—9.56%), the water loss (—7.98%) and the salt intrusion (—6.95%). However, these
improvements do not reach individual statistical significance, which weakens the claim of
improved performance for the environment-driven approach.

The observed performance improvements are consistent with the intended behaviour
of the environment-driven approach. The increased performance may be attributed to the
shifting in priority between the environmental variables and the vessel delay. Under less de-
manding lockage conditions, the adaptive weights assign relatively higher weights to vessel
delays, leading to fewer delays. Under crucial conditions, the environmental variables ben-
efit from the adaptive weights. Simultaneously, the environmental heuristics may select
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neighbourhood operators that, besides improved environmental impact, contribute to better
performance for the vessel delays.

7.6 Discussion

We perform five experiments leading to a fully adaptive SA algorithm. The aim of the
experiments is to see if they outperform the baseline. This section discusses the results in a
broader scope, emphasising the most significant findings and their implications.

7.6.1 Baseline

The baseline is determined in Experiment 1, where we extend Macomi’s base SA imple-
mentation with water loss and salt intrusion. The results show that the smallest tested start
weight of 0.05 decreases the loss of water in the intrusion of salt significantly, making the
North Sea Locks more environmentally friendly. The water loss and salt intrusion parame-
ters cause the lockages to be scheduled at less preferable times for vessels and to be filled
with more vessels. This leads to an increase in vessel delay, confirming the direct tradeoff
between environmental impact and scheduling efficiency reported by Bakker and Van Kon-
ingsveld [10]. For the further experiments, we select the configuration with weights equal
to 0.2, giving a reduction of 27.20% and 28.37% in water loss and salt intrusion at the cost
of an increase in vessel delays of 139.54%.

7.6.2 Adaptive Components

The following three experiments isolate the effect of making individual SA components
adaptive. We evaluate adaptive versions of the weights in the cost function, the temperature
in the cooling schedule, and the neighbourhood control against the baseline from experi-
ment 1.

Adaptive weights produce the clearest and most consistent improvement of the three
adaptive components. The pairwise comparison between the adaptive weights and the static
weights from the baseline shows a significant reduction in water loss and salt intrusion,
without affecting the vessel delays. The key mechanism responsible for the performance
increase is the dynamic shifting of the priority of the environmental variables and the vessel
delay in the cost function. For the vessel delays, the shifting of priority is arbitrary, leading
to equivalent vessel delays for static and adaptive weights. However, the priority increase
and decrease happen at crucial moments for the environmental variables. This causes the
water loss and salt intrusion to decrease by their adaptive weights. These results are domain-
specific and not directly generalisable outside lockage scheduling, but they demonstrate that
adaptive cost function weights grounded in domain knowledge can produce meaningful
performance gains.

Adaptive temperature following the Modified Lam Annealing schedule, with a fixed
number of iterations, does not improve the quality of the solutions for the North Sea Lock
scheduling problem. The configurations with fewer or a similar number of iterations to the
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baseline consistently performed significantly worse than the baseline. Only the configu-
ration with 7500 iterations, roughly 50% more than the baseline, achieved similar perfor-
mance to the baseline, highlighting the correlation between runtime and solution quality.
The issue with the Modified Lam Annealing is that it spends too much time in the ex-
ploratory phase of the search. The ideal acceptance rate that the Modified Lam Annealing
defines follows from generic test functions, where the longer exploration might be benefi-
cial. However, this does not necessarily reflect the optimal search behaviour for the lockage
scheduling problem. The practical value of the adaptive temperature does not lie in solution
quality, but in control over the runtime. The variant with a fixed number of iterations elimi-
nates the large runtime variance of Macomi’s stopping criterion. This can be valuable when
predictable scheduling computation times are required.

Adaptive neighbourhood control shows mixed results depending on the approach.
The memory-based adaptive neighbourhood guided, which increases the probability of se-
lecting historically well-performing mutation operators, does not show concrete improve-
ments in performance. A likely explanation for this is the Markovian nature of SA. Se-
lection and evaluation of the next mutation are only based on the current solution and the
temperature. Historical performance of operators, therefore, is not a reliable predictor for
the performance of future operators. The operator weights do diverge meaningfully over
iterations, with Change Visit and Move To New consistently assigned lower weights, but se-
lecting the stronger operators more frequently does not translate to improved final solutions,
suggesting that operator diversity plays an important role in the search dynamics.

The environment-driven approach shows a marginal improvement over the baseline.
The smallest intensity weight of 0.2 produces significantly less salt intrusion, with insignif-
icant differences for the remaining variables, making it favourable over the baseline. The
higher intensity weights constrain the search too much, leading to worse performance, again
indicating that diversity of mutation operators is crucial in the search. The heuristics guid-
ing mutation operator selection are selected based on domain knowledge and under the as-
sumption that certain operators are more beneficial under certain environmental conditions.
These prerequisites may not be completely fulfilled, leading to only a minimal improvement
of the algorithm.

7.6.3 Fully Adaptive Simulated Annealing

The final experiment combines the three best-performing adaptive configurations into a sin-
gle fully adaptive SA algorithm. Since the adaptive components each influence a distinct
part of SA procedure, the expectation was that their individual benefits could be accumu-
lated to achieve a superior SA configuration. However, the experiment’s results show that,
in the general case, the sum of parts does not lead to the sum of successes.

The fully adaptive SA uses the Modified Lam Annealing cooling schedule with Ma-
comi’s stopping criterion, meaning it uses significantly more iterations than the baseline.
These extra iterations lead to a significant reduction in vessel delays, but this performance
increase can be attributed to the increased runtime rather than the adaptive components.
When the fully adaptive SA is evaluated with a fixed budget of 5000 iterations, a similar
number to the baseline, it shows no significant improvements. Even though each adaptive
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component acts in a secluded part of SA, they influence the same parameters. This causes
the effects of the components to counteract, leading to no clear improvement over the base-
line.

The most compelling result of the final experiment is the environment-driven SA config-
uration, which combines adaptive weights and environment-driven neighbourhood control
with Macomi’s geometric cooling schedule. Compared to a weight-matched baseline with
environment variable weight of 0.05, this configuration achieves improvements of 9.56%
in vessel delays, 7.98% in water loss, and 6.95% in salt intrusion. These individual differ-
ences do not reach statistical significance. However, the consistent improvements across all
metrics are promising. The results suggest that the environment-driven components com-
plement each other, where the adaptive weights penalise critical moments, and the adaptive
neighbourhood selects operators that steer away from these moments. The priority shifting
back to vessel delays at non-critical moments causes vessel delay performance to increase
simultaneously.

The experiments lead to three conclusions. First, incorporating environmental variables
into the objective function produces significant reductions in water loss and salt intrusion,
at the cost of increased vessel delays. Second, domain-driven adaptive mechanisms out-
perform general-purpose ones for the specific lockage scheduling problem of the North
Sea Locks. The adaptive weights and environment-driven neighbourhood both show im-
provements, while Modified Lam Annealing and memory-based neighbourhood control,
adopted from the literature, do not transfer effectively to this problem. Third, the practi-
tioner’s priority should guide component selection; when runtime predictability is valued,
the fixed-iteration adaptive temperature is beneficial; when solution quality is the priority,
the environment-driven adaptive weights provide the best improvements. A fully adaptive
one-size-fits-all configuration does not emerge from the experiments, but the environment-
driven SA shows potential towards an algorithm that is both more environmentally aware
and operationally competitive with the existing Macomi baseline.

53






Chapter 8

Conclusions and Future Work

This chapter gives an overview of the thesis’s contributions. We will reflect on the results
of the environmentally aware lockage scheduling and the adaptive variants and draw con-
clusions based on these results. Finally, ideas for future work are discussed.

8.1 Contributions

This thesis aims to measure the effect of adaptive simulated annealing parameters on the
minimisation of the environmental impact of the North Sea Lock lockage scheduling prob-
lem. To achieve this, we find what environmental variables are important in a lockage’s
cost function. Then, we measure the effects of adding these variables to the SA lockage
scheduling algorithm. Finally, to alleviate the importance of manual tuning of SA hyper-
parameters, we compare several adaptive SA approaches.

Based on a review of the hydraulic and ecological literature, we identify the loss of
freshwater to the Western Scheldt and the intrusion of saline water into the freshwater
Terneuzen—Gent canal as the critical environmental variables in a lockage of one of the
North Sea Locks.

Extending Macomi’s SA model with water loss and salt intrusion as environmental vari-
ables with the smallest weight already shows a great reduction in freshwater loss and the
intrusion of saline water. This shows that significant gains in environmental impact can be
achieved with efficient lockage scheduling. The reduction in environmental impact comes
at the cost of significant vessel delays, quantifying the direct tradeoff between the envi-
ronmental impact of a lockage schedule and the vessel delays caused by the schedule, as
identified by Bakker and Van Koningsveld [10]]. This tradeoff forms a design parameter,
allowing the operator to balance the value of the environmental impact and the admissible
increase in vessel delays.

With the crucial environmental variables identified and included in the model, we further
extend the model by making the SA parameters adaptive. This alleviates the significance of
the cumbersome, but crucial, hyper-parameter tuning process, while potentially improving
performance. The effect of the adaptive hyper-parameters depends on whether the adap-
tive parameters approach is guided by domain-specific knowledge or by a general-purpose
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algorithm.

We evaluate two general-purpose adaptive SA approaches: Modified Lam Annealing
for the adaptive cooling schedule and memory-based mutation operator selection for the
adaptive neighbourhood control. Although both show promising results on different op-
timisation problems, they do not perform well for the North Sea Locks lockage schedul-
ing optimisation problem. Modified Lam Annealing focuses on exploration of the search
space, at the expense of the baseline’s exploitation, leading to performance decreases. The
memory-based mutation operator selection allows SA to utilise operators more frequently
that show good historical performance. Even though the algorithm does identify opera-
tors which consistently outperform others, selecting these operators more frequently does
not improve performance, indicating the importance of variety in the mutation selection.
These findings show that general-purpose algorithms with strong performance on bench-
mark problems do not guarantee good results for specific real-world optimisation problems,
such as the North Sea Locks optimisation problem.

However, domain-driven hyper-parameters do improve the model’s solution quality. We
evaluate adaptive cost function weights, which prioritise variables based on lock conditions.
These results show that strategic shifting of these weights under crucial or favourable lock-
age times can reduce environmental impact, without influencing vessel delays. We combine
the adaptive weights with adaptive neighbourhood control by mutation operator selection
guided by environmental knowledge. This configuration shows promising performance
across vessel delay, water loss, and salt intrusion, indicating that using problem-specific
domain knowledge in optimisation is valuable.

Answering the main research question: adaptive SA parameters, when guided by domain-
specific environmental knowledge, can meaningfully reduce the environmental impact, in
the form of freshwater loss and salt intrusion, of the North Sea Locks. The greatest improve-
ments are achieved by adapting cost function weights based on the lock conditions. The
findings indicate that established general-purpose algorithms are not by definition the best
approach for specific optimisation problems. For specific problems, investing in problem-
specific adaptive mechanisms is advised.

8.2 Reflection

This thesis presents a quantitative evaluation of adaptive simulated annealing for environmentally-
aware lock scheduling. However, some limitations call for reflection.

The input data for the experiments was selected to allow evaluation per season, since
the environmental impact of lockages has strong seasonal dependencies. Water loss and
salt intrusion are particularly problematic during summer drought periods, while excessive
discharge is more likely to be a concern under high-water winter conditions. The domain-
driven adaptive SA approaches are designed to account for these circumstances, so we ex-
pect that evaluation per season would highlight this functionality. Unfortunately, due to time
constraints, we only performed five experiments per season, leading to insignificant results.
The experiments on the aggregated data potentially mask the season-specific behaviour.

A second limitation concerns the hyper-parameters of the adaptive approaches. While
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8.3. Future work

the adaptive approaches reduce the sensitivity to empirically selected fixed hyper-parameters
by adjusting them dynamically during the search, the adaptive approaches also depend on
hyper-parameters, which were tuned empirically in this thesis. Tuning these parameters
was not exhaustive, so better parameters may exist. In addition, this tuning was performed
independently for each adaptive component. When multiple adaptive components are com-
bined, their hyper-parameters may interact in ways that individual tuning does not account
for. It is therefore possible that the configurations do not use optimal hyper-parameters for
their adaptive algorithm.

8.3 Future work

Several directions for future work follow naturally from the findings and limitations of this
thesis.

Following directly from the discussed limitations of this thesis, we vouch for further
experiments focused on each season to obtain statistically significant results. Given the
dependency of lockage scheduling on the seasons, results highlighting the algorithm’s per-
formance during drought and high-water seasons would be interesting.

To improve the second limitation in this research, we suggest parameter tuning of com-
bined adaptive approaches. The fully adaptive algorithm uses the hyper-parameters tuned
independently. Tuning could be more extensive. These parameters furthermore do not
guarantee good performance when combined. Systematic tuning of the parameters of the
adaptive algorithms could potentially show more significant improvements.

Finally, a more extensive evaluation of Macomi’s full vessel simulation pipeline, which
includes the SA lockage scheduling, would be interesting. This would further highlight the
real-world impact of the extended SA algorithm. The preliminary full simulation results are
promising, so a systematic study at this level would be a natural next step.
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Appendix A

Al Disclosure

In the process of this research, Artificial Intelligence (Al), in the form of Large Language
Models, was used. In the exploratory phase of getting to know Macomi’s codebase, Chat-
GPT (GPT-5) is used to help understand existing code by summarising code snippets into
text.

Claude Sonnet 4.6 is also used to assist in writing the Python code for the data process-
ing pipeline and the implementation of the statistical tests on the experiment results. The
statistical methodology, including the choice of tests, the interpretation of results, and all
conclusions drawn from them, was determined and verified independently by the author.

While writing the thesis, ChatGPT and Claude are used for small changes in sentence
structure or grammar to fit the formal thesis style. ChatGPT also helped in formatting La-
TeX objects such as figures and tables. Grammarly is used to correct spelling and grammar
mistakes.

Al was at no point used to generate new ideas. Output by Al models is always manually
checked for correctness. All ideas and conclusions are original.
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