JUDITH MULDER

Network Design and
Robust Scheduling in
Liner Shipping




NETWORK DESIGN AND ROBUST
SCHEDULING IN LINER SHIPPING






Network Design and Robust Scheduling in Liner
Shipping

Het ontwerpen van netwerken en robuuste dienstregelingen voor lijnschepen

Thesis

to obtain the degree of Doctor from the
Erasmus University Rotterdam
by command of the

rector magnificus
Prof.dr. H.A.P. Pols

and in accordance with the decision of the Doctorate Board

The public defense shall be held on
Friday 1 July 2016 at 09:30 hours
by

JUDITH MULDER
born in Delft, the Netherlands.



Doctoral Committee

Promotor: Prof.dr.ir. R. Dekker

Other members: Prof.dr. R. Zuidwijk
Prof.dr. L.G. Kroon
Prof.dr. H.N. Psaraftis

Copromotor: Dr. W.L. van Jaarsveld

Erasmus Research Institute of Management - ERIM

The joint research institute of the Rotterdam School of Management (RSM)

and the Erasmus School of Economics (ESE) at the Erasmus University Rotterdam
Internet: http://www.erim.eur.nl

ERIM Electronic Series Portal: http://hdl.handle.net/1765/1

ERIM PhD Series in Research in Management, 384
ERIM reference number: EPS-2016-384-1.1S

ISBN 978-90-5892-446-9

©2016, Judith Mulder

Design: B&T Ontwerp en advies www.b-en-t.nl

This publication (cover and interior) is printed by haveka.nl on recycled paper, Revive®.

The ink used is produced from renewable resources and alcohol free fountain solution.

Certifications for the paper and the printing production process: Recycle, EU Flower, FSC, ISO14001.
More info: http://www.haveka.nl/greening

All rights reserved. No part of this publication may be reproduced or transmitted in any form or by any means electronic
or mechanical, including photocopying, recording, or by any information storage and retrieval system, without permission
in writing from the author.



Acknowledgments

At the end of my PhD trajectory, I have the opportunity to thank the people that con-
tributed to the process of writing this thesis.

First, I woud like to thank my promotor Rommert Dekker. You have already intro-
duced me to my research topic when I was writing my bachelor’s and master’s theses and
made me enthousiastic to continue this work during a PhD project. You have always
found time in your busy schedule to plan a meeting with me to discuss my research and
share your many ideas. I am also very grateful to my copromotor Willem van Jaarsveld.
Although our official collaboration only started late in my PhD trajectory, you were al-
ready interested in my research when I just started. Your enthousiasm helped me to
overcome the difficult moments in my PhD trajectory. I really enjoyed working together
with you.

I also want to thank Leo Kroon, Harilaos Psaraftis and Rob Zuidwijk for being part of
my inner committee and evaluating my thesis. Leo, thank you for your valuable feedback
on one of my chapters. Harilaos, you were always actively participating in the many
conferences where we were together. Your questions about my presentations provided
me with valuable feedback on my research. Rob, 1 really had a nice time during the
conferences we attended together. Dennis Huisman and Albert Veenstra, I would like
to thank you for being part of my committee. Furthermore, I want to thank SmartPort
for providing a platform to meet others and discuss ideas. I have met many people and
learned a lot during the events.

I want to thank Ilse, Kristiaan, Lanah, Mathijn, Remy, Twan, Willem and Zahra for
making me feel welcome when T just started and for the many enjoyable breaks we had
together. Adriana, Bart, Bert, Charlie, Chiel, Dennis, Evelot, Gertjan, Goniil, Harwin,
Iris, Jessica, Kevin, Koen, Mustafa, Nick, Niels, Paul, Pieter, Rutger, Sha, Thomas,
Thomas and Wilco, thanks for maintaining this good atmosphere during the last years of
my PhD trajectory. I really enjoyed my years as a PhD candidate and am very grateful to
have had you all as my colleagues. Thank you for always being there for me when I wanted

to discuss my research or just wanted to have a break. I have had many roommates during



vi

the last five years, but only three of them had to endure my presence every day: Agapi,
Mustafa and Twan, thanks for providing a pleasant environment to work in. T also want
to thank my colleagues from RSM, in particular Alp, Amir, Clint, Evelien, Evsen, Jelmer,
Joris, Luuk, Marie, Panos, Paul, Tim and Xishu, for the nice conversations we had. Ilse,
I want to thank you for bringing me the idea to start this process and answering all the
questions I had when T just started. Charlie, thanks for introducing and organizing the
monthly game nights, providing a nice distraction from our work.

Finally, T want to thank my family and friends for their support in the last years.
Anneke and Robert, Tlse and Koen, Marchella and Jelmer, Tanny and Ruben, and Yvonne,
thank you for the distraction you offered me during my work. Marchella, I am really happy
that you agreed to be one of my paranymphs. Furthermore, I want to thank my parents
and my sisters, Marlies and Lotte. T want to thank my father for introducing me to the
field of mathematics and econometrics. Marlies, thanks for helping me with the important
side issues during the process. T want to thank my mother, Lotte and Suzan for baking
many cakes and muffins during the last years, which successfully initiated many coffee
breaks with my colleagues. Mathijn, when I decided to start this project, I didn’t know
that it would bring me so much. Thank you for standing by my side as my paranymph

and for your patience and support during the last years.

Judith Mulder
Delft, April 2016



Table of Contents

1 Introduction

1.1

1.2

1.3
14
1.5
1.6
1.7

Container liner shipping . . . . . . . . . . .. ... ...
1.1.1  Strategic planning level . . . . . . . . .. ... 0oL
1.1.2  Tactical planning level . . . . . ... ... ..o 0oL
1.1.3  Operational planning level . . . . . . ... ... ... .. .. .. ..
1.1.4 Both tactical and operational level . . . . . ... .. ... .....
Terminal operations . . . . . . . . . . . . ...
1.2.1  Berth scheduling . . . . .. ... ... o oL
1.2.2  Crane allocation . . . . . . .. ... ...
1.2.3  Container stacking . . . . . .. ..o o L
Geographical bottlenecks . . . . . . . ... .o
Operations research in liner shipping . . . . . ... ... ... ... ....
Case study: Indonesia . . . . . . .. ... L L
Outline of the dissertation . . . . . . . .. . ... ... ... .. ......

Clarification of contribution . . . . . . . . . . . . . . ... .. ... ...

2 Methods for strategic liner shipping network design

2.1

2.2

2.3

Introduction . . . . . ...
2.1.1 Literature review . . . . . . . . ... oo
2.1.2  Contribution and outline . . . . . . .. .. ... ... 0L
Problem formulation . . . . ... ... oL
2.2.1 Fleet-design problem . . . .. .. .. ... ... ... ... ..
2.2.2  Ship-scheduling problem . . . . . . .. ... ...
2.2.3 Cargo-routing problem . . . . ... ... ... L.
2.2.4 Combined fleet-design, ship-scheduling and cargo-routing problem .
Solution algorithm . . . . . . .. ...
2.3.1 Aggregation of ports . . . . ...

2.3.2  Designing an initial liner shipping network . . . . . . ... ... ..

11
11
12
12
13
13
14
25
27



viii Table of Contents
2.3.3 Cargo Routing Model . . . . . . . ... .. L o 39
2.3.4 Disaggregation method . . . . . . .. ... 42
2.3.5 Designing a new route network . . . . ... ... L 47

24 Casestudy . . . . . ... 49
2.4.1 Reference network . . . ... ..o oo oo 49

2.4.2 Characteristics of the best networks . . . . . . ... ... ... ... 50

2.4.3 Bestnetwork . . .. ... 54
2.4.4  Uncertain demand . . . . . . ... .. ... 55

2.5 Conclusion . . . . . . ..o 55
2A Data . . ... 57
2.B Reference network . . . . . . .. Lo 67
2.C Cluster design . . . . . . . . . e 70
2.D Best Network . . . . . . . 70
2.E Solution approach . . . . . ... 73
2.E.1 Aggregation . . . . . . ... 73
2.E.2 Disaggregation . . . . . . .. ... 75
2.E.3 Feeder network . . . . .. ... L 76

3 Will liner ships make fewer port calls per route? 85
3.1 Introduction . . . . . . ... 85
3.2 Problem description . . . . . . ... 88
3.2.1 Analysis of influence of fewer port calls . . . . ... . ... ... .. 89

3.3 Solution methodology . . . . . . . . . ... 93
3.3.1 Hub selection and clustering . . . . .. .. ... ... ... ... 95
3.3.2 Hubmnetwork . ... ... ... ... 98
3.3.3 Regional network . . . . ... ..o 98
3.3.4  Ship allocation and cargo routing . . . . . ... ..o 101

3.4 Casestudy . . . . . . L 104
341 Data . ..o 104
342 Hubs . . .. o 105
3.4.3 Effect of reducing variables . . . . . . .. ... o000 106
344 Results. . .. .o 107

3.5 Local improvement heuristic: adding a stop to a hub route . . . . . . . .. 109
3.5.1 Additional stop in Rotterdam . . . . . .. .. ... .. ... .... 110
3.5.2  Additional stop in Hong Kong . . . . . . .. ... ... ... . ... 111

3.5.3 Conclusion . . . . . . . . . 111



Table of Contents ix

3.6

Conclusion . . . . . . . . L 112

4 Designing robust liner shipping schedules

Optimizing recovery actions and buffer times 115
4.1 Introduction . . . . . . ... 115
4.1.1 Literature review . . . . . . . . ... 116
4.1.2  Contribution and outline . . . . . . . . ... ... ... ... ..., 118
4.2 Problem description . . . . . . ... 119
4.2.1  Ship delay recovery problem . . . . . . ... ... 119
4.2.2  Ship delay recovery problem with buffer time allocation . . . . . . . 124
4.2.3 Extensions . . . . . ... 126
4.3 Structural results . . . . ... 128
4.4 Heuristics . . . . . . . . 131
4.4.1  Greedy buffer heuristic . . . . . . . .. ..o 131
4.4.2 Buffer exchange heuristic . . . . . .. ... .00 00000 132
4.4.3 Value function . . . . . . ... 133
4.5 Computational Experiments . . . . . . . .. ... ... L. 135
451 Casestudy. . . . . ... 135
4.5.2 Data . . . .. e 135
4.5.3 Results optimized buffer time distribution . . . . . .. ... .. .. 138
4.5.4  Results extensions . . . . . . ..o oo 139
4.5.5 Comparison of the methods . . . . .. ... ... ... ... .... 142
4.6 Conclusion . . . . . . .. 144

5 Joint optimization of speed and buffer times in transportation systems147

5.1

5.2

ot Ot
[N

5.6

Introduction . . . . . . .. L 147
Literature review . . . . . . .. ..o 149
5.2.1 Contribution . . . . . ... L 150
The model . . . . . . . . 151
5.3.1 Assumptions for computational purposes . . . . . . . ... ... .. 155
Theoretical insights . . . . . ... . .. oo 156
Solution Approach . . . . . . . . .. 157
5.5.1 Subgradient-based algorithms . . . . ... ... ... ... 157
5.5.2 Subgradients . . . ... 158
Case Study . . . . . . e 162
56.1 Data . . . ..o 162

5.6.2 Test instances . . . . . . . . .. 163



Table of Contents

5.6.3 Results. . . .. ... .. ... ...

6 Summary and conclusions

References

Nederlandse Samenvatting (Summary in Dutch)
Curriculum Vitae

Portfolio

Conclusion and Future Research . . . . . . . . . . ..

7
A Proofs of theoretical results . . . . . . .. ... ...

............ 164

185

187

195

197

199



Chapter 1

Introduction!

Seaborne shipping is the most important mode of transport in international trade. In
comparison to other modes of freight transport, like truck, aircraft, train and pipeline,
ships are preferred for moving large amounts of cargo over long distances, because ship-
ping is more cost efficient and environmentally friendly (Rodrigue et al. 2013). Reviews
of maritime transport provided by the United Nations Conference on Trade And Develop-
ment (UNCTAD 2014) show that about 80% of international trade is transported (at least
partly) by sea. Sea transport can be separated into dry bulk (e.g. steel, coal and grain),
liquid bulk (e.g. oil and gas) and containerized cargo. In 2013, containerized cargo is with
a total of 1.5 billion tons responsible for over 15% of all seaborne trade, which resulted in
a world container port throughput of more than 650 million twenty-foot equivalent units
(TEUS).

The shipping market comprises three types of operations: tramp shipping, industrial
shipping and liner shipping (Lawrence 1972). Tramp ships have no fixed route, but en-
sure an immediate delivery for any type of cargo from any port to any port, resulting in
irregular activities. The behaviour of tramp ships is thus comparable to taxi services. In
industrial shipping the cargo owner also controls the ships used to transport the freight.
The objective of industrial operators is to minimize the cost of shipping the owned cargoes.
Liner ships follow a fixed route within a fixed time schedule and serve many smaller cus-
tomers. The schedules are usually published online and demand depends on the operated
schedules. Hence, liner shipping services are comparable to train and bus services.

In the next section, we will discuss a variety of liner shipping problems on the strate-

gic, tactical and operational planning levels, while Section 1.2 introduces some problems

!This chapter is based on the online report of the Econometric Institute Report Series with small
modifications: Mulder, J. and Dekker, R. Optimization in container liner shipping, report number: EI
2016-05.



2 Introduction

related to terminal operations. Sections 1.3 and 1.4 discuss respectively the influence
of geographical bottlenecks and the importance of operations research in solving these
problems. This overview is based on the following overview articles: Ronen (1983, 1993),
Christiansen et al. (2004, 2007, 2013), Meng et al. (2014). In Section 1.5, a case study is
performed for six Indonesian ports to provide insight into the different problems. Finally,
Section 1.6 provides an overview of the remainder of this dissertation and Section 1.7

clarifies the contribution of each of the chapters.

1.1 Container liner shipping

In this thesis, we will focus on the liner shipping operations concerned with the transport of
containers. Liner shipping operators face a wide variety of decision problems in operating
a liner shipping network. First, at the strategic planning level, the fleet size and mix
problem and the market and trade selection problem need to be solved. In the fleet size
and mix problem, operators decide on the fleet composition and in the market and trade
selection problem on which trade route to serve. At the tactical planning level the network
needs to be designed, prices need to be set and empty containers have to be repositioned.
Finally, at the operational level, operators need to determine the cargo routing through
the network and how to deal with disruptions. Furthermore, they can make adjustments
to the earlier set prices and need to determine a plan to store all the containers on the
ship during the loading process. These problems are considered in respectively the cargo
routing, disruption management, revenue management and stowage planning problems.
Some problems have to be considered at both the tactical and the operational planning
level, such as setting the sailing speed and optimizing the bunkering decision and designing
a (robust) schedule. In this section, we will introduce all these decision problems. In these
problems we will make use of the following terminology. Liner shipping operators will also
be referred to as liner shipping companies, liner companies or liners. Liner ships follow
fixed routes, which are sequences of port calls to be made by the ship. Route networks
consist of a set of services, which are routes to which a ship is allocated. Besides publishing
their route networks, liner companies also publish the exact arrival and departure days
at each port of call. When we refer to the route together with the arrival and departure
days, we will talk about a schedule. Finally, a round tour refers to one traversal of a route

and a (sea) leg refers to the sailing between two consecutive ports.
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1.1.1 Strategic planning level

The strategic planning level consists of long term decision problems. Generally, these
problems are only solved at most once a year. Examples of long term decision problems
in container liner shipping are: the fleet size and mix problem and the market and trade
selection problem. In this thesis, we only consider problems in which the markets and
trade lanes are already selected. The fleet size and mix problem is only considered in

Chapter 2; in the other chapters the fleet composition is already known.

Fleet size and mix

In the fleet size and mix problem, a liner company decides on how many ships of each type
to keep in its fleet. Container ship sizes have increased substantially because of the growth
in container trade and because of competitive reasons. For example, the Emma Maersk
(introduced in 2006) has an estimated capacity of more than 14,500 TEU. Before the
introduction of the Emma Maersk, the capacity of the largest container ship in the world
was less than 10,000 TEU. In 2013, Maersk introduced a series of ships belonging to the
Triple E class with capacities of over 18,000 TEU, while both MSC and CSCL introduced
container ships with a capacity of more than 19,000 TEU in 2015. Ships benefit from
economies of scale when they are sailing at sea, but they might suffer diseconomies of
scale when berthing in ports. However, the effect of the economies of scale at sea is
much larger than the effect of the diseconomies of scale in ports (Cullinane and Khanna
1999). Hence, economies of scale in larger container ships can lead to substantial savings
if the capacity of the ship is adequately used. However, if the demand decreases and the
liner company is not able to fill these large ships any more, higher operational costs are
incurred by these large ships. Therefore, fleet size and mix problems are used to balance
the possible benefits from economies of scale with the risk of not being able to use the
full capacity of the ships. Since building a new container ship may take about one year
and ships usually have life expectancies of 25-30 years, future demand and availability
of ships play an important role in the fleet size and mix problem. Pantuso et al. (2014)
present an overview of research conducted on the fleet size and mix problem. Most of these
works incorporate ship routing and/or deployment decisions in order to ensure feasibility

of demand satisfaction and capacity constraints.

Market and trade selection

Before a liner container shipping company starts building a network and operating the

routes, it has to decide which trade lanes to participate in. The Asia-Europe trade lane



4 Introduction

is an example of a popular trade lane. Clearly, the selected trade lanes influence the type
and number of ships required. For example, trade lanes serving the US will usually not use
vessels from the Maersk Triple E class, since they can not sail through the Panama Canal
and most ports in the US are not capable of handling these large vessels. Furthermore,
the type and amount of cargoes that have to be transported and the required sailing

frequency may influence the ship types used on the trade lane.

1.1.2 Tactical planning level

Medium-term decision problems belong to the tactical planning level. Liner companies
usually change their service networks every 6-12 months, but more often in case of world-
wide disruptions. Problems that have to be solved again each time the service network is
adjusted are considered to belong to the tactical planning level. The examples that will
be discussed next are: the network design problem, the pricing problem and the empty
container repositioning problem. In this thesis, we are mainly interested in the network
design problem out of these problems. We consider prices to be fixed and do not include

the repositioning of empty containers in deciding upon a liner network.

Network design

The network design problem in liner shipping can be split into two subproblems. The first
subproblem is the routing and scheduling problem, which is concerned with determining
which ports will be visited on each route, in which order the ports will be called at and
what the arrival and departure times at each port will be. Many studies only consider
the routing decisions in the network design problem and do not address the scheduling
problem of determining the actual arrival and departure time. The second subproblem
considers the fleet deployment and frequency. Here, the liner company determines which
ships will be used to sail each route and with what frequency the ships will call at the
ports along the route. In general, a weekly frequency is imposed, which facilitates planning
by shippers, but this can be relaxed to a biweekly frequency for low demand routes or
multiple port calls per week for high demand routes. Sometimes sailing speed optimization
is considered as a third subproblem of the network design problem, but in most studies
the sailing speed is either assumed to be fixed and known, or will follow directly from the
imposed frequency. Usually, the cargo routing problem is already included (using expected
demand as input) in the network design problem in order to evaluate the profitability of
a service network. The cargo routing problem will be discussed in more detail with the

operational planning level problems.



1.1 Container liner shipping 5

The structure of the routes in a network can be divided into several types, like non-
stop services or end-to-end connections, hub and spoke systems, hub and feeder systems,
circular routes, butterfly routes, pendulum routes and nonsimple routes (Notteboom 2004,
Brouer et al. 2014a). A non-stop service or end-to-end connection provides a direct
connection between two ports: a ship sails from one port to the other and immediately
back to the first port; sometimes this is called a shuttle service, although that also requires
a high frequency. In a hub and spoke system, usually one port is identified as the main
or hub port. All other ports (also called feeder ports) are served using direct services
from the hub port. However, it is also possible that multiple hubs are applied, which are
connected with each other and used as transshipment ports to satisfy demand between
different feeder ports, in which case they might also be referred to as main ports. In the
hub and feeder system, feeder ports might also be visited on routes with multiple port
calls. Circular routes are cyclic and visit each port exactly once, while butterfly routes
allow for multiple stops at the same port in one cycle. Pendulum routes visit the same
port in both directions, only in reverse order. Finally, ports can be visited multiple times
on nonsimple routes. Examples of some of these route types are provided in the case
study in Section 1.5.

The liner shipping network design problem has attained quite some attention in the
literature. We will briefly describe some of the recent publications on this problem. Plum
et al. (2014b) consider a subproblem of the network design problem. They develop a
branch-and-cut-and-price algorithm to find a single vessel round trip. Each port has to
be visited exactly once and the best paying demand pairs are accepted and transported.
Polat et al. (2014) consider an adapted neighbourhood search method to solve a hub and
feeder system with one single hub. Finally, Zheng et al. (2015) propose a genetic algorithm
to solve the same problem with multiple hubs.

Wang and Meng (2014) propose a column-generation heuristic approach to find the
best liner shipping network. Each port can be visited twice during each route: once on
the inbound direction and once on the outbound direction. Brouer et al. (2014a) provide
both a base mixed integer programming formulation for the network design problem and
benchmark data instances. They propose a column generation approach to generate but-
terfly and pendulum routes. Plum et al. (2014¢) extend the butterfly routes as used in the
benchmark model to routes with multiple butterfly ports. Brouer et al. (2014b) propose a
matheuristic to solve the base network design problem with nonsimple routes. Although
their assumptions are a bit more restrictive than in the benchmark paper (Brouer et al.

2014a), they are able to construct a more profitable route network using this approach.
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Liu et al. (2014), Mulder and Dekker (2014) and Wang et al. (2015) consider slightly
different network design problems. Liu et al. (2014) consider a problem in which the
port-to-port demand is combined with the inland transportation. They start with an
initial liner network and try to improve it while also including the transportation between
the ports and the real origin and destination of the demand. Mulder and Dekker (2014)
consider the strategic liner shipping network design problem, including the fleet size and
mix problem, using a hub and feeder network structure. Wang et al. (2015) consider the
liner shipping network alteration problem. In this problem, an initial liner network is

given and this network is modified to become more profitable.

Pricing

The goal of liner companies is to maximize profit by transporting containers from one
port to another. The revenue of the company is determined by the amount of containers
that are transported and the price that will be charged for each container. The pricing
problem is concerned with which price to charge for each possible demand pair. Factors
that influence the price are for example: distance, trade direction, expected demand and
expected capacity. The pricing problem is more a marketing, micro-economic problem
than an operations research problem. Although it is an interesting problem, it has hardly
been touched. Two approaches exist: cost-plus and what the market can pay. Yet, even

determining the cost is a difficult allocation problem.

Empty container repositioning

Containers delivering import products in a region can be re-used to transport export goods
to another region. However, most regions face an imbalance between import and export
containers. This trade imbalance results in an excess of empty containers in regions with
more import than export and a shortage of containers for high export regions. The empty
container repositioning problem tries to reallocate the empty containers in order to solve
the imbalance, where costs are associated with transporting a container from one region
to another. The repositioning of empty containers is considered to be very costly, since
there is no clear revenue associated with it.

Some recent papers dealing with the empty container repositioning problem are the
following. Both Di Francesco et al. (2014) and Long et al. (2015) consider the empty
container repositioning problem under uncertain container demand and use a stochastic
optimization approach to solve it. Zhang and Facanha (2014) consider the problem of

repositioning empty containers to the location of demand in the US. Empty containers are
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transported using trucks or trains to the location where they can be loaded. If containers
can not be allocated to a loading location, they are transported to a West Coast port
to be shipped to Asia. Huang et al. (2015) consider the network design problem with
both laden and empty container repositioning. Multiple hub ports are identified, where
transshipment from feeder ports might take place. They select the best routes from a

candidate set of routes, which is used as input in the model.

1.1.3 Operational planning level

The operational planning level captures the problems that occur during the execution of
the routes in the service network. In order to solve operational level problems, reliable
information about the actual situation is needed. Hence, operational problems usually
need to be solved relatively shortly before the solutions have to be implemented. Next we
will discuss the cargo routing problem, the disruption management problem, the revenue
management problem and the stowage planning problem. Although all these four prob-
lems are important to liners, we focus in this thesis only on the cargo routing problem.
The cargo routing problem is jointly considered with the network design problem at the

tactical level.

Cargo routing

The cargo routing problem takes the liner shipping network and container demand as an
input. The goal of this problem is to find a cargo flow over the network, satisfying the
capacity constraints imposed by the allocated container ships, that maximizes the profit
of transporting the containers. Costs are associated to (un)loading and transshipment
operations. A transshipment occurs when a container has to be unloaded from a ship and
loaded to another ship in order to arrive at its destination. Additionally, penalties can be
imposed for demand that is not met. It is also possible to include transit time constraints
to guarantee that containers will arrive on time at their destination.

Formulations of the cargo routing problem can be distinguished in OD-based link flow
formulations, origin/destination-based link flow formulations, segment-based flow formu-
lations and path-based formulations (Meng et al. 2014). All flow formulations consider
the amount of flow at a link or segment of the route as decision variables in the model.
Flow balance constraints ensure that all flow starts at the origin port and arrives at
the destination port, but the exact route followed by a container might not be imme-
diately clear from the model. In the OD-based link flow formulation, both the origin

and the destination of the container are stored for each link in the network, while the
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origin/destination-based link flow formulations only store the origin or destination of the
container. In this way, the number of decision variables can be reduced significantly. In
a segment-based flow formulation, consecutive links of a route are already combined into
segments before building the model. Segment-based flow formulations reduce the number
of decision variables even more, but limit the possibility of transshipment operations to
the ports at the beginning and end of the predefined segments. Finally, in path-based for-
mulations complete container paths from origin to destination are generated beforehand
and used as decision variable in the model. These paths might also include transshipment
operations. The disadvantage of path-based formulations is that the number of paths
might explode, such that more complex methods, like column generation, are needed to
solve the problem. However, path-based formulations can usually be solved faster than
flow-based formulations. Furthermore, transit time constraints are easily incorporated
in path-based formulations, while this is generally much more troublesome in flow-based
formulations. Little research is performed on the separate cargo routing problem: usually
it is considered as a subproblem of the network design problem. Recently, Karsten et al.
(2015) considered the cargo routing problem with transit time constraints. They propose
a path-based formulation exploiting the ease to include transit time in this type of model.
Their findings show that including transit time constraints in the cargo routing model is
essential to find practically acceptable container paths and does not necessary increase

computational times.

Disruption management

During the execution of the route schedules, ships may encounter delays. The disruption
management problem focuses on which actions should be taken in order to get back on
schedule after a disruption has occurred. Examples of actions that might be performed
are: changing the sailing speed, swap port calls, cut and go (leave the port before all
containers are (un)loaded) or skip a port. Usually, the goal of disruption management is to
find a sequence of actions with minimum cost such that the ship will be back on schedule
at a predetermined time. Brouer et al. (2013) propose a mixed integer programming
formulation to solve this problem and prove that the problem is NP-hard. However,
experimental results show that the model is able to solve standard disruption scenarios

within ten seconds to optimality.
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Revenue management

At the operational level, more information about the demand and available capacity of a
ship is available. Therefore, it might be profitable for liner companies to vary their prices
based on the available capacity between a port pair. Liners will probably charge higher
prices related to low capacity pairs, while they might reduce the prices on legs where the

available capacity is high.

Stowage planning

The stowage planning problem determines at which location containers are stored on the
ship during the loading process. The stowage planning is a very complicated process with
many constraints. Essential constraints are for example the stability of the ship both
during the next sea leg and during the (un)loading process. Furthermore, containers may
have to be stored at specific locations on the ship, like reefer containers. However, the
storage of the containers also influence the (un)loading process in the next ports. Ideally,
all containers with destination in the next port are stored on top of the stack, but this may
take too many movements in the current port. Hence, a trade-off between the number
of moves required to store and to discharge a container has to be made. Tierney et al.

(2014) prove that the container stowage planning problem is a NP-complete problem.

1.1.4 Both tactical and operational level

Finally, some problems can either be considered at two different planning levels or have
to be considered at two planning levels at the same time. For example, sailing speed
optimization and bunkering optimization can be considered at the moment a new service
network is designed, but the solutions to these problems can be reconsidered during the
execution of the routes. Furthermore, robust schedule design is an example of a decision
problem that combines decisions to be taken at the tactical and at the operational level.
In this thesis, we do not consider the bunkering problem. Further, the sailing speed on
a route is chosen in such a way that weekly route durations are guaranteed, but no real
optimization is performed. The robust schedule design problem is studied extensively in
Chapters 4 and 5.

Sailing speed and bunkering optimization

Both sailing speed optimization and bunkering optimization are typical problems that

can be considered at two different planning levels. At the tactical planning level, the
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environmental aspects of sailing speed are usually considered. At the operational level,
sailing speed is mostly used as an instrument to reduce delays incurred by the ship.
The bunkering optimization problem is concerned with deciding at which ports ships are
going to be refuelled. Initially, a bunker refuelling plan is made given estimates of the
bunker price at the moment the ship will be at a bunkering station. Shipping lines also
regularly make bunkering contracts, containing the ports where bunker can be purchased,
the amount to be purchased, the price to be paid and the validity duration of the contract
(Pedrielli et al. 2015). However, due to fluctuations in prices or fuel consumption, this
initial plan might have to be adjusted at the operational planning level. At this stage,
more accurate information about the fuel prices and availability at the ports and the
bunker level of the ship is available. Sailing speed plays an important role in the bunker
fuel consumption of ships and hence sailing speed optimization is often included in the
bunkering optimization problem (Yao et al. 2012).

Recently, the sailing speed and bunkering optimization problems have received increas-
ing attention. Psaraftis and Kontovas (2014) consider the speed optimization problem at
the operational planning level. They include fuel prices, freight rates, cargo inventory
costs and fuel consumption dependencies on payload into their model. Kontovas (2014)
and Du et al. (2015) consider the influence of sailing speed on fuel emissions. Wang et al.
(2013) provide a literature review on bunker consumption optimization problems. Bunker
consumption is an important input for bunkering optimization. Yao et al. (2012) study
the bunker fuel management strategy for a single liner shipping route. The strategy con-
sists of the selection of the bunkering ports, the determination of the bunkering amounts
and the adjustments in the sailing speeds. They consider a deterministic situation in
which all parameters, including bunker costs, are fixed and known. Plum et al. (2014a)
and Pedrielli et al. (2015) study the problem to determine the optimal bunkering con-
tracts. Plum et al. (2014a) propose a mixed integer programming model, which is solved
using column generation. Also, the possibility to purchase bunker on the spot market is
included in their model. Pedrielli et al. (2015) use a game theoretical approach to design
the contracts. Wang et al. (2014) propose a fuzzy approach to include uncertainties in the
bunkering port selection problem. Their method returns a ranking of ports based on the
profitability to bunker in these ports. Sheng et al. (2015) implement an (s, .S) policy to
jointly optimize the bunkering and speed optimization problem taking into account both
bunker price and consumption uncertainty. Finally, Wang and Meng (2015) consider the
robust bunker management problem, taking into account that the real sailing speed might

differ from the planned sailing speed.
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Robust schedule design

Robust schedule design can be seen as a combination of the scheduling problem at the
tactical level and disruption management or sailing speed optimization at the operational
level. The order in which ports are visited is considered to be an input of this problem.
The goal is to jointly determine the planned arrival and departure times in each port
and the actions that will be performed during the execution of the route when delays are
incurred. The difficulty of this problem is that the tactical and operational planning level
problems can not be solved separately, but have to be considered simultaneously.

The problem to determine the scheduled arrival and departure times under uncertainty
in port times and a predetermined sailing speed policy is considered in Qi and Song (2012)
and Wang and Meng (2012b). Qi and Song (2012) provide some useful insights in the
optimal schedule under 100% service level constraints. Wang and Meng (2012h) formulate
the problem as a two-stage stochastic programming problem and solve it using sample
average approximation. They are able to find solutions with an objective value within

1.5% of the optimal solution in less than one hour.

1.2 Terminal operations

Liner shipping operations are closely related to terminal operations and decisions about
ships cannot be taken while disregarding their effects on terminals. In fact, terminals are
the largest bottleneck for shipping. It is important to have the right berth slots and to
be loaded and unloaded quickly and in a predictable manner. There are many ports all
over the world with a large number of ships waiting in front of the harbour to be allowed
to berth. Accordingly we will discuss those terminals operations aspects which directly

affect shipping, viz. berth scheduling, crane allocation and container stacking.

1.2.1 Berth scheduling

Both at a tactical as well as at an operational level, liner shipping schedules are made
while taking berth availability into account. On a tactical level, when designing the liner
shipping routes, agreements are made with terminals on berth availability and productiv-
ity (how many cranes and crane teams will be employed and how many container moves
will be done per hour). This enables the shipping line to calculate the port time of his
ships and to complete the ship scheduling. Naturally buffer times are incorporated in the
schedule and in the berth schedule in order to take care of schedule deviations. Quite

often agreements are made on demurrage charges (penalties related to delayed cargoes) if
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terminals need more time or if the shipping line arrives too late at the terminal. At the
operational level the berth schedule is adjusted according to actual information. Quite
often liner ships are too late. In 2015 Drewry shipping reports that ships are on average
one day late. So the berth schedule is updated at a relatively short term (2 weeks) to

take care of changing circumstances, while taking the tactical berth planning as a start.

1.2.2 Crane allocation

One level deeper than berth scheduling is the crane allocation. Cranes are used to move
a container from the quay to the location where it will stored on the ship and vice versa.
The storage locations on the ships are called locks. As container ships typically visit
many ports, the cargo destined for a particular port will be distributed over many holds
in the ship. After unloading, a ship will load cargo for several destinations which all have
to be put in different ship holds. As a result the scheduling of the cranes is a difficult
stochastic problem (handling times of containers are quite variable). The last crane to
finish determines the moment when the ship can leave and hence the port time. A good
balancing of the workload between the cranes is therefore necessary, but also very difficult
to achieve. Another complication comes from the fact that port workers often work in
shifts with fixed starting and end times, and a terminal will have to accommodate these

restrictions.

1.2.3 Container stacking

A final aspect we like to mention is the stacking of the containers in the yard. The
issue is not only that containers are stacked on top of each other, which complicates the
retrieval of a bottom container, it is also the location on the yard of the containers to
be loaded. If a ship moors right before the place where its (to be loaded) containers are
located, then travel distances to the quay cranes are short and no bottlenecks are likely
to occur. However, if a ship (due to delay or congestion at the berths) berths somewhere
else, or if containers are spread out over the yard, then the terminal has to transport
the containers over longer distances by which the loading could potentially be delayed.
Container stacking is closely related to stowage planning, as the latter determines the
order in which containers are to be loaded. In a perfect world one can take the order in
which containers are stacked into account while making the load planning, but that creates
a very complex problem, which also suffer from the variations in the loading. Hence costly
reshuffles, where top containers are placed somewhere else to retrieve bottom containers

are needed in large quantities.
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1.3 Geographical bottlenecks

Canal restrictions form the main geographical bottlenecks for container ships. The Suez
Canal and the Panama Canal are two well known canals imposing restrictions on container
ships. The type of restrictions may differ between different canals. The main restriction
imposed by the Suez Canal is for example the compulsory convoy passage through the
canal. This results in long waiting times if a container ship misses the planned convoy.
The Panama Canal on the other hand, imposes limits on the size of ships that want to
sail through the canal.

Two other examples of geographical bottlenecks are the Strait of Malacca and the Gulf
of Aden. These waterways are narrow, but are strategically important locations for the
world trade, making them vulnerable to piracy.

Finally, ports may also impose geographical bottlenecks. Large ships might not be

able to access certain ports, because the access ways have tight draft restrictions.

1.4 Operations research in liner shipping

In 1983, Ronen provided the first overview paper on the contribution of operations research
methods in ship routing and scheduling. Since this first paper, every decade a follow-up
overview paper appeared reviewing new research conducted in that decade (Ronen 1993,
Christiansen et al. 2004, 2013). Initially, the reviews were mainly focused on the ship
routing and scheduling problem, but more and more other shipping problems are included
in these reviews. Furthermore, Christiansen et al. (2007) provides an extensive overview
of maritime transportation problems. Finally, Meng et al. (2014) give an overview of
research related to container routing and scheduling in the liner shipping industry in the
last thirty years. The number of citations in these reviews has increased fast, showing the
increasing interest in operations research in liner shipping problems.

Liners usually face complex problems, because the above discussed decision problems
cannot be seen separately from each other and because problem instances are usually
large. For example, when a liner company wants to determine its service network, it
has to consider which effect the included routes will have on the cargo routing problem.
The solution to the cargo routing problem depends on the underlying network and will
influence the profit of that network. This increases the complexity of the problems faced by
liners, since they need to solve multiple decision problems simultaneously. Furthermore,
the number of ports that need to be included in a network is usually large (it can easily

contain over 100 ports). The Indonesian case study in the next section will show that
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designing a network for only six ports is already quite difficult. Liner companies used
to solve these problems manually, but in the last years computerized decision support
systems became available. A well-known example of a successful decision support system
is TurboRouter, a tool for optimizing vessel fleet scheduling (Fagerholt and Lindstad
2007).

1.5 Case study: Indonesia

Shipping is an important mode of transport in Indonesia because the country consists of
many islands. Figure 1.1 shows six main ports in Indonesia. The six ports are located
on five different islands of Indonesia, hence transport over land is only possible between
Jakarta and Surabaya. Transportation between all other combinations of these cities is

only possible by sea or air.

°
Belawan

Sorong
°
Banjarmasin
.
Makassar
°
)
Jakarta °
Surabaya

Figure 1.1: Location of six main ports in Indonesia

We will use the Indonesian case to illustrate some of the decision problems introduced
in Section 1.1. The case considers six main ports in Indonesia, which is a very low number
compared to the amount of ports considered in the problems in the remainder of this thesis.
However, it allows us to illustrate some of the important properties of liner shipping,
such as economies of scale and the efficiency of different route types. Furthermore, this
illustrative example shows that it is already difficult to obtain an optimal route network
for six ports, justifying the heuristics used in the later chapters.

We will assume that Table 1.1 gives the expected weekly demand in TEUs between

the Indonesian ports. The last column and row give the row and column sums, denoting
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respectively the total supply from and demand to a port. The supply and demand val-
ues denote the number of containers leaving and arriving in the port respectively. The
difference between demand and supply indicates how many empty containers have to be
repositioned from or to the port. For the six ports in Indonesia, the empty container repo-

sitioning problem is of limited importance, since there are no large differences between

supply and demand.

Belawan Jakarta Surabaya Banjarmasin Makassar Sorong | Supply
Belawan - 6,500 1,000 100 75 25 7,700
Jakarta 6,750 - 2,000 4,000 2,800 450 | 16,000
Surabaya 1,000 2,500 - 3,750 4,800 2,150 | 14,200
Banjarmasin 100 3,600 3,500 - 10 0 7,210
Makassar 100 3,500 4,000 75 - 0 7,675
Sorong 50 650 2,000 0 0 - 2,700
Demand 8,000 16,750 12,500 7,925 7,685 2,625 | 55,485

Table 1.1: Expected weekly demand in TEU between the Indonesian ports (Source: own

calculations)

Table 1.1 shows that Jakarta and Surabaya are the two ports with the largest con-
tainer throughput, while trade with Sorong is relatively small. In this specific case, this
might lead to problems, since Sorong is also located relatively far away from the other
ports. Liner shipping companies prefer to offer services calling at the ports of Jakarta
and Surabaya and consider it too costly to call at Sorong. By charging higher prices for
containers that have to be transported from or to the port of Sorong, liners can make
stops at Sorong more attractive. Hence, the liner company may use the pricing strategy
to ensure that services calling at Sorong will also be beneficial. However, to determine ex-
actly which prices they have to charge in order to maximize their profit, the liner company

needs more details on the cost structure of the network they will provide.
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Figure 1.2 shows examples of a hub and feeder system, a circular route, a butterfly
route and a pendulum route calling at the six Indonesian ports. In the hub and feeder
system of Figure 1.2a the port of Surabaya is the hub port, while Belawan, Jakarta,
Banjarmasin, Makassar and Sorong are feeder ports. The route Surabaya - Jakarta -
Belawan - Surabaya is referred to as F1. F2 is a direct feeder route between Surabaya and
Sorong. The third feeder route, F3, calls at Surabaya, Banjarmasin and Makassar after
which it returns to Surabaya. The circular route in Figure 1.2b has as characteristic that
each port is called at exactly once during the round tour. Figure 1.2c shows the butterfly
route Belawan - Surabaya - Banjarmasin - Makassar - Sorong - Surabaya - Jakarta -
Belawan on which Surabaya is visited twice. Finally, in the pendulum route of Figure

1.2d all ports are visited twice, only the second time in reversed order.

Belawan Jakarta Surabaya Banjarmasin Makassar Sorong
Belawan - 1,064 1,488 1,430 1,708 2,807
Jakarta 1,064 - 438 614 806 2,102
Surabaya 1,488 438 - 328 520 1,816
Banjarmasin | 1,430 614 328 - 353 1,577
Makassar 1,708 806 520 353 - 1,375
Sorong 2,807 2,102 1,816 1,577 1,375 -

Table 1.2: Distances between the Indonesian ports in nmi (Source: www.ports.com/sea-
route/)

Table 1.2 shows the distances in nautical miles (nmi) between the six Indonesian ports
and Table 1.3 provides some characteristics of five ship types. Types 1, 2, 3 and 5 are
obtained from Brouer et al. (2014a), while Type 4 is suggested by the Indonesian govern-
ment and costs are obtained using interpolation. Note that the fuel usage in ton/day of
Type 4 is larger than the usage of Type 5, because Type 4 has a higher design speed than
Type 5. These data can be used to get some insight in the route cost using different ship
types and network structures. In the calculations we use a simplified version of the fuel

cost function as provided in Brouer et al. (2014a):

Fy(v) = 600 - (:)gf (1.1)

Here, F(v) denotes the fuel cost in USD per day for a ship of type s sailing at a speed of
v knots (nmi/hour). v and f; are the design speed and fuel consumption in ton per day
of a ship of type s sailing at design speed and can be found in Table 1.3. Remark that

the bunker cost varies over time, but is assumed to be constant and equal to 600 USD
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per ton in this study (Brouer et al. 2014a). Table 1.4 shows the route distance in nautical
miles, the duration in weeks, the frequency, the number of ships required to obtain the
frequency and the sailing speed in knots for each route. Distances can be found by adding
the distances of the individual sea legs, while the duration and frequency are manually

fixed in this example.

Ship | Capacity Charter cost Draft Min speed Design speed Max speed Fuel usage
type | (TEU)  (USD/day) (m) (knots) (knots) (knots) (ton/day)
1 900 5,000 8 10 12 14 18.8
2 1,600 8,000 9.5 10 14 17 23.7
3 2,400 11,000 12 12 18 19 52.5
4 3,500 16,000 12 12 18 20 60.0
5 4,800 21,000 11 12 16 22 57.4

Table 1.3: Data of the ship characteristics (Source: Brouer et al. 2014a)

Route Distance Duration Frequency Required Speed
(nmi) (weeks)  (per week)  ships  (knots)
F1 2,990 2 1 2 11.33"
F2 3,632 2 1 2 12.61
F3 1,201 1 1 1 12.51
Circular 6,476 4 1 4 12.27
Butterfly 6,862 4 1 4 13.62
Pendulum 7,802 5 1 5 13.55

Table 1.4: Route characteristics for the different ships (an * indicated that the speed is

outside the feasible range for some ship types)

In liner shipping it is common to use weekly port calls at a route. Route durations
are typically an integer number of weeks such that an integer number of ships is needed
to sail this route. For example, a route with duration three weeks and which is sailed by
three ships, ensures a weekly frequency. Given the duration and frequency, the number
of required ships can be found by taking the product of these two values.

Figure 1.3 shows the fuel cost in USD per nautical mile at different speeds for the five
ship types. The fuel cost is a convex function, meaning that when the speed is doubled, the
fuel cost per nautical mile is more than doubled. Hence, a constant sailing speed during
the route will minimize the fuel cost. The speed is calculated under the assumption that

every port call takes 24 hours and the durations as given in Table 1.4. The following
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Figure 1.3: Fuel cost in USD per nautical mile

formula can then be used to determine the speed on each route:

0

_ 1.2
UT168-t—24-n (12)

where § is the route distance in nautical miles, ¢ the route duration in weeks and n the

*

number of port calls on the route. An * in the column denoting the speed of Table 1.4
indicates that the speed is outside the feasible speed range for some ship types. The
frequency is chosen in such a way that it is feasible for each ship type when sailing at
maximum speed. Hence, the necessary speed can only be lower than the minimum speed
of the ship type, in which case the ship will sail at minimum speed and will wait in one
of the ports to obtain a weekly frequency.

Table 1.5 shows the weekly cost in USD for each of the routes given the frequency and
duration as given in Table 1.4. The route costs consist of three components: the fixed
ship costs, the port call costs and the fuel costs. When a liner company needs three ships
to satisfy the required route duration and frequency, it bears weekly the fixed ship costs
of all these three ships. Hence, the fixed ship cost is given by 7-S ¢!, with S the number
of required ships and c£ the daily fixed ship cost of type s, which can be found in Table
1.3. The port call cost is the sum of the port fees of the ports visited on the route. If we
assume that all port fees are the same, the port call cost is given by F,-n - g, where F,
is the port fee per port visit and ¢ the route frequency. In this example, we assume that
F,, = 650 USD. The fuel cost is given by the product of the frequency, the number of days
that a ship needs to sail one round tour and the fuel cost per day: ¢ - ﬁ - F5(v), where
Fy(v) is the fuel cost in USD per day when sailing at speed v as given by (1.1). Consider

a liner route with a duration of two weeks to which four ships are allocated. Each port
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on the route will then be called twice a week, resulting in a frequency of twice a week.
Each ship needs two full weeks to sail a round tour, so in one week it will sail half of the
route. Since there are four ships allocated to the route, in total two full round tours are
made during a week (since the frequency is two). This explains the multiplication with
the frequency in the fuel and port call cost. The total route cost in USD per week is now
given by:

. J
cs:7-S-c£+q~m-Fs(v)—i—Fp-n-q, (1.3)

where ¢] is the route cost in USD per week for a ship of type s. Doubling the capacity of
a ship will not result in a doubling of the weekly route cost. This illustrates the effect of
economies of scale: larger ships will in general have higher total costs, but lower costs per
TEU, which is also exemplified in Table 1.6 by showing the weekly route cost per TEU
under the assumption that the ship is fully utilized. The table also shows that the effect

of economies of scale can differ quite a lot between ship types.

Cost in USD /week
Route/Ship | Type1 Type2 Type3 Typed Typeb

F1 176,268 196,765 252,848 336,691 446,793
F2 228,411 238,026 285,297 373.868 497,669
F3 88,076 98,537 121,253 162,296 214,803

Circular 408,876 438,257 531,147 702,468 933,207
Butterfly | 490,525 503,210 598,818 779,713 1,038,189
Pendulum | 571,488 596,234 714,207 935,318 1,243,643

Table 1.5: Route cost per week for the duration and frequency as given in Table 1.4

Cost per TEU in USD/week
Route/Ship | Type 1 Type 2 Type3 Type4d Typeb

F1 196 123 105 96 93
F2 254 149 119 107 104
F3 98 62 o1 46 45
Circular 454 274 221 201 194
Butterfly 545 315 250 223 216

Pendulum 635 373 298 267 259

Table 1.6: Economies of scale in ship size at full utilization
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The disadvantage of the circular route is that the capacity can not be utilized effi-
ciently. When containers from for example Surabaya to Jakarta are transported using the
circular route, they will be on board of the ship on all sea legs except the leg from Jakarta
to Surabaya. Butterfly routes are better able to utilize the available capacity, since some
ports are visited twice on a round tour. In the butterfly route, the ports of Surabaya and
Jakarta are visited directly after each other, such that the containers are only on hoard
during one sea leg of the route. The pendulum route visits all ports twice, hence it needs
the lowest capacity. In a hub and feeder network, usually many ports are connected by
only one or a few sea legs. This ensures that hub and feeder networks are able to utilize
the available capacity very efficiently. Figure 1.4 shows the utilized capacity at each sea
leg in the four different route networks under the assumption that all demand has to
be satisfied using only the given network. For the butterfly route, we assumed that the
containers that have to be transported from Makassar to Banjarmasin will stay on board
of the ship during the route segment Surabaya - Jakarta - Belawan - Jakarta - Surabaya.
Alternatively, these containers can be unloaded during the first call at Surabaya and
loaded again during the second port call at Surabaya in which case transshipment costs
at Surabaya are incurred. The utilized capacities are found by adding all container flows
that need to traverse the given sea leg in order to arrive at their destination. Table 1.7
shows the required capacity in TEU for each route, the number of port calls per week
for each ship type in order to have enough capacity to satisfy all demand, the available
capacity in TEU using these ship types and the total route costs in USD per week. The
required capacity is found by taking the maximum utilized capacity of the route. Next,
we make a combination of ship types such that enough capacity is available at each route.
Given these ship allocations, the total route cost can be found by multiplying the weekly
route cost for a ship type by the number of port calls per week divided by the route
frequency. Note that the type and number of ships needed vary a lot between the three
different route structures. For the hub and feeder system, 2-1+ 1.1 = 3 ships of type 2
(since feeder route 1 has a duration of 2 weeks and feeder route 3 has a duration of one
week), 2-2 421 = 6 ships of type 4 and 2-2+4 1-3 = 7 ships of type 5 are needed.
The circular route uses 4 - 6 = 24 ships of type 5, while the butterfly route uses 4-4 = 16
ships of type 5. Finally, the pendulum route uses 5 -2 = 10 ships of type 4 and 5-1 =15
ships of type 5. Hence, the optimal solution to the fleet size and mix problem is highly
dependent on the network structure.

Table 1.7 also shows the total network cost for the hub and feeder system, the circular
route, the butterfly route and the pendulum route. The table indicates that the hub and

feeder system and the pendulum route are by far the cheapest choices of networks in this
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Route Req. cap. Port calls per week Av. cap. Cost
(TEU) | Typel Type2 Type3d Typed Typeb | (TEU) (USD/week)
F1 18,000 0 1 0 2 2 18,200 1,763,733
F2 2,700 0 0 0 1 0 3,500 373,868
F3 15,600 0 1 0 0 3 16,000 742,948
HF-Total 36,300 0 2 0 3 5 37,700 2,880,549
Circular 28,485 0 0 0 0 6 28,800 5,599,239
Butterfly 18,225 0 0 0 0 4 19,200 4,152,755
Pendulum | 11,625 0 0 0 2 1 11,800 3,114,280

Table 1.7: Network cost per week when shipping all demand

example. They both cost approximately 3 million USD per week, while the circular and
butterfly routes cost respectively about 5.5 and 4 million USD per week. One remark has
to be made: in the hub and feeder system, a lot of containers need to be transshipped,
adding additional costs that are not included in this example. In total 15,450 containers
have to be transshipped per week in the hub and feeder system. If a transshipment costs
for example 100 USD per container, the total cost of the hub and feeder system will rise
to almost 4.5 million USD per week. Hence, the hub and feeder system will then have
higher costs than the butterfly and pendulum routes. Of course, one could also make
route networks with combinations of these routes, which might be more cost efficient.

The good performance of the hub and feeder system and pendulum route is (partly)
caused because of the better utilization of capacity in the hub and feeder system. Another
advantage of hub and feeder systems is that liners can allocate different ship types to the
different types of routes. Feeder ports usually have less demand than hub ports, hence
it makes sense to allocate smaller ships to the feeder routes than to the main routes.
If all ports are visited on similar routes, like circular, butterfly and pendulum routes,
all these ports are visited by the same ship type. Hence, large ships might visit very
low demand ports if these ships are able to berth in the smaller ports (smaller ports
might have stricter draft restrictions than hub ports). Otherwise many small ships are
needed in order to satisfy the demand of the large ports. However, a disadvantage of hub
and feeder networks is that usually many transshipments are needed in order to satisfy
the demand, which increases both the transportation price and transit time. In airline
passenger transport, hub and feeder systems are very popular; an important reason for
this is that transshipments are made by passengers at no apparent cost.

Finally, we determine the profit and efficiency of the networks when we assume that

each container will generate a revenue of 200 USD if it is transported, (un)loading and
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transshipment costs are all 40 USD per container. Recently, the problem is also studied
on request of the Indonesian government, resulting in a single pendulum route to be
sailed. This pendulum route is also known under the name Pendulum Nusantara. We use
the mixed integer programming model proposed in Chapter 3 to determine the optimal
route network given an initial set of routes. Routes are constructed in the following
way using the ordering of ports used for the pendulum route. Ports may be visited at
most twice during a route: once on the eastbound trip and once on the westbound trip.
All feasible routes are generated and given as input to the mixed integer programming
problem, which makes use of a path formulation to solve the cargo allocation. Table 1.8
shows the profits of these networks and Figure 1.5 shows optimal route network. We see
that the pendulum route performs indeed better than the hub-and-feeder network and the
butterfly and circular routes. The efficiency of the networks is measured by the shipped
distance in nmi per TEU. The shipped distance for direct shipping is equal to 836.57
nmi/TEU. Table 1.8 shows that the pendulum and optimal networks are both efficient
networks with respect to shipped distance. Furthermore, the hub-and-feeder network is
much more efficient than the circular and butterfly routes as expected.

The optimal route network as shown in Figure 1.5 consists of two pendulum routes
(Routes 2 and 3) and a non-stop service (Route 1), which is a special type of pendulum
route with only two port calls. The pendulum route structure ensures efficient transporta-
tion between all demand pairs. All routes have a frequency of once a week, reducing the

number of required ships.

Network Shipped distance (nmi/TEU) Profit (USD)
Hub-and-feeder 1,428.06 3,159,651
Circular 3.269.79 1,058,961
Butterfly 2,227.57 2,284,445
Pendulum 996.80 3,642,916
Optimal 852.66 4,897,109

Table 1.8: Efficiency and profit of the different networks

1.6 Outline of the dissertation

In the Indonesian case study in the previous section, the goal is to design a route network
for a liner company that maximizes the profit. For this problem, the distances, demand
and revenue between ports are given together with a set of available ship types and their

characteristics and port, (un)loading and transshipment costs. Using the data, a set
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of routes needs to be constructed, a ship and frequency have to be allocated to each
route and the demand has to be transported through the network taking into account
the ship capacities. In this problem, the network design and cargo routing problems are
combined. Furthermore, speed optimization at the tactical level can be used to obtain
weekly frequencies. Furthermore, the Indonesian case study also incorporates the fleet
size and mix problem, because there is no limit on the number of available ships of each
type. Chapter 2 considers the same problem for the Asia-Europe trade lane with 58
ports. The Indonesian case study shows that the problem of designing a route network is
already difficult to solve when only six ports are considered. When the number of ports
increases, the complexity of the problem will also increase. Therefore, we first cluster
the ports into a smaller number of port clusters. We develop heuristic methods to design
networks calling at the port clusters on main routes and introduce regional or feeder
routes to transport containers from their origin to a port cluster and from port clusters
to their destination. In this chapter, initial networks are generated at random and high
performing networks are changed and combined in order to improve the current solution.
Improvement heuristics in which feeder ports are inserted in a main route are used to
obtain better networks. Chapter 3 considers a similar problem, but now an initial fleet is
given, hence the fleet size and mix problem is not considered any more. In this chapter,
we focus on the influence of large container ships on the number of port calls per route.
Since large container ships are mainly benefiting from economies of scale at sea, routes
with fewer port calls might be preferred over the traditional routes with many port calls.
Again, we reduce the problem size by clustering ports, but this time an iterative heuristic
is used to create networks. In this heuristic, the regional and hub networks are improved
alternatively, until the resulting network does not change any more. The obtained network
is compared to the current best networks in literature to assess the influence of reducing
the number of port calls on the network performance. Note that the clustering phase has
different implications in Chapter 2 than in this chapter. In both chapters, hub ports are
selected before designing the networks and these hubs will not change anymore during
the design phase. However, in Chapter 2 feeder ports can be reallocated to a main route,
while in Chapter 3 only hubs can be visited on the hub routes of the final netrwork.
Consider one route from the network found in the Indonesian case study. The costs
of this route are evaluated under the assumption of a fixed sailing speed leading to a
weekly frequency. However, these costs might not be accurate when sailing the route.
During the execution of the route, delays will be incurred. If liners adhere to the fixed
sailing speed as determined in the case study, each incurred delay will immediately result

in a delayed arrival or departure in a port. Furthermore, delays will be accumulated,
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resulting in very high arrival and departure delays. In general, liner companies have two
possibilities to manage these delays. First, a liner can for example publish a timetable
with 75 hours to sail from Belawan to Jakarta. However, using the preferred speed of 15
knots, only 71 hours are needed to sail this distance. The remaining 4 hours are referred
to as buffer time and are used to absorb incurred delays. The total amount of buffer
time included in a route is limited, because more ships are needed when too much buffer
time is included. Adding an additional ship to a fleet is expensive, as can be seen from
the data in the previous section. The second way to manage delays is to undertake an
action to recover from incurred delays. A good example of such a recovery action is to
adapt the sailing speed at certain sea legs. Ships can speed up to ensure a timely arrival,
but then it will incur higher fuel costs. The best results are obtained when liners use
both methods to manage delays: including additional buffer time in the schedule and
use recovery actions during the execution of the route when delays are incurred. Hence,
the liner shipping company has to make a trade-off between the inclusion of buffer times
at a tactical planning level and the cost of recovery actions at the operational planning
level. Chapters 4 and 5 both consider this robust schedule design problem. In these
chapters, the goal is to jointly determine the arrival and departure times for the ports in
a given route and the recovery policy that has to be performed when ships are delayed
such that the total costs of operating the route are minimized. Chapter 4 introduces a
mixed integer programming formulation together with heuristics to solve this problem. In
Chapter 5 we are able to prove some theoretical results under the assumption that cost
functions of delays and recovery actions are convex. These results ensure that we can
determine subgradients of the cost function. We propose an exact algorithm using these
subgradients to solve the problem.

Finally, Chapter 6 summarizes the main conclusions of each of the individual chapters.

1.7 Clarification of contribution

The chapters in this dissertation are based on papers that are published or (going to be)
submitted to scientific journals. Each chapter introduces its own notation and contains its
own introduction, literature review and conclusion and can therefore be read separately.

The data used in this dissertation varies between the chapters. In Chapter 2, we
gathered data from recent publications and master theses. Since some parts of the data
are highly confidential, missing data were estimated in the best possible way. The data

with respect to demand, revenue, handling and transshipment costs, port call costs and
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shipping costs used in the other chapters of this dissertation are all obtained from the
recent benchmark suite from Brouer et al. (2014a).
This dissertation is the result of a collaboration between myself, my promotor and my

copromotor. For each chapter, the contributions were as followed:

e Chapter 1: The majority of the work in this chapter has been done independently
by myself under close supervision of the promotor. The case study in this chapter is
based on the theses of Hakan Kalem, Jeroen Meijer and Lisanne van Rijn. Section

1.2 has been written by the promotor and adjusted by myself.

e Chapter 2: This chapter is based on my master thesis research conducted under
supervision of my promotor. Most data in this chapter is gathered by Stephan
Lachner and Victor Boskamp during their master thesis. My promotor provided
feedback which is incorporated in the chapter and in the paper on which the chapter
is based. This chapter has been published in the European Journal of Operational

Research.

e Chapter 3: The majority of the work in this chapter has been done independently

by myself under supervision of the promotor.

e Chapter 4: The majority of the work in this chapter has been done independently by
myself under close supervision of the promotor. This chapter is the result of many
brainstorming sessions with my promotor. Norodin Ty has implemented some of
the methods in this chapter during an internship at Maersk Line. In a later stage,
Mehdi Sharifyazdi and my copromotor also contributed to this chapter by providing

feedback, which has been incorporated.

e Chapter 5: This chapter is the result of a tight cooperation between myself and
my copromotor under close supervision of my promotor. My copromotor and I
worked closely together on the numerous proofs and the methodology described in

this chapter.



Chapter 2

Methods for strategic liner shipping

network design!

2.1 Introduction

Seaborne shipping is the most important mode of transport in international trade. More
than 80% of the international trade in 2010 is transported over sea (UNCTAD 2010). In
comparison to other modes of freight transport, like truck, aircraft, train and pipeline,
ships are preferred for moving large amounts of cargo over long distances.

In the shipping market, three types of operations are distinguished: tramp shipping,
industrial shipping and liner shipping (Lawrence 1972). Tramp ships do not have a fixed
schedule and are used for immediate deliveries where the most profitable freight is avail-
able. Therefore, the activities in tramp shipping are very irregular. In industrial shipping
the cargo owner controls the ship and the objective becomes to minimize the cost of ship-
ping. In liner shipping, ships follow a fixed route within a fixed time schedule; this is
most common in the container trade.

The decision making in liner shipping can be distinguished on three different levels:
the strategic, tactical and operational planning levels (Agarwal and Ergun 2008). In the
strategic planning level the optimal fleet-design is determined. This means that both
the optimal number of ships in a fleet and the optimal ship sizes are determined in this
level. This stage is very important, because the capital and operating cost in the (liner)
shipping industry are very high. The ship-scheduling problem is solved in the tactical

planning level. In this level, the service network is designed by creating ship routes and

!This chapter is based on the following article with small modifications: Mulder, J. and Dekker, R.
Methods for strategic liner shipping network design (2014) published in volume 235 of the European
Journal of Operational Research on pages 126-141.
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allocating the available ships to these routes. Finally, in the operational planning stage,
it is determined which cargo is transported and which route(s) are used to ship the cargo.
This problem is also referred to as the cargo-routing problem. The decisions made in a
planning level influence the decision making in the other levels. Therefore, it could be

profitable to solve the problems on the different levels simultaneously.

2.1.1 Literature review

Over the last decades, maritime transport has become a more popular field of research.
In 1983 the first survey on ship routing and scheduling was published (Ronen 1983). This
survey gives a detailed overview on the research performed on ship routing and scheduling
in the period before 1983. In a sequel, Ronen (1993) provides a detailed summary of
published research on ship scheduling and related problem in the period from 1983-1993.
Next, the survey of Christiansen et al. (2004) describes the major developments in the
ship routing and scheduling problems in the period from 1994-2004. Finally, Wang and
Meng (2011) give an overview of the most important existing literature on liner shipping
studies and propose directions for further research.

Little research is performed on the determination of the optimal fleet design. Fagerholt
(1999) develops a 3-phase solution approach to optimize the fleet size in liner shipping
networks in which all feasible routes are generated and combined. Thereafter, the optimal
fleet size is determined using a set partitioning problem, which is also solved in this
phase. Powell and Perkins (1997) use an integer programming model to optimize the fleet
deployment for a liner shipping company. They compare the results to the results obtained
with a linear programming model. When using a linear programming model, manipulation
of the results is needed to guarantee integer solutions. Both solution approaches become
time consuming when the problem becomes larger.

Song et al. (2007) discuss a cargo allocation model with two objectives. The first
objective is to minimize the unassigned cargo volume. The second objective is to minimize
total costs corresponding to a given minimal unassigned cargo volume. Because the model
is very difficult to solve by analytical methods, the solution space is first truncated.
Thereafter, the authors select priority rules and make use of heuristics to find solutions
of the model.

Most research is related to the combined ship-scheduling and cargo-routing problem.
First, Rana and Vickson (1991) and Fagerholt (2004) present integer programming prob-

lems to solve the combined ship-scheduling and cargo-routing problem. They are able
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to solve small instances in a reasonable amount of time, but for larger instances their
methods become too time consuming.

Next, some research exists in which mathematical programming methods, like Benders
decomposition, are used to solve the combined ship-scheduling and cargo-routing problem
(see for example Agarwal and Ergun 2008, Alvarez 2009, Gelareh and Pisinger 2011).
These methods can be used to solve some very small instances to optimality, but for

larger instances heuristic methods are still needed.

2.1.2 Contribution and outline

The objective of this study is to develop a service network in liner shipping. The service
network should consist of a set of routes, the allocation of ships to the routes, the sailing
speed of the ships on each route and the allocation of cargo over the routes. We assume
that the liner shipping company is free to select the ships it needs to cover the routes, but
we impose a maximum number of routes to which certain ship sizes can be allocated to
prevent that only very large ships will be allocated in the network. In other words, our goal
is to solve the fleet-design, ship-scheduling and cargo-routing problems simultaneously,
where we consider the case with limited availability of ships.

In comparison to the current literature, our main contribution is to provide a solution
approach for the integrated network design problem, in which we incorporate methods for
fleet-design, ship-scheduling, speed-selection and cargo-routing. Since large liner shipping
companies have to change their networks quite often, this integrated problem is essential
in the current economy. In our test set, substantial savings can be obtained by solving
the network design problem in an integrated way.

This paper is organized as follows. In Section 2.2 the problem is defined in more
detail. Next, in Section 2.3 the methods used to solve the combined problem are proposed.
Section 2.4 describes results from a case study and in Section 2.5 the main conclusions

from this research are drawn.

2.2 Problem formulation

We consider the combined fleet-design, ship-scheduling and cargo-routing problem with
limited availability of ships. In this section, first the three individual problems are de-

scribed. Thereafter, a formulation of the combined problem is given.
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2.2.1 Fleet-design problem

The goal of the fleet-design problem is to determine the optimal composition of the fleet.
In this problem, both the number and the size of ships in the fleet have to be determined.
For the shipping company it is important to determine the optimal fleet design, because
the costs related to the fleet are very high. Costs related to the fleet composition can be
distinguished in two types: fixed cost (e.g. Capital Expenditures (CAPEX)) and variable
cost (e.g. Operating Expenditures (OPEX)).

In this paper, we investigate the optimal fleet design of a liner shipping company, so
we do not consider an initial fleet. However, since liner shipping companies already have
an existing fleet, we limit the freedom of the fleet design in such a way that companies
can change their fleet towards the obtained fleet without having to replace many ships
before they are depreciated, which is very costly. Hence, the number of routes that can
be performed with ships is limited for each ship size. Finally, we assume that all ships
are available at the beginning of the planning period.

The underlying route network and demand have to be considered when determining
the fleet composition of a liner shipping company. However, the fleet design is determined
for 10-20 years, because of the high cost incurred by replacing a ship. In such a period, the
demand structure can change, which can cause changes in the route network. Therefore,
when determining the optimal fleet design, both present and future demand have to be
considered.

Economies of scale are another important factor in purchasing new ships. Larger ships
usually have lower transportation cost per TEU than smaller ships. However, the fixed
cost of larger ships are higher than that of smaller ships. The demand on the route that

the ship will serve also influence the decision of the ship size.

2.2.2 Ship-scheduling problem

In the ship-scheduling problem, the service network has to be designed. A service network
consists of a set of ship routes and the allocation of ships to the routes. Furthermore, the
optimal sailing speed has to be determined for each ship route. A ship route is a sequence
of ports that are visited by a ship. The ship routes are cyclic and consist of a westbound
and an eastbound trip. Each port can be visited at most once on the westbound trip and
at most once on the eastbound trip. So, ports can be visited twice on a ship route.

The allocation of ships to routes can be restricted, because for example a port on the
route cannot handle a certain type of ship. Once a ship is allocated to a certain route, it

will serve this route during the whole planning horizon. Most shipping companies operate
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schedules in which each route is served once a week to maintain a customer base and
to provide customers with a regular schedule (Agarwal and Ergun 2008). Therefore, in
general the number of ships needed for one ship route has to be at least equal to the
number of weeks needed to complete an entire round tour (rounded above). In this paper

we will also require weekly route schedules.

2.2.3 Cargo-routing problem

In the cargo-routing problem, the shipping company makes two decisions. They decide
which demands they accept and which routes are used to transport this cargo from the
origin to the destination port. When the cargo-routing problem is solved as an individual
problem, the service network is assumed to be known beforehand. Our goal is to maximize
the profit for one shipping company, so competition is not investigated. Revenues are
obtained by transporting cargo between their origin and destination port. However, costs
are also incurred by the transportation of the cargo. For some demand pairs the revenue
that can be obtained will not exceed the cost incurred by transporting the cargo. This
demand will then be rejected by the shipping company. Furthermore, it is possible that
some profitable demands are rejected because other demands are more profitable.

When the demand of a demand pair is (partly) satisfied, the cargo will be picked up
in the origin port and delivered at the destination port. When the origin port is visited
on several ship routes, it has to be determined to which route the cargo is allocated. The
same holds for the destination port. Some origin and destination ports will be visited
on the same ship route, while other cargoes have to be transshipped to other routes for

which costs are incurred. All these decisions are made in the cargo-routing problem.

2.2.4 Combined fleet-design, ship-scheduling and cargo-routing

problem

The decisions made in the three individual problems affect the decision making in the
other problems as well. For example, when the service network is determined in the
ship-scheduling problem, the network structure and capacity limits for the cargo-routing
problem are set. This implies that a bad choice of service network in the ship-scheduling
phase can result into lower profits in the cargo-routing phase. Therefore, it may be
profitable to consider the individual problems at the same time.

In the combined fleet-design, ship-scheduling and cargo-routing problem, all decisions
explained above in the three individual problems have to be taken at the same time.

The problem becomes to construct a service network and determine the routes used to
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transport cargo such that the profit is maximized given a certain demand matrix and
cost/revenue data. In this research, we limit the available ships that we can use in the
service network. Therefore, we only try to select the best ships out of the available ships
instead of solving the fleet-design problem from scratch. Here, we assume that the possible
ship types are given with known characteristics.

In this paper we only include ship-related cost into the combined network design
problem, which is essential to answer strategic questions for liner shipping companies. In
practice, liner shipping companies also incur several other costs, such as administrative
costs, costs related to the sales organization or headquarters. However, since we have no

data on these costs, we leave them out of consideration.

2.3 Solution algorithm

In this section, we discuss the main ideas of the methods used to solve the combined fleet-
design, ship-scheduling and cargo-routing problem. For a more detailed description of
the methods, we refer to Appendix 2.E. Since the combined fleet-design, ship-scheduling
and cargo-routing problem is too large to solve efficiently and there is a lot of interaction
between the different subproblems, we choose to aggregate the ports in the model and
use a composite approach to solve the combined problem. Thereto, in Section 2.3.1, the
method to aggregate ports is described. Next, in Section 2.3.2 we propose a method that
generates initial feasible ship schedules and in Section 2.3.3 we construct a model that is
able to optimally allocate the cargo to the available ships given these ship schedules. After
solving the cargo routing model, the aggregated ports have to be disaggregated, which
is explained in Section 2.3.4. To do this, we introduce feeder services to ship the cargo
between the central port in a port cluster and all other ports of the same cluster. Finally,
the genetic algorithm, described in Section 2.3.5, will generate new feasible ship schedules
and this process will be repeated until a certain stopping criterion is met. Figure 2.1

shows a schematic overview of the solution algorithm.

2.3.1 Aggregation of ports

In Section 2.3.3, we will describe a linear programming model that can be used to solve
the cargo routing over the ship routes. When the problem instance becomes larger, the
computational time of the cargo routing model increases rapidly. Thus, for large problem
instances, it is very time consuming to solve the cargo routing model repeatedly. The size

of the problem instance decreases when the number of ports is reduced. Therefore, the
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Figure 2.1: Schematic overview of the solution algorithm

computational time of the cargo routing model can be decreased by reducing the number
of ports. It depends on the computational time of the cargo routing model to which
number of ports the problem has to be reduced.

In a model with aggregated ports, ships stop only once per cluster. For each port
cluster, the stop should always be at the same place. Therefore, three major decisions
have to be made during the aggregation process. First, the ports that are aggregated into
a port cluster have to be determined. Next, one of the ports in a cluster has to be chosen
as the central port (the port of the cluster where ships will make their port visit). Finally,
the data of individual ports have to be aggregated to port cluster data.

Ports are aggregated based on their mutual distance. Ports that are relatively near to
each other are clustered. An upper bound on the distance between two ports that belong
to the same cluster can be imposed. To avoid problems, we consider the distance of a
port that we will add to the cluster to the central port in the comparison. Thus, first the
central port of the cluster has to be determined. Thereto, we make three lists of ports
based on their expected yearly throughput. If a port has an expected yearly throughput

that is at least twice as large as the average expected yearly throughput over all ports, the
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port is added to the list containing central ports. Furthermore, a list of ports that are not
allowed to be central ports (noncentral ports) contains all ports that have a throughput
that is at most one fifth of the average throughput. The last list consists of all remaining
(intermediary) ports. At the end of the aggregation phase, when it is known which ports
will be clustered into one port cluster, the decision of the central port in the cluster is
reconsidered. The final central port in the cluster will be the port for which the expected
cluster transshipment costs are minimized. The expected cluster transshipment cost will
be determined by the product of the transshipment cost per TEU of the central port and
the total expected yearly throughput of all noncentral ports in the cluster (as long as the
maximum distance restriction is still satisfied). These lists can now be used to design the
clusters as will be explained in the remainder of this section.

First, we create a cluster for each port on the central port list. The ports of the other
two lists that are within the maximum distance to their closest central port are added
to the corresponding cluster. If there are intermediary ports remaining that are not yet
added to one of the clusters, a new cluster is created for the largest intermediary port,
which becomes a central port. All intermediary and noncentral ports that are closest to
this port (compared to the other central ports) and within the maximum distance are
added to this new cluster (if a port was already allocated to one of the other clusters,
it is removed from this old cluster). This is repeated until all intermediary ports are
allocated to a cluster. Finally, if there are still some noncentral ports remaining, they
are allocated to the cluster they are closest to. Note that in this last step the maximum
distance between ports in the same cluster is exceeded. However, since these ports have
very little demand, it is probably quite costly to visit them on the main routes. Ships
on the main network are generally larger (and thus more expensive) than ships on feeder
services. Furthermore, the additional handling costs on the feeder network cannot be
high, since the demand is low. Therefore, we decide to add these ports to an existing
cluster instead of introducing a new cluster for them, forcing them to be visited on the
main network.

Thus, the central port of a cluster is mainly chosen based on a combination of expected
yearly throughput and transshipment cost. However, the distance to other ports also
indirectly influences the central ports, because a maximum distance from a central port
to all other ports in the cluster is imposed. Therefore, ports in regions with less throughput
are still candidates to become a central port. Probably, some ports exist that are preferred
to become central ports based on their location (such as Singapore), but are located in
a region with less throughput. These ports will become central ports if they are the

largest port in their region (unless the transshipment costs for these ports are too high).
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However, it is possible that another port in the region is larger, but has a worse location.
In this case, our algorithm will select the larger port to be the central port. If we want
to avoid this, it is possible to include a distance measure, that gives an indication of the
amount of additional nautical miles that has to be sailed to visit the port on a route,
in the determination of central ports. Furthermore, noncentral ports that are added to
a cluster will in first instance be visited on a feeder network. However, in our solution
approach, they can be added to the main route network in a later stage of the algorithm.
Thus, if a noncentral port is located along a main route, this noncentral port will probably
be added to the main route, saving (a part of) the feeder costs to serve this port on the
feeder network.

Finally, we have to aggregate the individual port data into port cluster data. Relevant
port data in the model are: distance, demand, port cost, transshipment cost, (un)loading
cost and port time. The distance, costs and port time only depend on the port at which
the ship stops. Therefore, for these data the port cluster data is the same as the individual
port data of the central port. The demand data also depends on the demand of the other
ports in the cluster. Cluster demand equals the sum of the individual port demand in
the cluster. Note that demand between ports in the same cluster disappears during the

aggregation process. This demand can be reviewed after the disaggregation process.

2.3.2 Designing an initial liner shipping network

In our research we consider routes in which ports can be visited at most once on the
eastbound and at most once on the westbound trip. Furthermore, we clustered ports into
port clusters, so we reduced the maximum number of visits on a route. Since there are
not that many port clusters, they are generally not very close to each other, such that a
natural geographical order can be obtained. Using this order, we generate initial routes

and determine the optimal speed on each route.

Generate initial routes

Initial routes are generated at random. First, we determine randomly the number of
routes in the network between a minimum and maximum. Thereafter, for each route in the
network, a cluster is called with a certain probability. Thus, we determine in geographical
order at random whether a cluster will be visited or not. The routes obtained using
this method are not always feasible routes. Therefore, we check during the generation
of the routes whether they satisfy the following three conditions and change them when

necessary.
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The first condition is that the beginning cluster of each route should be equal to the
end cluster, so that a round tour is made. If this is not satisfied, the beginning or end
cluster is adjusted, so that this condition is met. The second condition is that the two
middle clusters of the routes should be unequal, because otherwise the same cluster is
visited twice in a row. we remove one of the middle clusters if this condition is violated.
The last condition is that the route length is at least equal to the minimum route length.
If this condition is violated for a certain route, this route is deleted.

Finally, a ship type is allocated to the ship route. Thereto, we select randomly a ship
type from the set of available ship types. Note that this set has to be updated when the
last available ship of a certain type is allocated to a route. In this case, the ship type is
removed from the set of available ship types.

Using the above procedure a network is obtained with a random number of feasible
routes. This network can be used to run the cargo allocation model and obtain the
different flows. Later on, the networks will be changed using a genetic algorithm based

method, so that better networks are constructed.

Determine optimal speed

When the routes and capacities of the liner ships are known, it is possible to determine
the optimal speed of the liner ship serving a certain route. In this section, the method to
determine this optimal speed will be explained.

Consider a route of the route network and the capacity of the liner ship used to serve
this route. To maintain a weekly frequency, the number of ships needed will always
equal the route duration, thus more ships are needed for lower sailing speeds. For each
integer number of weeks between the minimum and maximum route duration (based on
the maximum and minimum speed respectively, where the route duration may not exceed
the maximum route duration imposed in the model), we calculate the cost of sailing the
route in the given number of weeks. These costs include the capital, operating and fuel
costs. After we calculated the costs for all feasible route durations, we select the route
duration and corresponding speed that is associated to the lowest costs.

Thus, we determine the optimal sailing speed by a simple enumeration procedure.
We will repeat this procedure for each route to obtain the optimal sailing speed for each

individual route.
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2.3.3 Cargo Routing Model

In the cargo-routing problem, we want to allocate the cargo flows over the route network
given the origin-destination demand matrix and capacities on the routes. The cargo-
routing problem can then be formulated as a multi-commodity flow problem, for which
the linear programming formulation is given below. We will refer to this model as the

cargo routing model (CRM). Introduce the following sets:

heH Set of ports.

lel Set containing pairs of consecutive ports h and b/, where [ = (h, 1).

t €T CH Set of transshipment ports.

seS Set of ship routes.

jeJ Indicator set denoting whether a ship passes both ports h € H and
R’ € H on ship route s € S, where j = (h,}/, s).

kel Indicator set denoting whether consecutive ports [ € L are visited

on ship route s € S, where k = (I, s).
The following parameters are used in the model:

ruw  Revenue of transporting one TEU from port h € H to port h' € H.

c Cost of transshipping one TEU in transshipment port ¢ € 7.

cr Cost of (un)loading one TEU in origin or destination port h € H.

dp Demand with origin port h € H and destination port W/ € H.

bs Capacity on ship route s € S.

gniis  0/1 parameter that takes the value 1 if a ship passes consecutive ports

[ € £ when sailing from port h € H to port i’ € H on ship route s € S.

In the model formulation, we distinguish between direct flows and transshipment flows.
Direct flows are cargo flows between the origin and destination port of a demand pair for
which no transshipment movement has to be made. Cargo flows for which transshipment

movements are necessary are called transshipment flows. Now, we introduce the following
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decision variables:
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Now, we

Cargo flow on ship route s € S between consecutive ports [ € L.

Direct cargo flow on ship route s € S between ports h € H and I/ € H.
transshipment flow on ship route s € S between port h € ‘H and
transshipment port ¢ € 7 with destination port h' € H.

transshipment flow on ship route s’ € § between transshipment port ¢t € T
and destination port A € H, where the flow to transshipment port ¢ € T
was transported on ship route s € S.

transshipment flow on ship route s’ € S between transshipment port ¢ € T
and transshipment port ¢ € 7 with destination port h € H, where the
flow to transshipment port ¢t € T was transported on ship route s € S.

Total cargo flow on ship route s € S between ports h € H and h' € H.

can give the linear programming formulation.
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subject to

SN apt > ap, <ds heH K eH (2.2)

teT seS seS
xs <bs (I,s) eX (2.3)
Z I(}Jltth’s + Z Z 'Z'?th’s’s
heH teT s'eS
- Z xiz’ss/ - Z Z fﬁi/h/ss/ =0 (tv h,> 5) eJ (24)
s'eS t'eT s'eS
Tis — Z Z Ty Qnmis = 0 (I,s)eK (2.5)
heH heH
Izoff’s - Ichiz’s - Z Izth’h”s
h'"eH
- Z‘Tﬁz’s’s - Z szh’h”s/s =0 (h7 h/’ S) S j (26)
s'eS h'"eH s'eS
>0 (Ls) ek 2.7)
94, >0 (h,1,s)eT (2.8)
e >0  heM,seS (tLt,s)eT  (2.9)
o >0 seS (ths)ed (2.10)
>0 W eH, (hts)eT (2.11)

Objective (2.1) of the cargo routing problem is to maximize total profit. Profit is
given by the revenue minus the costs. The costs only consist of (un)loading cost and
transshipment cost, because the route network is given, so all other costs are fixed and
can be subtracted afterwards.

Constraints (2.2) ensure that the total cargo shipped from one port to another does
not exceed the demand of that port combination. Next, Constraints (2.3) make sure that
the total load of a ship between each two consecutive ports does not exceed the capacity of
the ship. Constraints (2.4) ensure that the flow to a transshipment port with destination
port i/ € H has to equal the flow from that transshipment port to port A’. In other words,
they make sure that all flow unloaded to be transshipped, will also be loaded on another
route. Constraints (2.5) define the the amount of flow between two consecutive ports and
Constraints (2.6) define the total flow between each two ports in the same cycle. Finally,

Constraints (2.7)-(2.11) guarantee a nonnegative flow between each two ports
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2.3.4 Disaggregation method

The cargo routing model can be executed with the clusters as determined in Section 2.3.1
as input. We will obtain cargo flows between the clusters as output from the cargo routing
model. In practice, it is necessary to know the exact route of each load from the origin
port to the destination port. Therefore, we first have to determine the real origin and
destination ports of each cargo flow. Thereafter, we will use feeder services to ship the
cargo from the origin to the destination port in the cluster, so a feeder network has to
be constructed. The problem of constructing a feeder network is similar to the vehicle
routing problem with pickups and deliveries (see for example Berbeglia et al. 2007, for
an overview). Nagy and Salhi (2005) provide some routines that can be used to improve
existing routes for this problem. When constructing the feeder service, in first instance,
a feeder service is added from the central port in the cluster to each other port belonging
to the cluster. Thereafter, the feeder routes will be improved, for which we will use
a method to decrease the ship sizes on the feeder routes, a method comparable to the
SWITCH routine discussed in Nagy and Salhi (2005) and a method in which feeder ports
are added to the main route network. Figure 2.2 shows an schematic overview of the

disaggregation method.

Reduce
feeder
capacity
i
Construct | Add ports to . Add ports to

initial feeder main route ™ main route
network ] v
Exchange
ports feeder
routes

Figure 2.2: Schematic overview of the disaggregation method

Constructing initial feeder network

The cargo flow between each pair of clusters is obtained from the CRM model. For each
cluster, we know which ports belong to this cluster. For each port pair with origin port

in the origin cluster and destination port in the destination cluster, we can determine the
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revenue of transporting cargo between these ports. Furthermore, we know the demand
between these two ports. Then, the disaggregation is done by repeatedly allocating as
much cargo as possible to the port pair with the highest revenue until the total cargo flow
is allocated. Because the cluster demand equals the sum of the individual port demand of
the ports in the cluster and all possible combinations of port pairs with origin in the origin
cluster and destination in the destination cluster are considered in the disaggregation
method, the total transshipped cargo is always fully allocated using this method. Finally,
this procedure is repeated for all combinations of two port clusters of the cargo routing
model.

When all combinations are considered and the cargo routing between each two real
ports is known, the size of the feeder services can be determined. In first instance, for
each noncentral port in a cluster, a feeder service is made. This feeder ship will then
sail from the central port of the cluster to the noncentral and back to the central port.
The size of the ship can be obtained when considering the cargo transshipped from and
to the noncentral port. These amounts will not be on the ship at the same time, so the
maximum of the amount of cargo transshipped to and the amount transshipped from the
noncentral port is the maximum load on the feeder ship. We will then use the ship that
has minimal size but can still transport the maximum load. Note that only feeder services
that sail with a frequency of once a week are considered. Exemptions are only made for
ports that are placed in a cluster because their demand is too low, but cannot be served
within one week with a direct feeder route from the central port of the cluster. For these
ports, we can maintain a weekly frequency by assigning more than one ship to the route.
However, this can be more costly, because more ships are needed. Therefore, in these
cases we allow ports to be visited only once every two weeks if this is cheaper. Thus, we
compare the costs of visiting the port every week (using two feeder ships for that route)
with the costs of visiting the port every week (such that only one feeder ship is needed

for the route).

Reducing the size of a feeder service

In this section, we describe the method used to reduce the size of the existing feeder
services by reallocating the origin and/or destination port of a cluster cargo obtained
from the cargo routing model. Each time, we select a port pair and consider the cargo
flow from the origin to the destination port. When we start, all feeder services are direct
services between the central port in a cluster and a noncentral port in the same cluster.
In this case, only two cases have to be distinguished when reducing the size of a feeder

service. The noncentral port can be the origin port of a cargo flow, in which case the
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cargo is on board when the ship sails from the noncentral port to the central port of the
cluster or the noncentral port is the destination port of a cargo flow and the cargo is on
board when the ship sails from the central to the noncentral port. In both cases, the
cargo is only at one of the two legs on board, so only one leg has to be considered for
each cargo flow. However, when ports are exchanged between feeder services, some feeder
services are created that visit more than one noncentral port. In this case more legs have
to be considered when a cargo flow is viewed. This makes the size reducing process more
complicated.

Algorithm 1 describes the steps that have to be performed to determine the increase
in profit when the size of a feeder service is reduced. The algorithm will be performed for
each cluster separately. Note that no real changes are made in the algorithm. So, when
the algorithm starts over in Step 1, the data is still the same as at the beginning. If a
change is mentioned in the algorithm it is a temporarily change, which only holds during
one iteration of the algorithm. In Appendix 2.E a more detailed explanation of the steps

in the algorithm can be found.

Algorithm 1: Feeder service reduction algorithm

1. Consider a feeder service in the cluster. Determine the capacity of the feeder
service when it is reduced by one size.

2. Determine the reduction needed on each leg of the feeder service.

3. Repeat the following as long as the sum of the reduction needed over all legs is
larger than 0 and not all port combinations are considered.

e Exchange as much cargo as possible between the port combinations that
are not yet considered and have the lowest revenue decrease.
e Update the reduction needed on each leg.
4. Check whether the sum of the reduction needed is 0.
e [f the sum is 0, determine the increase in profit when the exchanges are
performed.

— Ifthe increase in profit is higher than the highest increase found earlier,
save the new increase in profit and the reallocation of demand needed
to decrease the feeder size.

e Else, the reduction is not possible.

e If all feeder services are considered, then stop. Else, return to Step 1.
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Exchanging a port between two feeder services

In this step a port is exchanged between two feeder services. The cargo allocation does
not change during this step, so the revenue and feeder handling costs will also not change.
Because the costs on the main route will also stay the same, the only changes will occur
in the feeder capital, operating and fuel costs. Finding a profitable exchange corresponds
now to finding an exchange for which these feeder costs are reduced.

We will explain the method used to exchange ports using Algorithm 2. A more detailed
description of the steps of the algorithm can again be found in Appendix 2.E. Again,
the algorithm will be executed for each cluster separately and the changes made in the
algorithm are only temporarily changes. In this case, each time the algorithm returns to
Step 4 or Step 1, the data is the same as at the beginning. The real changes are only
made in the third step of the method (the comparison).

Algorithm 2: Port exchange algorithm

1. Consider two feeder services, F} and F), in the cluster.
2. Determine all noncentral ports that are served by the feeder service F}.
3. Determine all consecutive port combinations on feeder service Fs.

4. Repeat the following steps as long as not all combinations of a noncentral port
and a consecutive port combination are considered.

e Select a combination of a noncentral port N and a consecutive port com-
bination (Py, P,).

e Remove port combination (Pj, P;) from feeder service Fy and add the
combinations (P, N) and (N, P,) to F,. Furthermore, remove port N
from feeder service Fj.

e Determine the new loads on and capacities of feeder services F; and Fs.

e Determine the increase in profit obtained by adding port N between ports
P, and P, on feeder service Fs.

— If the increase in profit is higher than the highest increase found earlier,

save Fy, Fy, N, P, P, and the new highest increase in profit.

5. If all combinations of two feeder services in the same cluster are considered,
then stop. Else, return to Step 1.
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Comparison

After the first two steps, both the most profitable reduction in the size of a feeder service
and the most profitable exchange of a port between feeder services are known. Further-
more, the amount of increase in profit is known for both changes. Note, that the increase
in profit can also be negative, which corresponds to a decrease in profit (loss), because it
is not checked in the first two steps whether the increase in profit is positive or not. First
check which increase in profit is the highest, that of the reduction in size or that of the port
exchange. If the increase is positive, make the changes that corresponds to the increase.
So, if the highest increase in profit is obtained by a reduction in the size of a feeder ship,
reduce the saved feeder ship by one size and reallocate the demand necessarily to make
this reduction possible. However, if the highest increase is obtained by a port exchange,
remove the saved port from the first saved feeder service and add this port between the
saved combination on the second saved feeder service. Finally, if a profitable change is
made, go back to the first step, otherwise the feeder network cannot be improved further
using this method, so stop.

Note that reducing the capacity on a feeder service or exchanging a port between feeder
services influences the effect of future changes in the feeder network. For example, when
the capacity on a feeder service is reduced, it might not be possible to add an additional
port on that feeder service any more, because the increase in flow over the feeder service
would exceed the new lower capacity. Thus, if we do not make the right change in first
instance, it is possible that we block some very profitable changes in the feeder network.
Therefore, we consider first all possible changes, before we make the most profitable one
and start over again. However, changes on different clusters can be performed at the same
time, because they are independent of each other. Thus, the algorithm is performed for

each cluster separately.

Add ports to main route

Next, we investigate whether it is profitable to add some ports to the main route and
thereby reducing the size of the feeder routes serving those ports. At the moment, only
the central port of a cluster is visited on the main routes of the route network. All other
ports are served by a feeder service. However, some noncentral ports exist, which also
have a large amount of cargo handling movements. Now the flows are known, it can
be calculated whether it is profitable to visit these noncentral ports on one of the main
routes. A part of the cargo flows from and to these ports can then be transported over the

main routes. This diminishes the flow on the feeder service networks, which can reduce
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the costs of the feeder network. Ports can be visited both on one or more main routes
and on a feeder route.

The method is performed once before and once after the method to decrease the feeder
network. When it is performed before reducing the feeder network, the exact feeder costs
are not yet known. Therefore, in this case only the decrease in feeder (un)loading cost
are seen as cost reduction, where also the capital, operating and fuel costs are considered
when the feeder network is already decreased.

Algorithm 3 gives a brief description of the method used to investigate whether ports
should be added to main routes or not. In this algorithm, changes are only made in Step 6.
So, changes in other steps of the algorithm are only temporarily. When the algorithm
returns to a previous step, the changes are undone. In Appendix 2.E the method is

explained in more detail.

2.3.5 Designing a new route network

Even if only a few ports are included in the problem, a lot of different route networks
can be constructed. Since it is impossible to generate and evaluate all possible networks
and the performance of comparable networks will probably also be comparable, we use
a genetic algorithm based method to change the route networks. The representation of
a network in this study is a binary string consisting R (2n — 1) 0/1 elements, where R
is the number of routes in a network and n the number of port clusters found after the
aggregation phase. So, 2n — 1 are the possible stops of a ship on a route. When the
element corresponding to port cluster ¢ < 2n — 1 and route r < R has value 1, port
cluster C' is called on route r. Furthermore, the capacity of the ship that will serve the
route is stored in the representation. A route network then corresponds with a set of
routes.

The following operators are used to change the route network: elitism, crossover and
mutation. In the elitism step the best route network(s) of the current iteration are selected
and are placed unchanged in the network set of the next iteration. Elitism ensures that the
performance of the best network in the next iteration cannot be decreased in comparison
to the best network in the current iteration.

For the crossover and mutation operators, we will use roulette wheel selection to
select networks from the current set. Two different crossover methods are used: uniform
and route crossover. In both crossover method two existing networks are selected and
changed into two new networks. In the uniform crossover methods, each 0/1 value of

the strings in each route of the network is with equal probability exchanged between
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Algorithm 3: Add port to main route algorithm

1.

6.

Consider a main route and determine the clusters that are visited on that main
route.

Consider one of those clusters.

Determine which (noncentral) ports that belong to the cluster are not yet visited
on the considered main route.

Determine the consecutive port combinations on the main route for which at
least one of the ports belongs to the cluster.

. Repeat the following steps as long as not all combinations of noncentral ports

and consecutive port combinations are considered.

(a) Select a combination of a noncentral port N and a port combination
(Pr, P).
(b) Remove port combination (P, P») from the main route and add the com-

binations (P, N) and (N, P») to the route.

(c) Determine the new loads on the main route and on the feeder service
serving port N after reallocating as much cargo from and to port N as
possible to the main route.

(d) Determine the increase in profit obtained by adding port N between ports
P; and P, at the main route. If the increase in profit is higher than the
highest increase in profit obtained earlier, save the new highest increase,
the considered cluster and main route and ports N, P, and P,.

In this step a port is finally added to a route.

e Consider first all clusters and all routes and add thereafter the most prof-
itable port to the main route.
— Return to Step 2 as long as not all clusters are considered.
— Return to Step 1 as long as not all routes are considered.

— Add the most profitable port at the most profitable place to the main
route if the increase in profit is larger than 0.

— If a profitable change is made in Step 6, return to Step 1, else stop.
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the two selected networks or not exchanged. Similarly, the capacities of the routes are
with equal probability exchanged or not. Finally, the routes are made feasible using the
method earlier described and it is checked whether the ship types allocated to the routes
in the networks still satisfy the available fleet constraint. In the route crossover method,
existing routes are not changed, but only exchanged between the selected route networks.
We randomly select a cut point, after which the routes including capacities of the two
selected networks are exchanged. All routes that occur in the new route networks that are
created using the route crossover method are always feasible, because they are unchanged
according to the routes in the current iteration. However, the fleet composition of the
networks can violate the available fleet constraint. Thus, we check whether this happens
and exchange routes with allocated ships where necessarily.

Finally, the mutation method changes the value of some elements. When a route
network is selected, some elements corresponding to a route and a port cluster are selected
at random. The selected ports are added to the route when they are not visited on the
current route. On the other hand, when the ports are visited on the current route, they
are deleted from the route. Furthermore, the feasibility of the route has to be checked,
because the mutation operator can make routes infeasible. The capacity of a certain route
will also be changed with a certain probability. The new capacity will then be randomly
chosen from the existing, still available, capacities. When the capacity of the routes can

also be changed, more feasible route networks will be considered.

2.4 Case study

We apply the proposed algorithm to design a service network that consists of 58 ports on
the Asia-Europe trade lane. Most data is based on the service network of Maersk on the
Asia-Europe trade lane during spring 2010. It is difficult to obtain real data, so demand
is estimated using port throughput data and data obtained from the annual reports of
Maersk. Furthermore, costs for different types of ships and sailing speeds are estimated
using data obtained from Lachner and Boskamp (2011), Francesetti and Foschi (2002)
and Notteboom (2006). The data can be found in Appendix 2.A.

2.4.1 Reference network

We define a reference network to which the best obtained networks (i.e. the networks
with highest profits) can be compared. In the reference network, no feeder services are

included. Comparing our best networks to a reference network will give some information
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on the performance of the obtained networks. The routes of the reference network can be
found in Appendix 2.B.

The original Maersk route network, on which the data is based, is used as reference
network. The network consist of nine routes. On each route a few ships with different
capacities are sailing to serve the demand. In our study, a route is served by ships of the
same size and each ship size is a multiple of 1000 TEU. Therefore, we round the average
capacities of the ships used on a route of the Maersk service network to the nearest multiple
of 1000 TEU that is larger than the average to obtain the capacities of the reference
network. The profit of the reference network can be determined after using the speed-
optimization method and the cargo-routing model and is 1.707 billion USD. However, the
capacities of the ships sailing on the reference network are fixed as explained above, while
the liner shipping company is allowed to choose ships from an available set in our method.
Thus, a comparison between our method and the reference network is not completely fair.
Therefore, we used a simple improving heuristic to improve the allocated ships on the
reference networks, such that the fleet satisfies the same restrictions as imposed in our
method. In this heuristic, we first determine the optimal ship capacity on each route
of the reference network, without taking the fleet restrictions imposed in this research
into account. Thereafter, we make the allocation of ships to routes feasible by reducing
the size of the ships on the routes for which the profit decrease is smallest. Finally, we
repeatedly try to reduce the ship capacity on one of the routes until this is not possible
anymore without causing a decrease in profit. The improved network has a profit of 1.772
billion USD, which is already an increase of 3.8% compared to the reference network with

fixed capacities.

2.4.2 Characteristics of the best networks

Table 2.1 first shows the overall characteristics of the reference network and the best
networks obtained using the described method with different numbers of clusters. We
performed our methods with different number of clusters obtained from the aggregation
step in order to investigate the importance of choosing the right number of clusters. Less
clusters will result in lower computational time of the cargo-routing model, but a larger
feeder network. Thus, by comparing different numbers of clusters, a trade-off can be made
between performance and computational time. The best network is found when including
only ten clusters and results in a profit of 1.953 billion USD, which is an increase of 14.4%
compared to the reference network and an increase of 10.2% compared to the improved

reference network. The increase in profit is the result of a cost reduction. The total
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demand delivered and the revenue in the best networks are lower than in the reference

network, but the routes are more cost efficient. Note that we only consider ship-related

costs and revenues in this model. In reality, liner shipping companies will also face other

types of costs.

However, it is difficult to estimate these non-ship-related costs, so we

leave them out of consideration here. Furthermore, we only use estimates on demand,

revenue and costs in this research. Since these data are highly sensitive to fluctuations,

the increase in profit can change over time.

Reference 8 10 12 15

network  clusters clusters clusters clusters
Profit in billion USD 1.707 1.910 1.953 1.927 1.837
Revenue in billion USD 7.015 5.797 6.516 6.750 6.620
Cost in billion USD 5.307 3.895 4.563 4.823 4.783
Fraction demand delivered 0.832 0.669 0.739 0.793 0.777
Computational time in seconds 215.7 88.6 103.9 135.3 210.7
Main network
Capital and operating cost in billion USD 1.150 0.840 0.952 1.077 1.039
Fuel cost in billion USD 1.453 1.064 1.174 1.338 1.316
Port cost in billion USD 0.189 0.140 0.160 0.211 0.194
Handling cost in billion USD 1.972 1.585 1.753 1.880 1.843
Transhipment cost in billion USD 0.544 0 0.100 0 0.035
Total liner cost in billion USD 5.307 3.630 4.139 4.506 4.426
Fleet size 91 64 71 80 79
Number of routes 9 6 7 7 7
Average number of ports per route 16.4 18.0 17.7 19.3 21.3
Distance travelled in nmi 191,754 136,041 145,719 164,680 163,266
Feeder network
Capital and operating cost in million USD 40.200  59.925  48.300  51.750
Fuel cost in million USD 35.153  61.520  43.399  41.648
Port cost in million USD 21.840  27.300  26.520  25.740
Handling cost in million USD 167.849 275.950 199.383 237.297
transshipment cost in million USD 0 0 0 0
Total feeder cost in million USD 265.042 424.694 317.602 356.434
Fleet size 12 16 14 15
Number of routes 12 16 14 15
Average number of ports per route 3.3 3.2 3.4 3.2
Distance travelled in nmi 21,469 27,555 25,729 22,259
Fraction of cargo on feeder network 0.148 0.220 0.149 0.180

Table 2.1: Characteristics of the best networks



52 Methods for strategic liner shipping network design

The lower part of Table 2.1 shows some characteristics of the main and feeder routes
of the best networks and the main routes of reference network. First note that compared
to the reference network, the number of ships decreases in the best network with ten
clusters, because the use of a feeder network leads to a more efficient use of ships. In the
best network, only seven routes are included compared with nine in the reference network.
Since, the number of ships needed for a route equals the round tour time, this will already
lead to a significant reduction in the fleet size. The feeder services are all designed in
such a way that they will have a round tour time of one week, so only one ship per feeder
service is needed. Furthermore, the ships on the feeder network are in general smaller
than the ships on the main network. Therefore, the capital, operating and fuel costs on
the feeder network are much lower than on the main network. Thus, by using smaller
ships for the feeder network, a cost reduction in the ship costs will be obtained. The best
networks with twelve and fifteen clusters have a larger fleet than the reference network,
but because the ship costs on the feeder network are lower, the total ship costs of these
networks are still lower than for the reference network.

Note that the total feeder costs of the best network with twelve clusters are lower than
those corresponding to the best network obtained when using fifteen clusters. One would
expect the total feeder costs to decrease when the number of included clusters increases
as less ports have to be served on the feeder network. However, from Table 2.1 we can
conclude that in both cases 48 port visits are made on the feeder network (15 - 3.2 = 48
and 14 -3.4 = 48). For instances with more clusters, the initial main routes will probably
contain more ports and thus more port combinations. Then, the average load on a route
is also probably higher, which makes it more difficult to add noncentral ports to the main
routes. Furthermore, less cargo can be allocated to the main route when a noncentral
port is added to that route. Therefore, the total amount of cargo transshipped over the
main routes is larger, which increases the feeder handling costs. We can indeed observe
from the table that more handling costs are incurred in the instance with fifteen clusters
than in that with twelve clusters.

Similarly, the total feeder costs of the best network with eight clusters is lower than
the feeder costs in all other best networks. This time, however, the fraction of demand
delivered is also much lower than in the other networks. With less clusters, the initial
routes are smaller and some ports are not visited at all on the best networks. Therefore,
less cargo has to be transported over the feeder network and consequently less feeder costs
are incurred.

It follows from Table 2.1 that a large cost reduction is obtained in the transshipment

cost compared to the reference network. By clustering ports, less ports are included in
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the main route network and thus less transshipment movements are needed. However,
additional handling costs on the feeder network are incurred, but in total the handling
costs decrease, also since less demand is satisfied on the best networks than on the reference
network.

In the table, also the fraction of cargo that is transported over the feeder network is
given. Since each container can be transported twice over the feeder network (once from
the origin port to the central port of the origin cluster and once from the central port
of the destination cluster to the destination port), this fraction can vary between 0 and
2. The fraction of cargo transported over the feeder network gives some indication on
the average transit times of containers in the network. Cargo that is only transported
over the main network will in general have lower transit times than cargo that has to
be transshipped to the feeder network. Furthermore, the total distance travelled on the
main network combined with the fleet size also gives an indication of the average transit
times in the network. If routes are shorter, less ships are needed and the travel times
between two ports on the same route will on average be lower than when larger routes
are used. Finally, the transshipment costs also give an indication of the average transit
time. If more transshipment moves are needed, the transit times will generally be higher.
Combining these three indicators, we can conclude from the table that the best networks
obtained with eight and twelve clusters probably have lower average transit times than
the best networks obtained with ten and fifteen clusters. In the networks with eight and
twelve clusters, no transshipment moves take place on the main network and the fraction
of cargo that is transported over the feeder network is also significantly lower than for
the other networks. Furthermore, the network with eight clusters also has the smallest
fleet size and distance travelled, so this network will probably perform best with respect
to average transit time.

The computational times are given in seconds for the reference network and in sec-
onds per iteration for the best network. In one iteration, the profit of all twenty route
networks in the set is determined and a new set is made. The composite algorithm is
stopped after eight hours of computational time in which an average improvement of 12%
is found compared to the best initial network. The best network with ten clusters has
both the highest profit and one of the lowest average computational times per iteration.
Therefore, performing the methods with ten initial port clusters is preferred in this study.
Furthermore, it can be seen that including too many clusters can have a negative effect
on the performance. From Table 2.1, it follows that the computational time per iteration
of the method increases when more port clusters are considered. Thus, less iterations can

be performed in the maximum computational time and the profit of the best network
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obtained with fifteen clusters is 5.9% lower than the highest profit found with only ten

clusters.

2.4.3 Best network

The routes of both the main and the feeder network of the best obtained route network
can be found in Appendix 2.D. The reference network only consists of a main route
network, so all ports are at least visited once on a main route. However, not all ports
are visited on a main route in the best network. First, the ports in Japan are not visited
any more on the main route. Many ports in China are visited on a main route, but ships
have to cross the ocean to visit ports in Japan. Because China is the turning point of the
route, the crossing distance should be covered twice when ports in Japan are included in
the main routes. Therefore, it is quite logical that the ports in Japan are only visited on
the feeder services.

Many ports in Southern Europe are located in a cove, so that a lot of additional
distance has to be covered to visit these ports on the main routes. Again, it is then
logical that these ports are not visited on the main routes, but are fully served by the
feeder network, since smaller and cheaper ships are used on the feeder routes.

Finally, some ports, for example Taipei, are not visited on the main route because they
are relatively small. The additional distance that has to be covered to visit these ports is
not very large (Taipei is located near Kaohsiung, which is visited on some main routes).
However, since they are small ports, the additional costs incurred by adding them to a
main route, will probably not be covered by the decrease in feeder costs.

Ports are mainly visited in geographical order on the routes in the best network found.
However, sometimes small deviations from the geographical order are observed. These
deviations are caused by the cargo flows. For example, on one of the routes first Ningbo
is visited and thereafter respectively Qingdao, Busan, Xingang, Dalian and Shanghai. All
these ports belong to the cluster with central port Shanghai. The geographical order would
be Busan-Dalian-Xingang-Qingdao-Shanghai-Ningbo. Thus, for example, the location of
Ningbo in the obtained route deviates from the geographical order. This can be explained
in the following way. The method that adds ports to the main routes determines the best
location to place a port on the existing route. The best location is defined as the location
where the highest increase in profit can be obtained. The additional distance that has
to be sailed is part of the decision, because additional costs are incurred when more
distance has to be covered. However, the optimal place to add a port to the main route

depends also on the reduction of the costs that can be obtained. A cost reduction can
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be obtained by reallocating cargo to the main routes, such that transshipment costs to
the feeder services are saved. We have seen that the amount of cargo that can be loaded
in the added port on the main route is bounded when a port is placed before the central
port of the cluster, while the amount of cargo unloaded from the main route is bounded
when the port is visited after the central port of the cluster. Thus, although the optimal
geographical location of Ningbo would be after Shanghai, it can be more profitable to

visit Ningbo before Shanghai when much cargo with destination Ningbo is on the ship.

2.4.4 Uncertain demand

The best networks are found using a given origin-destination demand matrix, while the
reference network is probably constructed with other (uncertain) demand data. Thus, the
comparison between the reference network and the best networks found in this case study,
will not be completely fair. Therefore, we created ten instances with randomly generated
origin-destination demand data, where each origin-destination pair has demand between
80% and 120% of the given demand matrix. For each of these ten instances, we solved the
cargo-routing model for the reference network and for the best network (with ten clusters).
The average demand of the ten test cases is 0.2% higher than in the original scenario.
The reference network has on average an increase in profit of 0.9% with respect to the
reference network with given demand over these ten instances, while the profit increase of
the best network is on average 0.8%. Also, the standard deviation of the profit does not
differ that much: 1.0% for the reference network against 1.4% for the best network. These
figures indicate that the best network is a bit more volatile for changes in the demand,

but they do not suggest that the method is very sensitive to the used demand matrix.

2.5 Conclusion

In this study methods to solve the combined fleet-design, ship-scheduling and cargo-
routing problem are developed. Thereto, an aggregation method is proposed, which ag-
gregates ports into port clusters to reduce the size of the problem. Thereafter, initial route
networks are constructed and a linear programming formulation (cargo routing model)
is introduced that can be used to solve the cargo-routing problem to optimality. The
number of clusters is chosen based on the computational time of the model. In our study,
eight to fifteen clusters are appropriate to work with. The design of the clusters is based

on the geographical location of the ports.
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After the results are obtained in clustered ports, they have to be disaggregated again
in individual port results. Some methods are developed and explained in this study. In
these methods, a distinction is made between main services and feeder services. The feeder
services are used to transport the cargo from the cluster centers to the other ports in the
cluster. In first instance, only cluster centers can be part of the main service network.
However, other ports are added to the main routes when this is profitable. Furthermore,
we try to decrease the ship capacities on the feeder services in the proposed methods.

The above methods can be used to determine the profit of a certain route network.
Then, methods are given to change existing networks into new networks, which can again
be solved using above methods. We considered different numbers of port clusters obtained
from the aggregation method, to investigate the importance of selecting the right number
of clusters. When less clusters are considered, the average computational time per itera-
tion reduces and the performance increases. The best results are obtained when ten port
clusters are included, while including fifteen clusters results in more than 5% less profit
in our case study.

The best network found using the overall model in our case study gives an improvement
of 14.4% compared to the reference network. However, in the reference network, the used
fleet is fixed, while we construct a new fleet under some restrictions in our methods.
Therefore, we also compare the best network to the reference network with improved
ship capacities on the routes. The profit of the best network is 10.2% higher than the
profit of this reference network with improved fleet. The increase in profit is the result
of a cost reduction obtained when integrating liner shipping network design. However,
since we only consider ship-related costs and revenues and the data is highly sensitive to
fluctuations, the profits of the liner shipping company for both the reference network and
the best network will be lower in reality. The percentage of improvement will then also
be lower.

The reference network only consists of a main service network. Therefore, all ports
are visited on at least one of the main routes. However, in the best obtained network in
our case study not all ports are visited on a main route any more. There are basically
three possible reasons for this. When the last ports before a turning port are noncentral
ports in a network, the distance from the central port to these ports has to be covered
twice when these ports are added to a main route. Thus, these ports can probably better
be visited on a (cheaper) feeder route. Furthermore, some ports are located in a cove.
The additional distance that has to be travelled to visit these ports can therefore become
large. In this case, it is probably more profitable to serve these ports on feeder routes

instead of a main route. Finally, some ports have very little demand. For these ports,
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the additional costs of visiting these ports on a main route are higher than the maximum
reduction in costs that can be obtained. Therefore, these ports can also better be visited
on a feeder route.

In our case study, the order in which the ports are visited on the main routes in the best
obtained network corresponds most of times to the geographical order. Some deviations
can be found, because ports are afterwards added to the main routes. The amount of
cargo that can maximally be (un)loaded in a port that is added to a main route depends
on whether the port is added before or after the central port of the cluster. Therefore, it
can be more profitable to add a port after the central port of the cluster, even when the
geographical order implies that the port should be added before the central port and vice
versa.

Finally, the reference network is probably constructed with other (uncertain) demand,
so we constructed ten scenarios with uncertain demand and compared the difference in
performance of the reference network and the best obtained profit. In our study, the ref-
erence network and best network react comparable to changes in demand for the scenario,
so this does not seem to be a large issue.

Only intra-regional demand is considered in this study, but it is possible to add also
regional demand in the model. The idea behind the methods will stay the same when
regional demand is included. The regional demand will not be considered in the methods
discussed in the improvement steps. Because the revenue of the regional demand will be
relatively low compared to intra-regional demand (because the distance between origin and

destination is much smaller), this will hardly influence the performance of the methods.

Appendix

2.A Data

Ports

The ports considered in this study are obtained by merging all routes in the Asia-Europe
trade lane of Maersk during spring 2010. Port Los Angeles is removed from the list,
because it is not on the Asia-Europe trade lane. The 58 remaining ports, countries and

regions can be found in natural order in Table 2.2.
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Distance

The distances between ports can be computed using distance calculators on the internet.

The distances between the port combinations can be found in Table 2.3.

Demand

In the cargo routing model it is important to know the demand between two ports.
However, it is hard to achieve realistic data on the demand. The demand data is obtained
from Lachner and Boskamp (2011). First, they determine total demand to be allocated on
the Asia-Europe trade lane. This is done using annual reports of Maersk. Furthermore, a
growth percentage is included in the calculation and corrections are made for joint services.
Thereafter, the total demand is divided over port combinations using port throughput.
The port throughput of both the origin and the destination port is used to determine the
demand of a port combination. The demand that is generated in this way can be found
in Table 2.5.

Revenue

The revenue data is also obtained from Lachner and Boskamp (2011). Tt is assumed that
the revenue per unit only depends on the distance between the origin and destination port
of the demand and on the direction in which the demand has to be transported. Thereto,
two revenue factors are introduced. The first factor gives the revenue of transporting
one unit of cargo over one nautical mile in the westbound direction. The other revenue
factor gives the revenue of transporting one unit of cargo over one nautical mile in the
eastbound direction. Then, for each port combination, it is checked whether cargo has to
be transported in westbound or eastbound direction. Finally, the corresponding revenue
factor is multiplied with the direct distance between origin and destination port, which
gives the revenue per unit of the considered port combination.

Lachner and Boskamp (2011) obtained the revenue by taking the 10-year average of
historical data. This calculation gives the revenue in USD/TEU for both the eastbound
and the westbound direction. Thereafter, they divided these revenues by the average
distance between Asian and European ports. This results in the two revenue factors.
The revenue factor is 0.0838 USD/nmi in eastbound direction and 0.1677 USD/nmi in

westbound direction.
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64 Methods for strategic liner shipping network design

Available ships

In Francesetti and Foschi (2002) an overview of costs related to ships with different sizes
is given. The ship sizes given in this article are also used in this study. Furthermore, some
additional ship sizes are added in this study. The costs of these added ships are obtained
by extrapolation on the costs given in Francesetti and Foschi (2002). The available ship
sizes for both the main and feeder services can be found in Tables 2.7 and 2.8. In this

study, it is assumed that an unlimited number of feeder ships is available.

Ship | Ship Capacity Total Capacity Capital Cost Operating Cost Nr available
Name (TEU) (TEU /year) ($/year) ($/year)

M1 4,000 208,000 4,500,000 3,600,000 5

M2 5,000 260,000 5,400,000 4,050,000 5

M3 6,000 312,000 6,000,000 4,350,000 5

M4 7,000 364,000 6,500,000 4,600,000 5

M5 8,000 416,000 7,000,000 4,850,000 5

M6 9,000 468,000 7,500,000 5,100,000 5

M7 10,000 520,000 8,000,000 5,350,000 2

MS 14,000 728,000 10,000,000 7,850,000 1

Table 2.7: Liner ship characteristics

Ship | Ship Capacity Total Capacity Capital Cost Operating Cost Fuel cost
Name (TEU) (TEU /year) ($/year) ($/year) ($/nmi)
F1 200 10,400 800,000 1,450,000 16.667
F2 350 18,200 950,000 1,525,000 20.833
F3 500 26,000 1,100,000 1,600,000 25.000
F4 700 36,400 1,400,000 1,750,000 26.667
F5 800 41,600 1,500,000 1,800,000 29.167
F6 900 46,800 1,600,000 1,850,000 31.667
F7 1,000 52,000 1,750,000 1,925,000 33.333
F8 1,250 65,000 2,100,000 2,100,000 41.667
F9 1,500 78,000 2,300,000 2,200,000 50.000
F10 1,750 91,000 2,500,000 2,300,000 58.333
F11 2,000 104,000 2,700,000 2,400,000 66.667
F12 2,250 117,000 2,950,000 2,525,000 75.000
F13 2,500 130,000 3,200,000 2,650,000 83.333
F14 4,000 208,000 4,500,000 3,600,000 91.626
F15 5,000 260,000 5,400,000 4,050,000 104.264

Table 2.8: Feeder ship characteristics
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Speed

From Notteboom (2006) it is learned that the speed of container vessels varies between
18 and 26 nautical miles per hour. Therefore, this range of speeds is also considered in
this study. Furthermore, it is assumed that the speed can each time be increased by 0.5
nmi per hour. Thus, seventeen different values for liner shipping vessels are considered in
this study.

Further, it is assumed that feeder ships sail at a constant speed. This speed is assumed

to be 22 nautical miles per hour.

Capital and operating cost

In Francesetti and Foschi (2002), the yearly capital costs are given by 10% of the purchase
price of the ship. The factor of 10% is the amortization factor. The purchase prices are
given for ships with different ship sizes. The purchase price of the ships considered in this
study, that are not given in Francesetti and Foschi (2002) are determined by extrapolation.

The operating costs are defined as 5% of the purchase price of the ship plus 1.5 times
the number of crew members times the average yearly wage of the crew. The crew size is
multiplied by 1.5 to take illness and holidays into account. The factor 5% of the purchase
price of the ship is used to take cost of maintenance, repairs, etcetera into account. On
average, 18 crew members with an average yearly wage of about $50,000 are present on
a ship. The average yearly wage is obtained by correcting the yearly wage of Francesetti
and Foschi (2002) for inflation.

An overview on the yearly capital and operating costs per ship size can be found in
Tables 2.7 and 2.8.

Fuel cost

The fuel consumption in ton per day is given for the different ship sizes in Francesetti and
Foschi (2002) for a speed of 25 nmi per hour. When this amount is divided by the distance
travelled per day, the fuel consumption in ton per nautical mile is obtained. Thereafter,
the fuel consumption is multiplied by the oil price in USD/ton to obtain the fuel cost in
USD per nautical mile for the different ship sizes. In this study an oil price of 500 USD
per ton is used in the calculations.

In Notteboom (2006) a figure is given that shows the fuel consumption in ton per day
for different values of the sailing speed for a ship with capacity of almost 8500 TEU. The

relation between fuel consumption and sailing speed will be about the same for different
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ship sizes. Therefore, this figure can be used to determine factors that indicate how much
oil is consumed at different sailing speeds. Finally, these factors can be used to determine
the fuel cost in USD per nautical mile for the other sailing speeds of the considered ships.

In Table 2.9 an overview of the fuel cost for the different liner ship sizes and sailing
speeds is given. The fuel costs for feeder ships are obtained in a similar way and are given
in Table 2.8.

Ship Speed

Name 18.0 18.5 19.0 19.5 20.0 20.5 21.0 21.5 22.0
M1 85.637 84.925 84.250 83.610 83.002 83.870 84.696 88.242 91.626
M2 97.449 96.639 95.871 95.143 94.451 95.438 96.379 100.413 104.264

M3 109.261 108.353 107.492 106.675 105.900 107.006 108.061 112.584 116.902
M4 121.073 120.067 119.113 118208 117.348 118.575 119.743 124.755 129.540
M5 132.886 131.780 130.734 129.740 128.797 130.143 131.425 136.927 142.178
M6 144.698 143.494 142354 141.273 140.245 141.711 143.107 149.098 154.816
M7 156.510 155.208 153.975 152.805 151.694 153.280 154.790 161.269 167.454
M8 203.758 202.063 200.458 198.935 197.488 199.553 201.519 209.954 218.007

Ship Speed
Name 22.5 23.0 23.5 24.0 24.5 25.0 25.5 26.0
M1 94.860 101.820 108.483 114.869 120.995 126.875 132.525 137.957

M2 107.944 115.864 123.447 130.713 137.684 144.375 150.804 156.986
M3 121.028 129.908 138.410 146.557 154.372 161.875 169.083 176.014
M4 134.112  143.952 153.373 162401 171.061 179.375 187.363 195.043
M5 147.196 157.996 168.336 178.245 187.750 196.875 205.642 214.071
M6 160.280 172.040 183.299 194.090 204.439 214.375 223.921 233.100
M7 173.364 186.084 198.263 209.934 221.128 231.875 242.200 252.129
M8 225.701 242261 258.115 273.310 287.884 301.875 315317 328.243

Table 2.9: Fuel cost for different speeds and ship sizes

Port, (un)loading and transhipment cost

The port, (un)loading and transshipment cost are obtained from Lachner and Boskamp
(2011). Port costs are incurred per port visit and usually vary between ports. Further-
more, the port costs may depend on the ship size. However, the differences in port costs
are relatively small, so they are assumed to be constant per route type. In this study,
ships are charged 25,000 USD per port visit on a main route and 15,000 USD per port visit
on a feeder route. Thus, when a port is visited on a main route 52 - 25,000 = 1, 300, 000
USD is charged, because each route is performed once a week. For feeder routes, the port
cost per year equals 52 - 15,000 = 780,000 USD.
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(Un)loading and transshipment costs are incurred per TEU (un)loaded or transshipped
in a port. These costs can differ between ports and for different ship sizes. However, it is
again assumed that these costs are constant per route type. The cost of (un)loading is 175
USD per TEU on main routes and 125 USD per TEU on feeder routes. A transshipment
consist of an unloading and a loading movement, so the cost of a transshipment is 2 -
175 = 350 USD on main routes. Because each port (except the cluster centers) are only
visited on one feeder route and no demand exists between ports in the same cluster, no

transshipments will take place on feeder routes.

Port and buffer time

The time a ship spends in a port depends on many factors like the number of containers
that have to be (un)loaded, the number of cranes available to (un)load, the arrival time,
etcetera. However, these factors are uncertain, so it is difficult to determine these times.
Therefore, port times are assumed to be constant. The data on these times are obtained
from Lachner and Boskamp (2011). In this study, it is assumed that a ship spends 20
hour in a port on a main route and 15 hours in a port on a feeder route.

The buffer time is an additional time that is added to the route time to cover delays.
The causes of delays can be divided in four groups: terminal operations, port access,
maritime passages and chance (Notteboom 2006). Chance includes weather conditions
and mechanical problems. In this study, a buffer time of at least 2 days has to be

allocated to each main route. The buffer time on feeder routes is assumed to be 1 day.

2.B Reference network

Table 2.10 shows the routes in the reference network during spring 2010. Next, Table 2.11

shows the different types of ships used on each of the routes.
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AE1/AE10 AE10/AE1 AE2 AE3 AE6
Yokohama Shenzhen Yantian Busan Dalian Yokohama
Hong Kong Hong Kong Xingang Xingang Nagoya
Shenzhen Yantian Tanjung Pelepas Dalian Busan Shanghai
Tanjung Pelepas Le Havre Qingdao Shanghai Ningbo
Felixstowe Zeebrugge Kwangyang Ningbo Xiamen
Rotterdam Hamburg Shanghai Taipei Hong Kong
Hamburg Gdansk Bremerhaven Shenzhen Chiwan Shenzhen Yantian
Bremerhaven Gothenburg Hamburg Shenzhen Yantian Tanjung Pelepas
Tangiers Aarhus Rotterdam Tanjung Pelepas Jeddah
Jeddah Bremerhaven Felixstowe Port Klang Barcelona
Jebel Ali Rotterdam Antwerp Port Said Valencia
Shenzhen Da Chan Bay Singapore Tanjung Pelepas Damietta Algeciras
Ningbo Hong Kong Busan Izmit Tangiers
Shanghai Kobe Istanbul Ambarli Tanjung Pelepas
Kaohsiung Nagoya Constantza Vung Tau
Yokohama Shimizu Ilyichevsk Shenzhen Yantian
Yokohama Odessa Hong Kong
Shenzhen Yantian Damietta Yokohama
Port Said
Port Klang
Tanjung Pelepas
Dalian
AE7 AE9 AE11 AE12
Shanghai Laem Chabang  Qingdao Shanghai
Ningbo Tanjung Pelepas Shanghai Busan
Xiamen Port Klang Fuzhou Hong Kong
Hong Kong Colombo Hong Kong Shenzhen Chiwan
Shenzhen Yantian Zeebrugge Shenzhen Chiwan Tanjung Pelepas
Algeciras Felixstowe Shenzhen Yantian Port Klang
Tangiers Bremerhaven Tanjung Pelepas Port Said
Rotterdam Rotterdam Port Klang Piraeus
Felixstowe Le Havre Salalah Koper
Bremerhaven Tangiers Port Said Rijeka
Malaga Salalah Gioia Tauro Trieste
Shenzhen Yantian Colombo Genoa Damietta
Hong Kong Port Klang Fos Port Said
Shanghai Singapore Genoa Jeddah
Laem Chabang  Damietta Port Klang
Port Said Singapore
Salalah Shanghai
Port Klang
Singapore
Liangyungang
Qingdao

Table 2.10: Routes in the Maersk network
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AE1/AE10 Capacity AE10/AE1 Capacity AE2 Capacity
Sofie Maersk 8,160 A.P. Moller 8,160 Maersk Seville 8,478
Albert Maersk 8,272  Skagen Maersk 8,160 Maersk Saigon 8,450
Carsten Maersk 8,160  Sally Maersk 8,160  Adrian Maersk 8,272
Maersk Singapore 8,478 Arnold Maersk 8,272  Maersk Salina 8,600
Clementine Maersk 8,648 Svendborg Maersk 8,160 Maersk Savannah 8,600
Maersk Seoul 8,450  Svend Maersk 8,160 Anna Maersk 8,272
Maersk Taurus 8,400 Columbine Maersk 8,648 Arthur Maersk 8,272
Sine Maersk 8,160 Maersk Tukang 8,400 Maersk Stepnica 8,600
Axel Maersk 8,272  Clifford Maersk 8,160 Maersk Semarang 8,400
Cornelia Maersk 8,650 Maersk Salalah 8,600 Maersk Stralsund 8,450

Maersk Stockholm 8,600
Average 8,365 8,316 8,439
AE3 AE6 AET
Maersk Kinloss 6,500 Mathilde Maersk 9,038 Eugen Maersk 14,770
CMA CGM Debussy 6,627 Maersk Antares 9,200 Elly Maersk 14,770
Maersk Kuantan 6,500 Gunvor Maersk 9,074 Evelyn Maersk 14,770
Maersk Kowloon 6,500 Mette Maersk 9,038 Edith Maersk 14,770
CMA CGM Corneille 6,500 Marit Maersk 9,038  Estelle Maersk 14,770
Maersk Kelso 6,500 Gerd Maersk 9,074 Maersk Algol 9,200
CMA CGM Musset 6,540 Maersk Altair 9,200 Ebba Maersk 14,770
Maersk Kwangyang 6,500 Gudrun Maersk 9,074  Eleonora Maersk 14,770
CMA CGM Bizet 6,627 Marchen Maersk 9,038 Emma Maersk 14,770
Maersk Kensington 6,500 Maren Maersk 9,038 Gjertrud Maersk 9,074
CMA CGM Baudelaire 6,251 Georg Maersk 9,074

Grete Maersk 9,074

Maersk Alfirk 9,200

Margrethe Maersk 9,038
Average 6,504 9,086 13,643
AE9 AE11 AE12
Maersk Sembawang 6,478 Charlotte Maersk 8,194 Maersk Kyrenia 6,978
Maersk Sebarok 6,478 Maersk Surabaya 8,400 Safmarine Komati 6,500
Maersk Serangoon 6,478 Maersk Santana 8,478 CMA CGM Belioz 6,627
SL New York 6,420 CMA CGM Faust 8,204 Safmarine Kariba 6,500
Maersk Seletar 6,478  Soroe Maersk 8,160 CMA CGM Balzac 6,251
Maersk Kendal 6,500 Susan Maersk 8,160 Maersk Karachi 6,930
Maersk Sentosa 6,478 Caroline Maersk 8,160 CMA CGM Ravel 6,712
Maers Semakau 6,478  Cornelius Maersk 8,160 CMA CGM Flaubert 6,638
Maersk Senang 6,478  Chastine Maersk 8,160 CMA CGM Voltaire 6,456
Average 6,474 8,230 6,621

Table 2.11: Ships and capacities on the Maersk network
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2.C Cluster design

Table 2.12 shows the composition of the ten clusters obtained after aggregation in this

study.
Shanghai Hong Kong Singapore Colombo Jebel Ali
Yokohama Xiamen Vung Tau Colombo Jebel Ali
Shimizu Kaohsiung Laem Chabang Salalah
Nagoya Shenzhen Yantian Singapore
Kobe Hong Kong Tanjung Pelepas
Busan Shenzhen Chiwan Port Klang
Kwangyang Shenzhen Da Chan Bay
Dalian
Xingang
Qingdao
Liangyungang
Shanghai
Ningbo
Fuzhou
Taipei
Port Said Valencia Rotterdam Antwerp Hamburg
Izmit, Gioia Tauro Zeebrugge Antwerp Bremerhaven
Odessa Genoa Le Havre Hamburg
Jeddah Fos Felixstowe Gothenburg
Port Said Barcelona Rotterdam Aarhus
Damietta Valencia Gdansk
Istanbul Ambarli Malaga
Ilyichevsk Algeciras
Constantza Tangiers
Piraeus
Rijeka
Koper
Trieste

Table 2.12: Design of the ten clusters

2.D Best Network

Table 2.13 shows the main routes of the best network, while Table 2.14 shows the feeder

routes of this network.
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M1 M2 M3 M4
Tanjung Pelepas Shenzhen Yantian Busan Ningbo
Singapore Shenzhen Chiwan Qingdao Busan
Port Klang Shenzhen Da Chan Bay Xingang Qingdao
Colombo Hong Kong Dalian Xingang
Gioia Tauro Xiamen Shanghai Dalian
Valencia Kaohsiung Ningbo Liangyungang
Algeciras Singapore Hong Kong Shanghai
Felixstowe Tanjung Pelepas Shenzhen Chiwan Fuzhou
Zeebrugge Port Klang Shenzhen Yantian Hong Kong
Rotterdam Port Said Jeddah Shenzhen Yantian
Bremerhaven Felixstowe Port Said Xiamen
Hamburg Le Havre Bremerhaven Kaohsiung
Rotterdam Rotterdam Hamburg Algeciras
Damietta Zeebrugge Aarhus Tangiers
Port Said Port Klang Gothenburg Malaga
Jeddah Tanjung Pelepas Antwerp Valencia
Tanjung Pelepas Singapore Algeciras Fos
Shenzhen Yantian Valencia Genoa
Gioia Tauro Barcelona
Port Said Gioia Tauro
Jeddah Ningbo
Colombo
Shenzhen Chiwan
Hong Kong
Shenzhen Yantian
Busan
9,000 TEU 10,000 TEU 14,000 TEU 9,000 TEU
M5 M6 M7
Shenzhen Yantian Ningbo Shenzhen Yantian
Shenzhen Chiwan Qingdao Shenzhen Chiwan
Hong Kong Busan Shenzhen Da Chan Bay
Xiamen Xingang Hong Kong
Kaohsiung Dalian Xiamen
Jebel Ali Shanghai Kaohsiung
Salalah Jebel Ali Jeddah
Antwerp Valencia Port Said
Hamburg Felixstowe Damietta
Bremerhaven Le Havre Shenzhen Yantian
Rotterdam Rotterdam
Zeebrugge Zeebrugge
Algeciras Antwerp
Valencia Port Said
Barcelona Singapore
Gioia Tauro Hong Kong
Port Said Ningho
Port Klang
Tanjung Pelepas
Singapore
Vung Tau
Shenzhen Yantian
14,000 TEU 9,000 TEU 9,000 TEU

Table 2.13: Main routes of the best network
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2.E  Solution approach

In this section, some solution methods are discussed in more detail.

2.E.1 Aggregation

First, we will describe the methods used to aggregate ports into port clusters. Thereto,
we will first create lists of central, noncentral and intermediary ports. Thereafter, initial
clusters will be designed, which are updated in the next step. After this step, the final

clusters are known and the cluster data have to be constructed.

Lists of central, noncentral and intermediary ports

First, construct the lists of central, noncentral and intermediary ports:

H ={heH: y> My} central ports.
H" :={heH: : y<my} noncentral ports.
H" :={heH: h¢H UH"} intermediary ports.

In this definitions, H is the set containing all ports, m and M are the minimum and
maximum factor respectively. In our case study, we used m = 0.2 and M = 2. Further,

when d,;, is the demand from port a to port b, we have:

Yp = Z dpn + Z dpn, throughput of port h;
WeH neH

1
y = m Z Yn average throughput per port.
heH

Initial clusters

Next, we create initial clusters. For each h; € H¢, create a new cluster C; := {h;} (with
i =1,...,|H¢|) only containing port h; and the central port of the cluster is ¢; = h;. Let
n denote the number of clusters. Then, we have n = || initial clusters all containing
exactly one port. Next, we will add intermediary and noncentral ports to the nearest
existing cluster if they are within the maximum cluster distance. We will only compare
the distance between the considered port and the central port of the cluster with the
maximum cluster distance, because this distance has to be covered on the feeder lines.
Thus, it is possible that the distance between two ports in the same cluster exceeds the

maximum cluster distance, but these ports will then not be visited on the same feeder
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service. Thus, for each h € H" U H™, we will have

Ci = Cz U {h} if (5}“31. = min 6th S 5maz
1<js<n
C;=0C; else,

where 0,4, is the distance between ports a and b and §™** the maximum distance allowed
between ports in a cluster. In our case study we used §™* = 1250 nmi, such that direct
feeder lines between a port in the cluster and the central port of the cluster can always

be served within one week.

Update clusters

Let

H* :={heH:hecUC} allocated ports.
H" :={heH:h¢UC} nonallocated ports.

As long as H" N H™ # (), take port h € H"* N H™ with the largest throughput
(yn = maxpepnaqym Ynr). Create a new cluster, n = n+ 1 and C,, = {h}, ¢, = h.
Add intermediary and noncentral ports to the new cluster if they are nearest to this
cluster and their distance is within the maximum distance allowed. That is, for each
h € H™ UH™, we will have

C,=C,U{h} if by, = m<in One, < 0™
sn
C,=0C, else.

For all ports h € C,, check whether they were already allocated to a cluster, that is check
whether
h e U1Si§n_1ci.

If the port was already allocated to a cluster, remove it from the cluster, so if h € C; with
1 <j <n-—1,thenlet C; = C;\ {h}. Update the sets with allocated and nonallocated
ports and repeat this procedure until H"* N H™ = ().

If He N H™ £ (), then determine for each h € H™ NH™ to which cluster it is closest
and add it to this cluster:

Ci = OZ U {h} if 5}151 = 1I§Iljléln (5hc]
Ci = CZ else.
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The clusters C; for 1 <14 < n are the final clusters that will be used as input for the cargo
routing model. Tt only remains to determine the relevant port cluster data, which will be

explained in the next section.

Determine cluster data

To determine the profitability of a given network, the demand, distance and revenue
between port pairs are needed. Furthermore, the (un)loading, transshipment and visit
costs are needed for each port, as is the time of a port visit. The distance, costs and port

time of a cluster are all incurred in the central port of the cluster, so we set:

6CiCj = 56sz 1< 1,] < n;
o, = ¢ 1<i<m
. =  1<i<n,

where 0, is the distance between port/cluster a and b, ¢& denote the relevant costs of
port/cluster a and ¢ is the port time of port/cluster a. Since it is not possible to determine
the origin and destination port of a cargo flow between clusters when solving the cargo
routing model, we let the revenue between port pairs be equal to the revenue between the

central ports of the relevant clusters. That is, we let:
TCiCj - TC,jC]' 1 S l?.] S n.

The demand between clusters depend on the demand between the ports in the clusters.

Cluster demand equals the sum of all individual port demands in the cluster:

de,c; = Z Z dpw  1<4,j<mn,

heC; h'eC;

with dg;, the demand between ports/clusters a and b.

2.E.2 Disaggregation

In practice, it is necessary to know the exact origin and destination port of each cargo
flow. Therefore, the cargo flows between port clusters have to be disaggregated into cargo
flows between ports. This section will describe the method to obtain these disaggregated

flows.
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The disaggregation process can be performed for each combination of port clusters
separately. Thus, select two port clusters C; and C; and the corresponding total flow over

the network
tot tot

% = TCioys
s€S

So, the total cargo flow from cluster C; to cluster C;; over the network is equal to z'**. Now,

we want to determine the origin and destination ports of the flow. Repeat the following

until 2! = 0. Select the combination (h,h') with h € C; and b’ € C; with the largest

expected revenue. Now, allocate as much flow as possible to the combination (h,h), so

o = min(dpy, )

4%, is the allocated flow from port A to port h'. Update the flow to be allocated:

l,tot — .’EtOt o x?Lo})Lf/.

2.E.3 Feeder network

In the disaggregation phase, cargo flows between ports are determined. We will use feeder
services to ship the cargo from and to ports in the cluster. After an initial feeder network is
constructed, some methods are described to improve the network. These methods include
reallocating demand in order to reduce the capacity on the feeder lines, exchanging ports
between feeder lines and adding ports to the main route network. In this section, a

description of these methods will be given.

Initial feeder network

In first instance, for each port in the cluster (except the central port) a direct feeder
service is constructed between this port and the central port of the cluster. Let F¢ be

set of feeder services in cluster C, then
FC = {(c,h,¢): he C\{c}} initial feeder network of cluster C,
where ¢ is the central port of cluster C. The capacity of a line f € FC is given by
by =min {b € Q : b > max(zy’, z)?)},

where @ is the set with available capacities.
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Reduce feeder capacity

The method to reduce the capacity is performed for each cluster separately. Therefore,
we describe the method for a given cluster C. In the algorithm, we will determine and
store the difference in profit of reducing the feeder capacity for each feeder service in the

cluster separately. Thus, we select one by one the feeder services in the cluster.

Flow over legs

Let F' be the selected feeder line. For this service, we first determine the flow on each leg
of the feeder line. Let the legs of the line be given by [y, ..., l,, where n is the number of
legs of the service and let the feeder route be given by hq, ..., h,, h1 (leg l; corresponds

to the leg between ports hy and hy). Furthermore, let

o __
T = Z Thih

heH

be the total flow with origin port h; and

d _ E
iL'hi = xhhi

heH

be the total flow with destination port h;. Then, the flow on leg 1 < i <mn is given by

— E d E o
Ly, = Ih_,‘ + Ihj'

J>i J<i

Reduce capacity
Let b¢ be the current capacity of the feeder service and b" the capacity when we reduce

this capacity by one size. Then, the reduction needed on leg I; is equal to
Y, = max(x;, — b",0).

That is, we only need to reduce the flow over a leg if it is currently larger than the new

capacity of the service.

Valid combinations to exchange demand

The flow over a leg can be reduced by changing the origin and/or destination port of a
cargo flow. Since cargo flows between ports are obtained from cargo flows between clusters,
there are multiple feasible allocations of the flow to the port pairs. We determine the port
combinations between which cargo flows can be exchanged in order to reduce the flow
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over F.

L :={((h1,h2), (hs,h2)) :hy € F,ha ¢ C,hg € C'\ F} combinations with origin in C.
L% :={((h1,h2), (h1,h3)) : hy ¢ C,hg € F,hz € C'\ F} combinations with destination in C.

L :=roure valid port combinations.

The set L consists of all valid combinations of port pairs between which cargo can be
exchanged to reduce the cargo flow on feeder line F. If ((hy, ho), (hs, hy)) € L, then the
cargo flow over F' can be reduced by increasing the satisfied demand between ports hs
and hy and at the same time reducing the demand between ports hy and hy with the same
amount. In this way, the total demand satisfied between clusters does not change as long
as ports hy and hz belong to the same cluster and ports hy and hy belong to the same
cluster. Furthermore, we only want to change the flow over the feeder network in cluster
C, so we will add the restriction that the port that does not belong to C' is not allowed
to be changed. In L° the origin port belongs to C' and thus we see that the destination
port in both port pairs is the same (namely hy) and, similarly, for £¢ the origin port (h;)
is the same for both pairs. Furthermore, we want to reduce the cargo flow over line F) so
we do not want to shift cargo from one leg of service F' to another leg. Therefore, we add
the restriction that the new port in cluster C' is not allowed to be on line F. Thus, port
hs in the definition of both £° and £? is an element of C'\ F (all ports in C' that are not

visited on line F).

Exchange demand between port pairs
For each combination ((hy, he), (hs, hy)) of port pairs in L, the revenue decrease per unit
of exchanging cargo from the first demand pair to the second is given by 74,5, — Theny,
where r,, denotes the revenue of satisfying one unit of demand from port a to port b.
Select the combination with the lowest decrease in revenue. We want to exchange as
much cargo as possible from the first port pair to the second pair. Clearly, the maximum
amount that can be exchanged is bounded by the amount of cargo that is currently
transported between the first port pair and the unsatisfied demand between the new port
pair. Furthermore, it is bounded by the free capacity of the feeder line over which the
new flow has to be transported.
Let h° denote the port in C' of the first port pair, A" the port in C' of the second port
pair and A’ the port not in C that is part of both port pairs. Furthermore, let dg;, and d2¢!

be the demand and satisfied demand between ports a and b respectively. The demand to
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be exchanged is bounded by
: sat sat : /3 ot
o _ { min(dyf}o, dppn — dign) if B is the origin port,

min(di%,,, dynyy — dish,) if B’ is the destination port.

Exchanging demand will also change the flow on the feeder lines containing h° and A",
but only the flow on the new feeder line is relevant in this case, because this flow will be
increased. Let F™ be the new feeder service. The definition of £ guarantees that F™ # F.
If 4’ is the origin port of the pairs, then the flow between the port pairs will be on the
feeder line for all legs before port A", while it will be on the feeder line for all legs after
port A™ if I/ is the destination port. Let A" be the k-th port of feeder line F™ and let n
the length of the feeder line. Furthermore, let 27 be the flow on feeder line F™ over leg
l;. Then, the amount of cargo that can at most be exchanged is bounded by

N 112‘1?/@ bpn — a7, if h' is the origin port,
r min bpn —x; if A’ is the destination port.
k<i<n :

Thus, the maximum amount of cargo that can be exchanged between the combinations
of port pairs is given by:

d* = min(dg", df").
The flow over the feeder services has to be updated when we exchange this amount.
Thereto,

if 1/ is the origin port,

<J
ji<i<m if 1/ is the destination port,

where port h° is the j-th port on feeder line F' and led is the flow over leg [; of feeder
line F' and m is the length of feeder service F. Similarly,
ew o +d? 1<i<y if ' is the origin port,
L= . . . . . .
xZ“”" +d* j7<i<m if i/ is the destination port.
The costs of exchanging the demand is given by:

oo oy { (Phtho — Thinn + Ctn — cio)d®® i b/ is the origin port,

(Thont — Thap =+ Cit — clo)d®® if B is the destination port,
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where cZ is the handling cost per unit in port h and C** is initialized at 0 each time we
consider a new feeder service F.

Next, we can update the reduction needed on each leg and repeat this procedure until
either all valid combinations of port pairs are considered or the reduction needed equals
zero on each leg. If the capacity of the feeder service can be reduced (the reduction needed

equals zero for each leg of the service), then the profit is given by
er __ ¢ f C f ex
P =cy +c — (¢, +¢ )—C,

where ¢ is the capital and operating costs on the feeder line F' when a ship with capacity

b is used and cbf is the fuel costs on F for a ship with capacity b.

Exchange port between feeder services

Next, we describe the method to exchange a port between two feeder services. The
cargo allocation is not changed in this method, so we can consider the different clusters
separately. Thereto, we first select a cluster C. For each combination of two feeder lines
in cluster C' and each port on the first feeder line, we will consider the increase in profit
when we exchange this port from the first service to the second service. Thus, we select
two feeder service F' and F’ in C. Furthermore, let N be a noncentral port on feeder line
F. Then, we will determine at which location it is most profitable to add port N to line
F' and how large the profit increase is.

Let (P, P') be a consecutive port combination on feeder service F’. First, determine

the cost of the feeder services F' and F’ as they are before we exchange a port:
CM=¢ o, +c, +a,

where by and by are the capacities of F' and F” respectively and ¢§ and c{: are the capital
and operating and fuel costs for a ship with capacity b respectively.

Let N now be visited in between ports P and P’ on feeder service F”’, that is, remove
leg (P, P') from F’ and add legs (P, N) and (N, P’) to F’. Since N will now be visited
on line F’', we remove it from line F. The method described in Section 2.E.3 can be used
to determine the new flows on the feeder services F' and F’, because the satisfied demand
between port pairs is known. When the flow over each leg is known, the capacity of the

feeder service can be determined by:

bf—min{bGQ:bZ max:rli},

1<i<n
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where the feeder service is given by Iy, ..., [,.
The costs of the feeder services F' and F’ after exchanging port N can again be
calculated by:

new __ ¢ f c f
C" =, o, +c, 6,

where by and by are now the new capacities on the feeder lines. The increase in profit is
given by:
PN — Cold _ new

Repeat this procedure until all consecutive port combinations on F” are considered. Then,

repeat until all noncentral ports on F' are considered.

Add ports to main routes

In the aggregation phase, we decided to create port clusters in order to reduce the com-
putation time of the cargo-routing model. Central ports of the clusters are visited on the
main route network, while all other ports are currently only visited on the feeder network.
However, it might be profitable to visit some of those ports on the main network. Ports
are clustered based on distance to the central port, so if the central port is visited on a
main route, the additional distance that has to be sailed in order to include a noncentral
port to the main route will in general be quite small. In this section, we describe a method
to add noncentral ports to the main routes.

First, select a main route r and determine the clusters C1, ..., C, that are visited on
r. If a cluster is visited twice on a route, we consider it to be two different clusters. So,
a distinction is made between the cluster when it is visited on the eastbound part of the
route and the cluster when it is visited on the westbound part of the route. So, each
cluster that is visited on a route is unique for the route. Consider a cluster C' on route
r and let N be a port that belongs to cluster C' and is not yet visited on route r, that
is, N € C'\ r. Let (P, P’) be a consecutive port combination on main route r, satisfying
P € C and/or P’ € C. Furthermore, let F' be the feeder service on which port N is
currently visited (N € F).

Cargo reallocation

Let N now be visited in between ports P and P’ on main route r, that is, remove leg
(P, P") from r and add legs (P,N) and (N, P’) to r. Since it is probably not feasible
to (un)load all cargo from/to port N on route r (some cargo might be on a different
route, or the ship capacity will not suffice to transport all cargo directly via route r), we

cannot remove port N from the feeder line F'. We want to reallocate as much cargo as
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possible from feeder service F' to main route r, because the handling and transshipment
costs will be reduced in this way. The amount of cargo that can be reallocated is first of
all restricted by the total amount of cargo from/to port N that is present on the ship.
Furthermore, it depends on the unused capacity of the ship on the additional legs. To
determine how much cargo can be reallocated according to the unused capacity of the
ship, first the position of the inserted port N with respect to the center of the cluster has
to be determined.

Two situations can be distinguished: the central port of the cluster is already visited
when port N is visited on the main route, or the central port of the cluster has still to
be visited when port N is visited. Figure 2.3 shows the two possibilities. In the figures,
only the central ports of the clusters and port N are considered, but all conclusions that
will be drawn, will also hold when more ports are on the route.

Now, consider the left figure, where port N belongs to cluster C and is visited after
the central port of the cluster. In the original route, the ship visits first the central port ¢
of cluster C' and directly thereafter the central port ¢’ of the cluster C’. Thus, the cargo
flows from and to port NV are (un)loaded in ¢. Now, let 2. be the flow from port ¢ to port
. The cargo flow with destination port N will be unloaded in port ¢, so this flow is not
included in flow z.». On the other hand, the cargo flow with origin port NV is included in
flow z., because it is loaded in port c.

When port N is added to the main route after the central port ¢ in the cluster, flows
Z.y and xye» have to be determined. The difference with the original situation is that
the cargo flow from and to port N is now (un)loaded in port N instead of in port c.
Thus, the cargo flow to port N is included in flow z.y, while the flow from port N is
not included. Combining this with the flows included in flow z.., it can be seen that
TeN = Lo — N}’“t + N where N}" is the amount of cargo flow unloaded in port N (flow
with port N as destination) and N¢** is the amount of cargo flow loaded in port N (flow
with origin port ). In flow zy. the cargo flow to port N is not included, where the flow
from port N is included, so it holds that zy. = x.». Thus, N}’”t is not included in z.n
and included in both z.» and xyu, so all cargo with origin port N on ship route r can
be loaded in port N, without exceeding the capacity of the ship. However, the amount
of cargo that can be unloaded in port N is bounded by N}" <b, — Tew + N}’“t, since this
cargo is included in the new flow x.y but not in the old flow z...

The other situation is shown in the right figure. In this case, port N belonging to
cluster C is visited before the central port ¢ of the cluster. The flow on the initial route
between central ports ¢ and ¢ is denoted by ... In this case, the flow to port N is

included in flow z., while the flow from port N is not included, because it will be loaded



2.E  Solution approach 83

Port N is visited after the center of the cluster Port N is visited before the center of the cluster

Figure 2.3: Example of the positioning of port N with respect to the central ports ¢

and ¢ of the cluster.

in the central port ¢ of cluster C. Now, consider flow z.y between central port ¢ and
port N. In this flow, the cargo flow to port N is included and the cargo flow from port N
is not included. Thus, in this case z»n = xw.. The cargo flow to port N is now unloaded
in port N, so this flow is not included in zp.. However, the flow from port N is already
loaded in port N, so is included in zy,.. Together with the flows included in z.., it can
be found that zy. = zp. — }” + Ng“, where N}” and N¢“ have the same definitions
as above. Now, all cargo to port N can be unloaded without exceeding the capacity of
the ship when sailing to port N, but the amount of flow that is loaded is bounded by
N]‘Z”t < b, — 2w, + N, since this cargo is included in the new flow z . but not in the old
flow z...

The amounts of flow (un)loaded in port N are equal to
N = min(N7", NJ*)

and
N = min(N", N™),

where N2 and N are the amounts of cargo present on the ship on route r with port N
respectively as origin and destination port. Thereafter, the new flows can be determined
using the formulas for z,, given above. Furthermore, N and N°* can be used to update
the flows on the feeder service visiting port N by subtracting the flows from the legs over
which it should be transported. When no flows are loaded and unloaded anymore in port

N on the feeder service, the port can be deleted from the feeder service.

Cost reduction
Which costs incurred at the main and feeder network are relevant in this method depend on
where in the solution algorithm this procedure is executed. When the methods to reduce

the feeder network are not yet performed, only the handling costs on the feeder network
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are considered to be relevant. However, when these methods are already performed also
the capital, operating, fuel and port costs of the feeder network are relevant. The handling,
port, capital, operating and fuel costs of the main network are relevant in both cases.

The route costs ¢, and ¢}, consisting of the capital, operating, port visit and fuel costs
of the main routes r and 7’ can be obtained from the method to determine the optimal
speed, which is described in Section 2.3.2. The new capacity needed on the feeder route
can be obtained from the method described in Section 2.E.3. Thereafter, the new route
costs of the feeder route can easily be computed by adding the capital, operating, port
visit and fuel costs, because the route duration and speed are fixed. Furthermore, the
difference in handling costs can be obtained using N and N°%.

After the cost reduction is determined, repeat this procedure for a new consecutive
port combination (P, P") on route r with P € C' and/or P’ € C' as long as they are not
all considered yet. Next, repeat until all noncentral ports N € C'\ r are considered, all
clusters C' € r are considered and finally until all routes r are considered. Then, add the
port for which the cost reduction is largest to the main route and at the location where
this cost reduction will be obtained. This method is repeated until no cost reduction can

be obtained anymore by adding a port to a main route.



Chapter 3

Will liner ships make fewer port calls

per route?!

3.1 Introduction

The growth in container trade has led to substantial increases in container ship sizes.
Larger ships are well known to benefit from economies of scale at sea, but they may suffer
from diseconomies of scale in ports. Cullinane and Khanna (1999) performed a study
to investigate the (dis)economies of scale in large container ships both in port and at
sea. They considered container ships varying in capacity from 200 to 8,000 TEU. Their
findings show that diseconomies in ports exist for ships larger than 1,500 TEU, but that
the magnitude is quite small. Furthermore, they show that economies of scale at sea exist
at least for ships up to 8,000 TEU and the economies of scale at sea clearly outweigh the
diseconomies of scale in ports. Although the data used by the authors is outdated, the
general observations will most probably still be valid.

The increase in container ship size also has its consequences for the network structure
in liner shipping. Not all ports are capable of handling large container ships. Furthermore,
it might not be profitable to call at relatively low-demand ports with large-size container
ships. Therefore, traditional liner networks consisting of so-called circular, butterfly and
pendulum routes may shift to more hub-and-feeder like networks. In circular routes, ports
are all visited exactly once on each rotation, while in butterfly routes ports can be called
at twice or more during a rotation. Pendulum routes are a special type of butterfly routes

in which the same ports are called at on the east- and westbound trip, only in reversed

IThis chapter is based on the online report of the Econometric Institute Report Series with small
modifications: Mulder, J. and Dekker, R. Will liner ships make fewer port calls per route? Report
number: EI 2016-04.
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order. Hub-and-feeder networks consist of a small number of large hub ports, which are
connected to each other. All other (smaller) ports in the networks are called spokes
or feeder ports and are only visited on routes originating from and destined for their
closest hub. In South America, shipping routes have recently been reconstructed towards
networks similar to hub-and-spoke networks. Furthermore, non-stop services between
regions with high demand have been introduced (Sanchez and Wilmsmeier 2011).

Call sizes at terminals have increased as well, as a consequence of the total growth in
container trade. This poses problems for terminals, as they face a larger peak load for the
stack. Yet larger call sizes on bigger ships also benefit terminal quay crane productivity
as cranes can work longer on a bay.

All in all, this raises the question whether container carriers should reduce the num-
ber of port visits on a string in order for terminals to be more productive and reduce
unproductive port time. In this research, we will also investigate whether a change to
hub-and-feeder networks is to be anticipated. Next, we will review literature; first, we
will discuss literature related to hub-and-feeder networks and thereafter literature related
to traditional liner shipping networks.

Fagerholt (2004) considers the problem of determining the optimal regional network
design. The proposed solution approach consists of two stages. First, all feasible routes
are generated and then an integer programming problem is solved to select the optimal
routes from the set of feasible routes. Our regional network design solution approach is
based on this approach.

Imai et al. (2009) examined the profitability of two different types of service networks
under several scenarios. They compared a multi-port network with conventional ship
sizes with a hub-and-spoke network with mega-ships. The research shows that multi-port
networks are more profitable than hub-and-spoke networks except for European shipping
companies serving the Asia-Europe trade lane. The hub-and-spoke model in ITmai et al.
(2009) only allows for direct feeder routes between the hub and the other ports. In our
networks, multiple port calls on a feeder route are allowed, which will most probably
increase the profitability of a hub-and-spoke network. Further, Tmai et al. (2009) use
different cost structures and ship types for the multi-port and hub-and-spoke networks.
In our research, we will show that even with the same cost structures and ship types,
hub-and-spoke systems can be more profitable than multi-port networks. Furthermore,
Hsu and Hsieh (2007) consider a ship allocation, sailing frequency and cargo routing
problem on a predefined hub-and-spoke network. A two-objective model is used for which
Pareto optimal solution curves are presented. The authors compare the performance of

the network when cargo is routed directly from a feeder origin port to the destination port
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with the performance when the cargo is routed via a hub. For some ports direct shipping
is preferred over shipping via a hub, while for other ports routing via a hub is less costly.

Gelareh and Pisinger (2011), Gelareh et al. (2013) and Zheng et al. (2015) use mixed
integer programming models to formulate the simultaneous hub location, feeder port
allocation, fleet deployment and network design problem. In both Gelareh and Pisinger
(2011) and Gelareh et al. (2013), networks can contain only one hub route visiting all hubs
exactly once. Furthermore, in Gelareh and Pisinger (2011) only direct feeder services are
allowed, but feeder ports can be connected to multiple hubs. In Gelareh et al. (2013)
multiple feeder ports can be visited on one feeder route, but each feeder port is only visited
exactly once in the network. Respectively, a Benders and a Lagrangian decomposition
approach are proposed in these works to solve problems that cannot be solved using
existing solvers. Zheng et al. (2015) solve the problem using a genetic algorithm embedded
with a multi-stage decomposition approach. The latter three papers do not give any
indication of whether hub-and-feeder systems are better than multi-port networks.

In the previous works. the determination of which ports are used as hubs and the
allocation of the other ports to the hubs are both incorporated in the mixed integer
programming model. In Mulder and Dekker (2014) on the contrary, hub selection and port
allocation are solved as separate problems before considering the network design and fleet
deployment problems. Thereafter, the network design and fleet deployment problem is
solved using a genetic algorithm approach. This work is comparable to the work in Mulder
and Dekker (2014) as it uses the same idea: we first cluster ports before considering the
network design problem. However, this research uses an improved formulation of the cargo
routing problem, leading to better solutions in less computational time. Furthermore, in
this work, we use an iterative MIP-based algorithm that guarantees that the network
improves in each iteration instead of a genetic algorithm based approach. The iterative
solution algorithm is easier to understand and needs less computational time. Finally,
in this work, we analyze the effect of adding a large non-hub port to the main network,
but we do not include it in the solution algorithm, because the cost reductions are only
marginal, while Mulder and Dekker (2014) include different methods to add smaller ports
to the main route network to their solution approach in order to improve the network
profit.

Xia et al. (2015) study the joint fleet deployment, speed optimization and cargo routing
problem. The authors incorporate a new fuel consumption function based on both speed
and load of the ships. The problem is solved by clustering ports into a few large regions
and construct routes between the regions. The authors do not consider the routes to the

individual ports within each region.
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A lot of research has been performed on network design in traditional liner shipping
networks (for reviews on these works, see e.g. Ronen 1983, 1993, Christiansen et al. 2004,
Meng et al. 2014). Brouer et al. (2014a) provide a benchmark model and data set based
on real data from Maersk Line, which makes it possible to compare networks. The current
best results for this benchmark data for Europe-Asia instances are found using the method
of Brouer et al. (2014b). In this paper, we will use the Europe-Asia data from this
benchmark paper and compare our results to the results of Brouer et al. (2014b) of which
some corrections are reported in Brouer (2015).

In this paper we will investigate the profitability of making fewer port calls in two
ways. First we will describe the considered problem in Section 3.2. In this section, we will
also discuss the influence of making fewer port calls per route on different aspects that
cannot always easily be captured in a mathematical model. Next, Section 3.3 describes
the methods used to design a hub-and-feeder network. In Section 3.4, we conduct a case
study for the Asia-Europe trade lane by applying the optimization methods of Section 3.3
on top of a pre-specified hub-and-feeder system, using demand data published by Brouer
et al. (2014a). Next, Section 3.5 provides a improvement heuristic that adds an additional

port to a route, whereafter conclusions are drawn in Section 3.6.

3.2 Problem description

In this paper we will focus on designing networks with a special structure. Our networks
will be similar to so-called hub-and-feeder networks in which first a route network is
constructed between a few large hub ports. Thereafter, all other ports are allocated to
one of the hub port and for each hub port a regional network (also called feeder network)
is constructed calling at the allocated hub ports. The hub-and-feeder structure of the
considered networks is inspired by the big container ships that are used these days. These
big ships are expected to be most profitable when large call sizes are realised during port
calls, because port visits are expensive and calls with large call sizes will probably be
more efficient than small calls. Ideally, big ships will be as full as possible during the
complete route and provide (approximately) direct connections between multiple ports.
A hub route network with a limited number of hubs is likely to satisfy these conditions,
because the total regional demand will be transported between the different hubs.

The problem studied in this paper can now be described as follows. Consider a given
set of demands between origin and destination ports (also referred to as OD-pairs) and a
set of available ships. The goal is to design a liner shipping network that can be used to

transport the demand from the origin to the destination ports. The network will consist
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of a set of routes that will be sailed. Each route specifies which ports will be called at the
route and in which order. A ship type has to be allocated to each route in such a way
that each port on the route is visited an integer number of times each week. Clearly, only
available ships can be used to allocate to routes. Furthermore, the sailing speed for each
ship needs to be decided upon and should be in between the minimum and maximum
allowed sailing speed of the allocated ship. Finally, the exact routing of cargo over the
routes in the network needs to be determined. Transshipments might be used in order
to satisfy a demand against a given cost. The liner company receives a revenue for each
container transported, but also incurs loading and unloading cost of the container. The

company is allowed to reject containers against a given cost, denoting the loss of goodwill.

3.2.1 Analysis of influence of fewer port calls

A hub-and-feeder network will differ from traditional liner shipping networks in multi-
ple aspects. An important difference is that traditional networks have more port calls
per route than the networks that we will generate in this research. In this section, we
will describe the influence of fewer port visits on the demand structure, transit time,
(dis)economies of scale, uncertainty in port time, CO4 emission, cost allocation and flex-

ibility and competition.

Demand structure

Reducing the number of port calls per route will result in large fast container flows be-
tween the hubs. In this paper we assume that all demand has to be transported from its
given origin to the given destination port. However, when for example Rotterdam will
become a hub port with non-stop connections to Asia, it is inevitable that the demand at
ports close to Rotterdam, like Antwerp and Hamburg, will (partly) shift towards Rotter-
dam. Containers can be transported by truck, train or barge from Rotterdam to Antwerp
and Hamburg or directly to the real destination of the container. In general, a demand
shift towards the hub ports is to be expected, because hub ports offer fast and frequent
connections to other hub ports. Hinterland connections will be used to deliver containers
at the hub ports, increasing the demand at hubs. This results in less transshipments in
the networks, which is beneficial for the hub networks. Hence, the hub networks might
perform better than indicated by the results in this paper, where we did not consider the

demand change.
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Transit time

The influence of introducing a hub-and-feeder network on transit time is considered by
distinguishing between two different types of demand pairs: pairs of which both ports are
hub ports in their region and pairs of which at least one port is a regional port.

Hub services provide more efficient transport between hub ports than traditional liner
network, because fewer port stops per route are made. This will probably decrease the
transit time for cargo demand between two hub ports. However, the second category is
more difficult to evaluate. In the hub-and-feeder network, many of these demand pairs will
need at least one transshipment, because at least one of the ports is not a hub. Assuming
weekly port calls in liner shipping networks, the containers may have to wait up to one
week for the connecting ship. In traditional liner shipping networks, the ports might be
called at the same route, in which case no transshipment is needed. However, also in
traditional networks, transshipments are likely, especially for small ports that are usually
only visited at a few routes in the network. Furthermore, a connection between two ports
on the same route is probably more efficient in hub-and-feeder networks than in traditional
networks because of the reduction in port calls. With fewer port calls, the total distance
of a route will probably decrease because ships need to sail less additional distance in
order to make port calls. Furthermore, the route time decreases, because fewer port visits
also means less port time. Hub networks consist of only a few ports, so the same port
combination might be visited on multiple routes, increasing the frequency between hubs.
Therefore, the additional time required for additional port calls on traditional routes
and consequently the additional distance to be sailed can easily become larger than the
transshipment time needed in a hub-and-feeder service. A disadvantage of hub-and-feeder
networks is that regional origin (respectively destination) ports might be located closer
to the destination (respectively origin) port than the hub port where the cargo has to be
transshipped, so some backtracking has to occur. In this case, the distance between the
origin (respectively destination) port and the hub has to be sailed twice. This disadvantage
can partly be accounted for in the clustering algorithm, where this additional distance
can be incorporated in the decision to allocate the regional port to a hub port.

In conclusion, the effect of a hub-and-feeder network on the transit time is not neces-
sarily negative, but more research has to be done to draw exact conclusions. Transit time
can be incorporated in the network design problem, but will increase the complexity of
the problem even more, since trade-offs need to be made between costs and transit time.

Therefore, we decided not to include the transit time as decision variables in our problem.
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Economies of scale

Third, (dis)economies of scale influences the profitability of networks. Larger ships are
well-known to be more efficient at sea, but they might be less efficient in ports (see
for example Cullinane and Khanna 1999). However, in this research we investigate the
reduction in port calls per route using the same ship types as are currently used by liner
companies. The advantage of making fewer port stops compared to services calling at
multiple ports is that more containers on the ship have to be unloaded during a port call.
This reduces the complicated problem of container placement on ships and decreases the
probability that containers are blocking other containers. However, the disadvantage of
having fewer port calls is that more containers have to be loaded and unloaded during a
port call, which might influence the port time. In the case study, we do not incorporate
this aspect; all port calls take the same amount of time consistent with the approach in
Brouer et al. (2014a). Furthermore, high container volumes are transported over a hub
service. The high volumes justify the use of even larger container ships on hub services.

In this way, shipping lines can benefit even more from economies of scale.

Uncertainty in port time

The next aspect we will consider is the uncertainty in port time. Port time uncertain-
ties can arise from many different factors such as port/terminal congestion, unexpected
waiting times before berthing or before starting loading/discharging and port/terminal
productivity below expectation (Notteboom 2006). The probability of obtaining one of
these delays increases when ships arrive delayed in a port, thereby missing their allocated
time slots. Delay management is a very important issue in liner shipping. Shipping lines
face high operational costs per day, so delays can be very costly (Vernimmen et al. 2007).
Furthermore, shippers are faced with the possibility of losing customers. Therefore, ship-
ping lines will try to maximize their schedule reliability. Ships sailing on services with
fewer port calls will spend relatively more time at sea. Fewer port calls will clearly lead to
a lower probability of incurring delays in ports. Furthermore, average sailing distances per
sea leg increase when fewer ports are called per route, which gives rise to the possibility
of recovering earlier obtained delays by increasing the sailing speed. Clearly, delays can
always be recovered (at least partially) by increasing the sailing speed, but larger sailing
distances imply smaller speed increases to capture the same amount of delay. Since daily
bunker costs are usually assumed to be proportional to the third power of the sailing speed
(Stopford 2009), larger increases in sailing speed can have disastrous consequences on the

bunker costs. Hence, services with fewer port calls are likely to recover from incurred
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delays in a less costly manner compared to other liner services, resulting in more timely
port arrivals and thus lower probabilities of incurring port delays. Another factor influ-
encing the port time uncertainty is the variation in call size. A hub service will typically
be used to transport the cargo demand from one region to another region. Individual port
demand is thus aggregated to port region demand, which will in general also increase the
call size uncertainty. However, this effect is compensated by the decrease in number of
port calls on the service. Which of these two effects will dominate the other depends on
multiple factors, like correlation between call sizes.

Concluding, in general hub services might be able to decrease the port time uncertainty,
because on-time arrivals can better be managed. However, uncertainty in call size can

endanger the port time reliability.

CO, emissions

Next, we will consider the difference in CO5 emissions between transport using hub ser-
vices and transport using traditional liner services. Again, the total effect is difficult to
estimate beforehand and depends on the exact network structure. On one hand, more
transshipment movements are needed to transport the cargo from the origin to the desti-
nation port using hub-and-feeder networks, adding more CO 5 emissions to the process. On
the other hand, hub services are more efficient at sea, decreasing the total CO 5 emissions.
Therefore, no exact conclusions can be drawn with respect to the influence of hub-and-
feeder networks on the CO4 emissions. The amount of CO5 emissions for a given route will
be proportional to the bunker consumption at the route. Hence, after obtaining different
networks, the amount of CO5 emissions can easily be compared to each other. However, it
is much more difficult to incorporate the amount of emissions in the optimization model,

since trade-offs between total network costs and emissions have to be made.

Cost allocation

Liner companies are using shipping networks to provide connections between ports to
deliver demand. The total network performance can easily be determined by determining
the total costs and revenues of the network. In practice liner companies are often also
interested in the cost or benefit of a single OD-pair. However, these costs are much more
difficult to estimate, because multiple OD-pairs share connections and it is not obvious
which part of the costs should be allocated to which OD-pair. This problem is referred to
as the cost allocation problem. In traditional networks, this is a very difficult problem,

because OD-pairs can usually be serviced using multiple different connections, which



3.3 Solution methodology 93

makes it unclear which OD-pairs should contribute to the costs of an individual route.
Cost allocation will become more straightforward when using hub-and-feeder networks,
because there will be fewer connections between OD-pairs. The extreme case in which
the hub route consists of a non-stop connection between two ports, will clearly reveal the

exact route of an OD-cargo.

Flexibility and competition

Finally, we compare the flexibility and competition potentials between hub-and-feeder
and traditional liner shipping networks. Clearly, flexibility increases when more ports are
visited on a route. Since the distance between two consecutive ports is usually smaller on
routes with more port calls, ships have more opportunity to for example swap port calls if
no berth is available in one of the ports at the expected arrival time. Furthermore, more
port calls in a region might allow transport providers to change the origin port in case
they are going to miss their connection, which also increases the potential for competition
between ports. If only one port is visited in each region, the competitive position of all
other (smaller) ports will weaken strongly. Hence, traditional networks provide both more

flexibility and more competition potentials.

3.3 Solution methodology

This section discusses the hub-and-feeder network design problem. The goal is to construct
a network satisfying the hub-and-feeder design. We propose an iterative solution algorithm
in which the hub and feeder routes are iteratively updated given that the other routes are
fixed. Algorithm 4 gives a description of the iterative solution approach. We first need to
select the potential hub ports from the data. Then, given this set of hubs, clusters need
to be designed. This is done in Step 1 of the algorithm using Algorithm 5, which will be
described in Section 3.3.1. Next, we want to construct a route network consisting of hub
and feeder routes. The feeder routes are also referred to as regional routes. Each route is
denoted by a string of ports. The order of the ports denote the order in which they are
visited on the route. Ports can be visited multiple times on a route. We require a weekly
frequency of each route in the network. The hub and feeder subnetworks can be generated
separately from each other. That is, given a set of feeder routes, the connecting hub routes
can be optimized, while the optimal regional routes can be found given a realization of
the satisfied demand obtained with fixed hub routes. Sections 3.3.2 and 3.3.3 describe

respectively the network design of the hub and regional route networks.
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The initial hub network in Step 2 is constructed as will be described in Section 3.3.2.
Then, the initial regional route network can be constructed by solving the regional route
network design (RRND) problem that will be introduced in Section 3.3.3 with as initial
demand the real demand between each OD-pair. That is, in the construction of the initial
regional route network, we assume that all demand should be satisfied. Furthermore, each
cluster is allowed to use all available ships in the dataset. After constructing the initial
hub and regional route network, the ship allocation and cargo routing (SACR) problem
that will be described in Section 3.3.4 can be solved with a time limit. In this problem,
ships are allocated to the routes in the network and the cargo allocation over the network
is determined in order to determine the profitability of the network. Next, the demand
satisfied in the network can be used as a new input in the regional route network design
problem. At this point, also more information about the availability of ships is known.
For each cluster, the ships allocated to this cluster in the solution of the SACR problem
will be available to use in the MIP formulation of the considered cluster. Furthermore,
each ship that is not used in the SACR will be initially available in the RRND problem.
After solving each MIP, these available ships will be updated: if one of the ships that
was not used in the SACR is now allocated to a regional route, it is removed from the
available ships, while ships that were initially allocated to a regional route, but are not
allocated in the new optimal solution, are added to the available ships. In this way, a new
regional route network is found and can be used to resolve the SACR problem. This can

be repeated until no improvement is found. Note that in each iteration, the new regional

Algorithm 4: Tterative algorithm

1. Run Algorithm 5 from Section 3.3.1 to obtain hubs and clusters.
2. Design hub network as described in Section 3.3.2.
3. Repeat as long as an improvement is found

(a) Design regional route network as described in Section 3.3.3.

(b) Solve ship allocation and cargo routing problem as described in Sec-
tion 3.3.4 to determine new hub network and satisfied demand realization.

route network will perform at least as good as the previous regional route network, because
the previous network is always a feasible solution to the RRND problem. Hence, by using
a MIP start for the SACR problem, with the ship allocation to the hub routes as in the

previous solution to the SACR problem and the ship allocation to the regional routes as
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in the new optimal solution of the RRND problem, we are guaranteed to find a solution
with a profit that is at least as high as the profit in the previous iteration.

The ship allocation and cargo routing problem is a well-known problem in liner ship-
ping. Formulations used in existing literature to solve this problem, can be distinguished
in two groups: flow-based formulations and path-based formulations. In general, path-
based formulations outperform the flow-based formulations for small instances. However,
the number of variables in path-based formulations will grow exponentially in the input
size, while this growth is linear for flow-based formulations. Path-based formulations are
often solved using column generation techniques. However, the number of variables in
our instances are small enough to be able to generate all variables beforehand. Since it
still becomes more difficult to find good solutions for instances with more than five hubs,
we propose a new type of formulation: we combine the flow-based and path-based formu-
lations in order to benefit from the advantages of both formulations. Section 3.3.4 will
describe both the path-based formulation and this new formulation. In the case study,
the performance of these formulations are compared and the best formulation is used in

the iterative algorithm.

3.3.1 Hub selection and clustering

The clustering process is done in two parts: first hubs are determined with initial clusters,
which are partitioned in smaller clusters in the second part. Algorithm 5 describes the
clustering process. The first step uses a variant of the k-centroid clustering algorithm to
find the initial clusters and corresponding hubs. These hubs are the potential hubs in our
solution algorithm. In the k-centroid clustering algorithm, one starts with £ initial ports
that are used as hub ports. Then, each port is allocated to the closest hub port using
a distance function. After the allocation, the distance function is used to determine the
average distance of each port in a cluster to all other ports in this cluster. The port with
the smallest average distance is chosen and used as new hub. Then the allocation and hub
determination steps are repeated until the clusters are converged. Instead of the distance
between two ports, we will use a different distance function in the k-centroid clustering
algorithm. Since all cargo, except the cargo to and from a hub, has to be transshipped,
hub ports are preferred to have large demand, because this will reduce the transshipment
cost for the cluster. Furthermore, the location of the hub in the cluster is important,

because all other ports are visited from the hub port. Therefore, we define the following
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distance function 4y, for p, h € P:

5;h = 5phcnm (Z (dpp’ + dp’p) + Z (lépp/ﬁéhp/ dpp’ + 15p1p<5p/hdp’p)>

p'EP p'eEP
+ > doach Iy, (3.1)
odeD

In (3.1) P, and D are the set of ports and OD-pairs respectively, where h denotes the
potential hub port in the cluster. J,; and d;; are respectively the distance in nautical miles

nm t H
and ¢ are respectively the average

and demand in TEU between ports ¢ and j and ¢
cost of transporting one container per nautical mile and the transshipment cost of port
i, both in USD. Furthermore, I, returns 1 if statement a is true and 0 otherwise, while
I!,, equals 1 if OD-pair od needs a transshipment at hub h and 0 otherwise. The distance
used for the clustering algorithm §° includes the cost of transshipping at the hub and the
sailing cost from the hub port to the regional port. If the hub port is located further away
from the destination (respectively origin) port than the origin (respectively destination)
port, the sailing distance between the hub and the regional port is added twice in order
to reduce the additional distances travelled by containers because of transshipments at
hubs. The average sailing cost per container per nautical mile is estimated by taking an
average over all ship types assuming that they will sail at design speed. Finally, we do
not allow to sail through the Suez Canal in regional routes, since costs are associated to
each passage of the Suez Canal.

Tighter draft restrictions lead to less ship types that are able to berth in that port.
Since larger ships usually have larger drafts, tighter draft restrictions prevent larger ships
from being able to berth. Hence, ports with high demand in which large container ships
are able to berth are most likely not visited on the same route as ports with only little
demand or with limited draft restrictions. Hence, we do not want to allocate these ports
to the same cluster. Thereto, Step 2 splits the ports in each cluster into large, medium
and small ports based on draft limit and total port demand (sum of demand and supply
in the data set). The current cluster is replaced by three groups each containing one of
these groups of ports. The sets P*, P™ and P! denote the sets with small, medium and
large ports respectively. In the algorithm ~; denotes the draft of port ¢ and v, 7, m and M
are lower and upper bounds on the draft and port demand. Figure 3.1 shows an example
of this step of the clustering algorithm.

A limit P on the total number of ports in a cluster is imposed. In Step 3 of the
algorithm, clusters are split into two new clusters as long as the number of ports exceeds

this limit. Splitting is based on a 2-centroid clustering algorithm. First, the two ports
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Figure 3.1: Example of Step 2 of Algorithm 5. The left part shows a hub port together

with the allocated regional ports. In the right part, the regional ports are divided in

small, medium and large regional ports.

that are located most far apart from each other are used to initialize the two cluster

centers. Ports are allocated to the closest cluster and the port that is most close to the

geographical cluster center is used as new center. Then, clusters are updated using the

same procedure, until they do not change any more or a predetermined number of updates

have been performed. Figure 3.2 shows an example of Step 3 of the algorithm.
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Figure 3.2: Example of Step 3 of Algorithm 5. The left part shows a hub port together

with the allocated small, medium or large regional ports. In the middle part, the two

regional ports that are located most far apart are used as cluster centers and all other

regional ports are allocated to the closest cluster center. The right part shows the updated

cluster centers and the new clusters.

Finally, some empty clusters might exist after the first steps of the algorithm, so Step 4

removes these empty clusters if they exist.
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Algorithm 5: Clustering algorithm

1. Initialize clusters and determine hubs using a k-centroid clustering algorithm
with distance function §¢ as defined in (3.1) and using the % largest ports as
initial hubs.

2. For each hub, split the cluster into three new clusters with small, medium and
large ports respectively:

o ’PS_{pEP: > (dpp/—l—dp/p)gl%”l > dod\/'ypgv}.
odeD

p'eP

d 73’”={p€7’3p¢7’s/\<2 (dpp’dep’p)S% > dodv7p§7>}v
pepP odeD
e Pl={peP:pg¢ P UP"}.
3. Aslong as Ji: |[{p € P:p € c}| > P, repeat for these clusters:

e Split the cluster into two new clusters using the 2-centroid clustering al-
gorithm with distance function ¢ and initial centers the two ports that are
located most far apart.

4. Remove all empty clusters if applicable.

3.3.2 Hub network

The hubs are sorted based on geographical location starting in the Far East and ending in
Northern Europe. Then, hub routes are generated by complete enumeration of all routes
that visit the hubs in geographical order. Hence, routes can visit a hub on the eastbound
voyage, on the westbhound voyage, on both the eastbound and the westbound voyage or

on neither of the two voyages.

3.3.3 Regional network

In this section we will discuss the regional route network design problem. The clusters
will be used in the generation of the regional route network. Only ports that belong to the
same cluster might be visited on the same route. Hence, the regional route network design
problem can be split into a separate problem for each cluster. Furthermore, we assume
that all regional ports will be visited on at most one route. Since almost no regional
demand is included in the dataset, almost the total supply and demand of a port will be
delivered to and from the hub respectively. Hence, the regional network design problem

is very similar to a vehicle routing problem with simultaneous pickups and deliveries and
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a heterogeneous fleet. The maximum number of ports in a cluster will be chosen in such

a way that all routes starting and ending at the hub can be generated and included in a

mixed integer programming (MIP) model. For each route, the port on the route with the

smallest draft restricts which ship types can be used for this route. Hence, the feasible

ship types for each route can be calculate beforehand and is input for the MIP model.
We introduce the following notation in order to define the RRND model.

gprsv

y'f’S v

Zr

set of ports in the considered cluster (except the hub port).

set of routes.

set of routes containing port p € P°.

set of available ships for the considered cluster.

set of speeds that ship s € §¢ can sail at route r € R to obtain a weekly duration.
weekly route cost of sailing route r € R per ship of type s € §¢ with speed

v E Vps.

duration of route r € R if ship type s € 8¢ is used at speed v € V,,.
transshipment cost of route r € R for satisfying demand between two ports that
are allocated to the same cluster.

number of available ships of type s € S¢.

fraction of demand of port p € P¢ satisfied when route r € R,, is sailed once a
week with ship type s € §¢ and speed v € V,,.

number of weekly port calls on route € R using ship type s € §¢ with speed

v E V.

binary variable indicating whether route r € R is used or not

constant equal to the number of available ships.

Note that t,, not only denotes the duration of a route, but also the number of ships

that need to be allocated to the route in order to obtain a weekly frequency. The mixed



100 Will liner ships make fewer port calls per route?

integer programming formulation is given by:

min Y >N Gatrate+ Y G2 (32)

reR s€SC vEV, s reER
1
s.t. Z Z %yrsv <z reR (33)
SESC VEV,s

Z Z Z gprsvyrsv 2 1 pe P (34)

re€Rp SESC vVEVys
Y oa=1 pePe (3.5)

TERp
Z Z tv’svyrsv S nS S e SC (36)
reR vEVys
Yrsw € N reR se8 veV, (3.7)
z € {0,1} reR. (3.8)

The objective is to minimize the total costs associated with the selected routes. Since
all demand has to be satisfied, (un)loading costs will be constant and do not need to
be included in the total costs. Also most transshipment costs will be incurred in every
feasible route network. For example, if the closest hub to the origin port of a demand
pair is different from the closest hub to the destination port of this demand pair, the
transshipment cost at the hubs will always be incurred. Furthermore, if the hubs are the
same, but the origin and destination port are allocated to different clusters, the demand
is also always transshipped at the hub, because the route networks are solved per cluster.
So, the only transshipments that might or might not be included in the total costs are
transshipments of demand pairs with the origin and destination both allocated to the
same cluster. Therefore, these are the only transshipment costs included in the objective.
In order to include these transshipment cost exactly once per container, the transshipment
costs are only included in & if the origin and destination port of the demand pair are
both allocated to the same cluster and the origin port is part of route r € R, while the
destination port is not. Finally, the first part of the objective gives the total route costs

of the selected routes. In the route cost ¢ , the weekly fixed cost of ship type s € S¢,

“rsv?

the weekly port call costs and the weekly fuel cost (both fuel cost at sea as during port

stays) of sailing route r € R with ship type s € §¢ at speed v € V,4 are included. Hence,

~ 3 ~
efs (£) thu+ o2+ Tpep

tTS’U

. :7c£+

rsv
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where ¢/ is the daily fixed cost of ship type s € S, e is the bunker price in USD per ton,
fs and ff are the fuel consumption in ton per day for ship type s € S¢ when sailing at
design speed and when berthing in a port respectively. Further, o, is the design speed in
knots of ship type s € & and 2 and ¢}, are respectively the port and sailing times in
days of sailing route r € R with ship type s € §¢ at speed v € V,,. The cost of calling at
port p € P¢ with ship type s € §¢ is denoted by cb,. Finally, routes are generated such
that wops
trsw = ———2 € N.
7

Constraints (3.3) guarantee that z, will take value 1 if route r € R is used by some
ship type. Constraints (3.4) ensure that all demand is satisfied, while Constraints (3.5)
make sure that each port is visited on exactly one route. The limited availability of ships
is imposed by Constraints (3.6). Finally, Constraints (3.7) and (3.8) ensure the integrality
and binary conditions on the decision variables.

After solving the MIP model (3.2)-(3.8) for each cluster, the routes that are used in

the optimal solutions are added to the regional network.

3.3.4 Ship allocation and cargo routing

The hub network and regional network form together the input network for the ship
allocation and cargo routing problem. Note that the regional network already consists of
routes visiting each regional port exactly once, such that only the ship allocation to these
routes still has to be solved (unless some ports will not be visited at all in the network).
The hub network, on the other hand, consists of all possible routes visiting only (some of)
the hub ports, so we still need to decide which routes will be used. The ship allocation

and cargo routing problem can also be modelled using a MIP formulation. Thereto, we
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first introduce some additional notation:

L set of legs.

D set of origin-destination demand pairs (OD-pairs).
Q  set of paths.

Q; set of paths containing leg [ € L.

Q.4 set of paths satisfying demand od € D.

R; set of routes containing leg [ € L.

¢y cost per TEU of not satisfying demand od € D.
py  profit of transporting one TEU over path ¢ € Q.
bs  capacity in TEU of ship type s € S.

doq demand of OD pair od € D.

z, amount in TEU transported over path ¢ € Q.

L,q; amount in TEU of unsatisfied demand between od € D.

Note that a path consists of a certain number of legs, so for example ¢ = (I1, I, l3) denotes
a path containing three legs. Each leg consists of two consecutive ports visited on a route
together with the route they are visited on, for example I = (py, pa, 1) denotes the leg
between ports p; and p, visited consecutively on route 1. The profit of a path is defined as
revenue of satisfying the demand of the OD-pair minus the sum of the loading, unloading
and possible transshipment costs. Each OD-pair has one or multiple paths associated
to it (the paths that start at the origin and end at the desination port of the OD-pair).
The structure of the input network guarantees that the number of paths per OD-pair is
limited: the subpath from the origin port to the first hub port (only applicable if the
origin port is not a hub) is unique, because every regional port is on exactly one regional
route. Similarly, the subpath from the last hub port to the destination (if applicable)
is unique. Hence, the number of different OD-paths is equal to the number of different
subpaths between the two hubs, which results in a limited number of total paths. This is
important because in general the number of paths in a network can grow very fast. Since
each path is associated with a variable in the mixed integer programming formulation,
this would most likely result in too many variables, such that more advanced techniques,
like column generation, are needed to solve the MIP. However, the special structure of
our input network guarantees that it is possible to include all variables in the formulation

without the necessity of using additional techniques.
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The mixed integer programming formulation is given by:

max quxq — Z Z Z o trsoYrsy — Z 4 Log (3.9)

qeQ reR s€S vEVys odeD
Z Zg+ Loa = dog od € D (3.10)
qE€Qod
S XY S les i
qeQ; rER; sES vEVys
Z Z t'r‘svy'r'sv S N seS (312)
reER vEVys
2, >0 geQ (3.13)
Yrso € N reR s€SveV, (3.14)

The objective of the model is to maximize the total revenue minus the costs. Note
that negative objective values in Brouer et al. (2014a) correspond to positive profits and
hence, they are actually also maximizing total profit. The revenue is included in the profit
of the paths. The total costs consists of (un)loading and transshipment costs (included in
the path profit), penalties associated to lost sales and total route costs (fixed ship costs,
port call costs and fuel costs during sailing and berthing in ports). Constraints (3.10)
ensure that all demand is either satisfied using one of the OD-paths or lost. Further,
Constraints (3.11) denote the capacity constraints on each of the legs in the network.
The limited availability of ships is modelled in the same way as in the regional route
network design problem by Constraints (3.12). Finally, Constraints (3.13) and (3.14)
ensure the nonnegativity and integrality of the path flows and number of allocated ships

respectively.

Reducing the number of variables

Although the total number of paths is small enough to be included in the MIP formulation,
we can improve upon the formulation by using a modelling trick. As already explained
above, the start and end subpath of each OD-pair is unique. By introducing an artificial
leg between the two hub ports, we can reduce the number of paths to one for each OD-
pair. Hence, each path consists of the unique start subpath, the artificial leg between the
two hubs and the unique end subpath. This reduces the number of paths and thus the
number of variables even further. However, additional constraints are needed to ensure

that the flow over the artificial leg is sent over existing legs in the network. Thereto, we
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introduce:

L' set of artificial legs added to the network.
Q) set of paths in the network that can be used to transport flow over artificial leg

e

Furthermore, the set of paths in the new formulation will now consist of the unique OD-
path for each OD-pair and all possible paths between two hubs in the network. Hence,
if ¢ is a unique OD-path, then ¢ € Q and if ¢ is a path between two possible hubs, then
q € Q) with { denoting the two hubs that are the start and end ports of the path. The

following constraints can now be added to the formulation (3.9)-(3.14):

Z Ty = Z Ty l'ecr. (3.15)

a€Qy €9y,

Constraints (3.15) ensure that all flow that is sent over an artificial leg is also allocated
to one of the existing paths between the first and last port of the artificial leg. Hence, the
constraints ensure that all flow is allocated over the real network. The resulting mixed
integer program (3.9)-(3.15) has less variables and generates better solutions in shorter
computational times. Note that transshipment on hub routes can be handled by adding
constraints of type (3.15) twice to the model. The first time, the flow balance between
artificial legs in OD-paths and artificial legs in transshipment paths is modelled. The
second time, they model the flow balance between the artificial transshipment legs and

the real hub legs.

3.4 Case study

In this section, the results of the optimization methods applied to a case study on the

Asia-Europe trade lane are discussed.

3.4.1 Data

We use the Asia-Europe data from LINERLIB based on Maersk data (Brouer et al. 2014a,
LINERLIB 2014), where also the low, base and high capacity scenarios are introduced.
The data contains information on 114 ports on the Asia-Europe trade lane. Furthermore,
demand for 4000 OD-pairs is given together with the availability and characteristics of

six different ship types. The data contains some unlikely values for the transshipment
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cost. Some ports have transshipment cost of 0 or almost 0, which results in a large
underestimation of the costs of these ports. Therefore, we decided to use the average
transshipment costs for these ports, since this will advantage ports with large throughput
to be selected as hub ports. Table 3.1 shows the economies of scale in the six different
ship types in the data set. The costs per TEU are all calculated under the assumption of
full utilization, so scale economies will be less when ships are not fully loaded. The table
shows that for larger ships have smaller fixed cost per TEU, lower fuel consumption per
TEU both when sailing at design speed and when berthing and have to pay lower fees
per TEU capaity for the Suez Canal passage. The only exception is the fuel consumption
at design speed of ship type 3 compared to the smaller type 2, but this is cause by the

much higher design speed of type 3 (18 knots compared to 14 knots for type 2).

Daily Design  Daily fuel Daily fuel
Ship | Capacity  fixed cost speed  usage sailing usage port Suer, fee
type | (TEU) (USD/TEU) (knots) (ton/TEU) (ton/TEU) (USD/TEU)
1 900 11.11 12 0.087 0.005 390.60
2 1,600 10.00 14 0.053 0.003 273.06
3 2,400 9.17 18 0.061 0.003 222.68
4 4,800 8.75 16 0.037 0.002 172.31
5 8,400 8.33 16.5 0.030 0.002 150.72
6 15,000 7.33 17 0.025 0.001 138.05
Table 3.1: Economies of scale in ship types
3.4.2 Hubs

We decided to include at most seven different hubs in our network. On one hand, the
seven largest ports constitute for more than one third of the total demand, while on the
other hand the hub network design subproblem is still managable with seven hubs. When
six hubs are included, 453 potential hub routes need to be considered, while this increases
to 1818, 7279 and 29124 routes for seven, eight and nine hubs respectively. The potential
hubs are determined using the 7-centroid clustering algorithm with distance function as
given in (3.1) and ¢ = 0.075. Recall that ¢"™ denotes the average cost of transporting
one container over one nautical mile. We calculated this value using the two types of feeder
ships from the data and weighted the costs by the amount of available ships of each type.
Note that in general these costs will be overestimated, because of the economies of scale of
larger ships that will most probably also be used on the feeder network. This results in the

following seven potential hubs with their corresponding region: Bremerhaven (Northern
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Europe), Rotterdam (Northern Europe), Algeciras (Southern Europe), Jebel Ali (the
Middle East), Tanjung Pelepas (the Singapore region), Shenzhen (Southern China) and
Shanghai (the Far East). We will run several experiments including 2-7 of the above
potential hub ports as hubs in the network. When including only 2, 3 or 4 hubs, we select

respectively from the largest 4, 5 and 6 hubs (in total port demand).

3.4.3 Effect of reducing variables

In this section, we compare the mixed integer formulations (3.9)-(3.14) (SACR model)
and (3.9)-(3.15) (reduced SACR model) for the SACR problem. To this purpose, we
perform one step of the iterative algorithm for the base case for both formulations and
compare the number of variables, best lower and upper bound and optimality gap. Ta-
bles 3.2 and 3.3 show the averages of these characteristics for all instances with 3, 4,
5, 6 and 7 hubs for the two formulations. We did not include instances with 2 hubs,

since the formulations are the same for these instances. The tables clearly show that

#Hubs | #Variables LB (x10° USD) UB (x10% USD) Gap (%)
3 16,989 21 25 23.08
4 55,204 21 30 48.78
5 219,348 4 35 3,754.44
6 900,238 =77 3,762 4,989.76
7 3,671,793 =77 105,517 137,234.30

Table 3.2: Characteristics for the SACR model

#Hubs | #Variables LB (x10° USD) UB (x10% USD) Gap (%)
3 8,628 22 24 7.46
4 9,436 26 28 6.70
5 13,282 30 32 8.48
6 31,269 32 36 15.77
7 114,093 32 41 26.06

Table 3.3: Characteristics for the reduced SACR model

formulation (3.9)-(3.15) is better suitable for our solution algorithm than the formulation
without Constraints (3.15): both the obtained solutions within the time limit and the
upper bounds are better using this formulation. Furthermore, the reduced model is able
to find feasible solutions for all number of hubs within the time limit, while the original

model could not find any feasible solution for instances with six and seven hubs.
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3.4.4 Results

Table 3.4 shows the profits of the route networks found using Algorithm 4 for low, base
and high capacity scenarios with different potential hubs as input. The table only shows
the combinations of potential hubs that resulted in the most profitable networks. The first
column of Table 3.4 shows which potential hubs are included while running Algorithm 4:
Bremerhaven (Br), Rotterdam (Ro), Algeciras (Al), Jebel Ali (JA), Tanjung Pelepas
(TP), Shenzhen (She) and Shanghai (Sha). The second. third and last columns show
respectively the profit in million USD of the network found for the low, base and high
capacity scenarios. All instances are run with 10 and 12 meters as lower and upper draft
bounds respectively. The lower and upper demand bounds are respectively given by 0.25
and 1.5. We allow for at most 6 ports and at most 10 changes per cluster. Finally, the

running time of the ship allocation and cargo routing model is set to 180 sec.

Weekly profit in million USD
Included hubs Low Base High
Al, JA, TP, She, Sha 19.646 37.578 46.176
Ro, Al, JA, TP, She 20.817 36.127 44.656
Br, Al, JA, TP, She 20.559 36.306 45.542
Br, Ro, Al, JA, TP 19.197 35.661 45.663
Ro, Al, JA, TP, She, Sha 20.726 36.453 46.238
Br, Al, JA, TP, She, Sha 20.140 36.772 46.445
Br, Ro, Al, JA, TP, She 20.886 36.870 45.886
Br, Ro, Al, JA, TP, She, Sha | 20.981 36.731 43.765
Current best network 14.951 30.371 37.499

Table 3.4: Weekly profit for the low, base and high capacity scenarios

Table 3.4 shows the networks obtained for different configurations of hub ports. In
general, the weekly profit increases when a potential hub port is added. The best network
with two hubs for the base instance has a weekly profit of 31 million USD. This increases
to over 32, 34 and 37 million USD for networks with three, four and five hubs included.
Remarkably, adding the sixth and seventh hub, decreases the profit of the found network.
The last row of the table shows the profit of the current best network in literature for the
low, base and high capacity scenarios of the Asia-Europe LINERLIB data (Brouer et al.
2014b, Brouer 2015). Note that the current best networks contain some paths in which
containers are transshipped twice in the same port. The weekly profits given in Table 3.4
are corrected values for which these double transshipments do not occur anymore and

hence are slightly higher than the values reported in Brouer et al. (2014b), Brouer (2015).
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Our best networks provide an increase in profit of 40.3%, 23.7% and 23.9% respectively
for the low, base and high capacity scenario with respect to the current best networks in
literature.

Table 3.5 shows some characteristics of the best route networks, i.e. the networks
corresponding with the bold profits in Table 3.4. The first part of the table shows cost
characteristics of the networks. All costs and revenues are given in million USD per week.
Since vessels are more expensive in lower capacity scenarios, the fleet cost is decreasing
when the capacity scenario increases from low to high. Furthermore, the lost sales cost
also decreases, because more capacity results in more satisfied demand. The table also
shows that the bunker costs are decreasing, while the port costs are increasing when the
capacity scenario increases from low to high. Hence, more direct routes are chosen when
the vessel costs increases, leading to less port visits. The second part of the table shows
some other characteristics of the networks. With less capacity, less ships are available
which results in less routes. The hub routes have in general high utilization, resulting in
high best peak and average utilization in all three capacity scenarios. Finally, the number
of transshipments is relatively high in the network, because many OD-pairs need one or

two transshipments in order to be satisfied.

Low Base High
Revenue 130.443 135.012 139.722
Fleet cost 27.944  25.151  22.624
Bunker cost 26.743 18961  17.858
Move cost 25.008  26.180  26.806
Transshipment cost 8.606 9.274 8.892
Port cost 4.046 4.411 5.118
Canal fees 9.667 9.667  10.494
Lost sales cost 7.449 3.790 1.485
Profit 20.981 37.578  46.445
Fleet deployment 100.00 99.43 92.45
Nr routes used 57 64 71
Average port calls per week 2.04 1.76 1.77
Best peak utilization 100.00  100.00  100.00
Worst peak utilization 26.75 10.50 4.75
Best average utilization 97.83 97.06 99.83
Worst average utilization 14.29 8.13 4.73
Average nr transshipments 1.14 1.29 1.26
Percentage rejections 9.68 4.93 1.93

Table 3.5: Characteristics for the best networks with low, base and high capacity
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3.5 Local improvement heuristic: adding a stop to a

hub route

In this section, we propose a local improvement heuristic to improve the obtained net-
works. Thereto, we investigate whether it is profitable to add an additional port to a
hub route. In this way we get more insight into the trade-offs. We take one of the hub
routes used in the best network of the base case found when including Algeciras, Jebel
Ali, Tanjung Pelepas, Shenzhen and Shanghai as hubs and show with some calculations
whether it is profitable to also visit another port.

Given the route distance, the sailing time in days and speed in knots can be calculated

by respectively:

Ly = Thrgy — 17 (3.16)
and
o (3.17)
v = .
243

rsv
where J, is the route distance of route » € R in nmi, £, is the route time of sailing route
r € R with ship type s € S at speed v € V,, in weeks and ¥ is the total port time of

route 7 € R in days. Note that v should be in between a ship-dependent minimum speed
b

TSV

™" and maximum speed v™% . The bunker cost c?_ of route r € R sailed with ship type

s € S at speed v € V,¢ can be computed using the formula:

3
o= (2) bt el (3.18)
where e is the bunker price in USD per ton, fs is the fuel consumption in ton per day at
design speed of the vessel type s € S, ¥ is the design speed in nmi/hr of ship type s € S
and ff is the fuel consumption of the ship s € S in ton per day when idling at a port.
Using (3.18) we can calculate the bunker cost for each route and hence the difference in
the bunker cost after adding an additional stop. Furthermore, an additional stop results

in additional port dues, which can be calculated by:
Cps = [ + vpbs, (3.19)

where fP is the fixed port call cost at port p € P and v} the variable port cost at port
p € P per TEU capacity of the ship berthing at the port. Finally, transshipment costs
decrease by making an additional port call. The transshipment cost made to transship

the containers at the nearest hub will be saved for the containers that can now directly
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be loaded or unloaded at the new port, which results in a savings on transshipment cost
st at hub h € H of.
sh = Nc}, (3.20)

where N denotes the number of TEU that can now directly be loaded or unloaded in
the new port instead of needing a transshipment at the nearest hub and ¢}, denotes the
transshipment cost per container at the nearest hub h € H.

We consider the hub route Shanghai - Algeciras - Shanghai. 8 post panamax ships
with a capacity of 8,400 TEU are allocated to this route. Each ship needs 8 weeks to
complete the route once, so that every week a port call is realized on this route. Since
only two ports are called on the route, the total port time of the route equals two days.
We will investigate whether it is profitable to make an additional stop in Rotterdam and
Hong Kong, which are also ports with a relatively large demand. We assume that the
port rotation time remains the same and accommodate the extra stop by changing the
ship speed. Through this choice we make the comparison insightful, though also other
options exist. Yet these may require a complete network change.

The current route distance is equal to 18,280 nautical miles (nmi). Using (3.17), we
can now determine the sailing speed on the shuttle route. The sailing speed is equal to
14.1 nmi/hr. The design speed of a super panamax vessel is 16.5 nmi/hr, the bunker price
is assumed to be 600 USD /ton, the fuel consumption at design speed is 82.2 ton/day and
the fuel consumption when idling at a port equals 7.4 ton/day. The bunker costs can then
be found using (3.18) and equal 1,672,594 USD.

The next sections describe the effect of additional port calls at Rotterdam and Hong

Kong. An overview of the cost differences for these two ports can be found in Table 3.6.

3.5.1 Additional stop in Rotterdam

The route distance increases with 15.1% to 21,048 nmi when Rotterdam is added to the
route. Furthermore, an additional port call results in an increase in port time from two to
three days. The new speed that has to be sailed to complete the route in nine weeks can
be determined using (3.16) and (3.17) and is equal to 16.5 nmi/hr. Using (3.18), we find
that the new bunker cost are equal to 2,649,762 USD. Hence, making an additional port
call at Rotterdam will lead to an increase in bunker costs of 977,169 USD. Furthermore,
additional port costs are incurred by the additional stop in Rotterdam. The fixed port cost
of Rotterdam is equal to 19,187 USD and the variable cost is 8 USD/TEU. The capacity
of the ships is given above and is equal to 8,400 TEU, which results in an additional
port cost of 86,387 USD by (3.19). The savings made by adding Rotterdam to the hub
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route depend on the number of TEU to be directly (un)loaded at Rotterdam instead of
Algeciras. Containers originating at or destined for Rotterdam needed to be transshipped
at the port of Algeciras in the old scenario. The transshipment cost at Algeciras is 68
USD/TEU. In total, 5,040 TEU, which originate from or destine for Rotterdam, can
be shipped by the considered hub service per week. The total savings can be found
using (3.20) and are equal to 342,720 USD. Hence, adding Rotterdam to the hub route
will result in additional costs of 720,836 USD and will thus not be profitable.

3.5.2 Additional stop in Hong Kong

Next, we will perform the analysis for the port of Hong Kong. Adding Hong Kong after
Shanghai to the original hub route will result in a smaller detour than when adding
Rotterdam. The total route distance will increase with 0.35% to 18, 344 nmi. Using (3.16)
and (3.17) we then find a new speed of 14.4 nmi/h. The bunker route costs can again be
calculated using (3.18) and increase with an amount of 86,018 to 1,758,611 USD. The
fixed port cost of Hong Kong is equal to 6,809 USD and the variable cost is 1 USD/TEU.
Hence, we find additional port costs of 15,209 USD using (3.19). In total 8,102 TEU
originating from or destined for Hong Kong are transported on the hub route per week.
The transshipment cost of Shanghai is equal to 31 USD/TEU. Hence, by (3.20) a total
saving in transshipment cost of 251, 162 is found. In total, adding Hong Kong to the hub
route will result in cost savings of 149,935 USD. Hence, adding Hong Kong to the hub
route will be profitable.

Rotterdam Hong Kong
Difference in bunker cost 977,169 86,018
Difference in port call cost 86,387 15,209
Difference in transshipment cost | —342,720 —251,162
Total cost of additional stop 720,836 149,935

Table 3.6: Cost differences in USD for additional stops in Rotterdam and Hong Kong

3.5.3 Conclusion

The above proposed procedure can be used as a local improvement heuristic to improve
the networks found in Section 3.4. However, adding regional ports to hub routes destroys
the nice structure we are exploiting in Section 3.3. In this section, we use the property

that regional ports are only visited on one regional route to limit the number of paths
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needed in the mixed integer program to formulate the SACR problem. When we will start
adding regional ports to hub routes, the number of paths will increase, especially when
multiple regional ports are visited on hub routes. Hence, the complexity of the SACR
model will increase, making it even harder to find good solutions. We have also seen in
this section that it is not evident that adding a regional port to a hub route will result in
a cost reduction. Furthermore, if we are able to find cost reductions, the improvements
are only marginal. Therefore, we decide not to include the improvement heuristic in our

solution algorithm.

3.6 Conclusion

Container ship sizes have increased during the last few years. Bigger ships might incur
higher costs in ports; hence fewer port visits might increase the route efficiency. The goal
of this research has been to investigate the profitability of a hub-and-feeder network with
only a few port calls per route.

The influence of a hub-and-feeder network on the demand structure, transit time,
(dis)economies of scale, port time uncertainty, delay management and flexibility and com-
petition is discussed. Hub ports will in general attract more demand, because they offer
fast and frequent services with other hub ports. Hence, a demand shift towards hub
ports is to be expected when introducing hub-and-feeder services. Hence, the hub net-
works might even be more profitable than already indicated by the results in this paper.
Hub-and-feeder networks will in general result in more transshipments, which can result
in longer transit times. However, in hub-and-feeder systems, hub routes are relatively
fast routes and are sailed frequently, which will probably balance the increase in time
caused by the increase in transshipments. Furthermore, hub services benefit more from
the economies of scale at sea than traditional liner routes, because the fraction of sailing
time with respect to route duration is higher for hub services. Moreover, hub services will
most likely justify the use of even larger container ships. The effect on port time uncer-
tainty is more difficult to estimate, because on one hand on-time arrivals can better be
managed for hub services, which significantly reduces the probability of incurring delays
in ports. On the other hand, larger uncertainty in call size endangers the port time relia-
bility. However, these possible delays are easier and most probably cheaper to manage for
hub services, because ships have to cover large distances at each sea leg of a hub service.
The increase in sailing speed needed to capture a certain amount of time is then smaller

compared to shorter sea legs. Although all these studies have their limitations, they do
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give an indication that hub-and-feeder networks are an interesting and efficient concept,
like they are in airlines.

An iterative solution approach is proposed to solve the problem. In the iterative
approach, first the clusters corresponding to each hub are determined. Thereafter, all
possible hub routes are generated. The initial regional route network can be generated
under the assumption that all demand will be satisfied. Given a fixed regional route
network, the ship allocation and cargo routing problem can be formulated and solved.
However, since the problem has to be solved multiple times, we do not necessarily solve
the problem to optimality, but impose a time limit. The solution to this problem results
in a new realization of the satisfied demand, which can be used to reoptimize the regional
route network. The iterative solution approach repeats these steps until no improvement
is found.

A new formulation is proposed to solve the ship allocation and cargo routing problem.
This formulation basically combines ideas from the existing flow-based and path-based
formulations. We compare our new formulation with a typical path-based formulation
and conclude that the new formulation clearly outperforms the path-based formulation:
both the found solution and the best bound obtained after a fixed time are better for the
new formulation.

A case study is performed using the data benchmark set as introduced in Brouer et al.
(2014a). In the case study, the profitability of route networks using combinations of seven
potential hub ports (Bremerhaven, Rotterdam, Algeciras, Jebel Ali, Tanjung Pelepas,
Shenzhen and Shanghai) is investigated using the iterative algorithm. Three scenarios
with low, base and high capacity are considered. The results show that including all seven
hubs results in the best network for the low capacity case, while for the high capacity case
all hubs except for Rotterdam and in the base case all hubs except for Rotterdam and
Bremerhaven should be included to obtain the best networks. Finally, the results show
that our networks perform better than the reference network as discussed in Brouer et al.
(2014b) and Brouer (2015) with profit increases of respectively 40.3%, 23.7% and 23.9%
for the low, base and high capacity scenarios.

Next, an improvement heuristic is proposed in which the profitability of an additional
port call at a hub service is investigated. In the example, the hub service between Shanghai
and Algeciras is considered and the costs and savings of adding Rotterdam and Hong Kong
respectively to the route are calculated. It is concluded that adding Hong Kong to the
hub service is beneficial, while adding Rotterdam is not profitable. The profitability
mainly depends on the additional distance that has to be covered, the number of TEU for

which the number of transshipments can be reduced and the transshipment cost of the
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closest hub. However, the changes in profit are very small. Furthermore, adding ports to
hub services will destroy the structure of the MIP models. Therefore, the improvement

heuristic is not added to the solution algorithm.



Chapter 4

Designing robust liner shipping
schedules

Optimizing recovery actions and buffer

times!

4.1 Introduction

In liner shipping networks ships follow a fixed round tour with a fixed time schedule.
However, ships can encounter delays both when they are sailing between ports and when
they are berthing in a port. Shipping companies buy certain time slots in terminals in
ports for a specified number of berths, which terminals use to make their own planning
regarding time and berths. Hence, delayed ships have consequences for both ships and
ports. For ships, the consequences depend on the amount of delay and on the number of
required berths.

When a ship arrives delayed in a port, the terminal can encounter demurrage costs.
Demurrage costs are charged to compensate for several aspects. These costs can for ex-
ample be incurred because the berth schedule has to be adapted. The containers that
have to be loaded to the ship are placed near the scheduled berth in the initial berth plan-
ning. If the delayed arrival results in a berth change, these containers are most probably
located further away from the new allocated berth, hence higher transportation costs are

incurred. The terminal can charge the shipping company for these costs, because they are

! An earlier version of this chapter is published online as report of the Econometric Institute Report,
Series: Mulder, J., Dekker, R. and Sharifyazdi, M. Designing robust liner shipping schedules: Optimizing
recovery actions and buffer times, report number: EI 2012-30.
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caused by the late arrival. Furthermore, discharged containers have to be transported to
their destination. A delayed arrival can result in missed connections and can also affect
the berthing times of other ships, which also results in additional costs. Finally, ships can
encounter costs that represents liquidated damages for delays. These costs occur when
the ship is prevented from (un)loading the containers within the scheduled time.

Delays can have many causes, including terminal operations delay, port access delay,
maritime passage delay and chance (Notteboom 2006). As explained above, a shipping
company will encounter additional costs because of delays. Besides, delayed ships are
also more likely to have a delayed arrival in the next port of call. Furthermore, the
incurred delay can increase during the round tour, because new delays are incurred and
because delayed ships might have to wait until they can enter a port. Delayed ships can
reduce their delay by taking recovery actions, such as increasing the sailing speed or port
handling capacity, against certain costs. Furthermore, a buffer time can be incorporated
in the schedule to capture (a part of) the delay. The total buffer time of a route depends
on the time needed to perform one round tour of the route. Since liner shipping routes
are usually serviced once a week, the round tour time is rounded up to an integer number
of weeks. The total buffer time is chosen in such a way that the time of a single round
tour including buffer times equals an integer number of weeks, implying calls at specific
weekdays.

The goal of the problem studied in this paper is to determine a recovery policy and
buffer time allocation that minimizes the costs associated with delays and recovery actions

for a given liner shipping route.

4.1.1 Literature review

Notteboom (2006) analyses the effects of delays on liner shipping networks. The author
provides insights in the causes of delay and mentions some actions that can be taken to
recover from the obtained delays. One of the proposed recovery actions is to increase
the sailing speed on the sea leg. Notteboom and Vernimmen (2009) discuss the effect
of high fuel costs on liner shipping networks. They conclude that high bunker prices
have a significant influence on the route design in liner shipping networks. For example,
liner shipping companies decided to increase their fleet size in order to be able to reduce
the sailing speed on the route network. This also results in more buffer times in ports,
however the authors do not study the influence of the allocation of the buffer times over

the ports.
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Lately, research on minimizing fuel costs and emissions by decreasing the sailing speed
has become more popular (see for example Corbett et al. 2009, Fagerholt et al. 2010,
Cariou 2011). From these studies it follows that the sailing speed of ships can have
significant effect on fuel costs and emissions. However, these studies do not consider
situations in which ships can encounter delays.

Wang and Meng (2012a) and Wang and Meng (2012b) consider the problem of design-
ing liner shipping schedules when there is uncertainty in the port and sailing times. In
their models, they try to adjust the speed in order to capture delays. A trade-off is made
between the round tour duration (number of ships needed) and fuel cost associated with
the required speed to maintain these round tours. Qi and Song (2012) propose a model
to minimize the fuel emissions when port times are uncertain. Again, delays are captured
by adjusting the sailing speed on the next sea leg. The authors compare the on-time
arrivals under different conditions. Furthermore, the authors provide some managerial
insights regarding the uncertain port times. Only in Wang and Meng (2012b), the effect
of the buffer time allocation on the uncertainty and fuel costs is considered. However,
their method can only handle linear recovery rules.

Brouer et al. (2013) consider a problem with disruption scenarios. They introduce a
time horizon after which the vessel has to be back on schedule. Ships can adjust their
sailing speed, omit port calls or swap the order of port calls in order to return to the
planned time schedule. Since they consider a real-time problem, short computational
times are important. The authors show that real life problems can be solved fast using
the proposed mixed integer programming model.

Finally the problem of finding an optimal allocation of buffer times also obtained
attention in the railway sector, where it was framed as running time supplements. Kroon
et al. (2007) and Kroon et al. (2008) use a stochastic optimization model to solve the
problem of optimally allocating running time supplements in a railway network. Kroon
et al. (2007) consider the problem of a single train for which they found that in an optimal
allocation supplements are mainly allocated to the middle part of the trip and not much to
the first and last parts of the trip. Kroon et al. (2008) extended this research for multiple
trains and a cyclic timetable. Both studies show that the punctuality (percentage of trains
that arrive within 3 minutes of the schedule time) can be increased by reallocating the
time supplements. Since trains usually already run at maximum speed and dwell times
in a station are needed to let passengers enter and leave the train, it is not possible to

include recovery actions in a railway network.
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4.1.2 Contribution and outline

Very little research has been performed on developing robust routes in liner shipping or
other systems with round tours. In current literature, delays can only be reduced by
increasing the sailing speed on the next sea leg. Furthermore, it is often assumed that
the sailing speed can be adjusted in such a way that the total amount of delay can be
captured on this single leg. However, since very high costs are incurred when the sailing
speed has to be increased to the maximum, it is probably cheaper to use multiple sea legs
to capture large delays (especially when the next sea leg is relatively small). Furthermore,
the effect of the buffer time allocation on delays has not been studied yet.

In this article, we propose a model that can be used to find the optimal recovery
policy and buffer time allocation at the same time. To the best of our knowledge, such
a formulation does not exist in the literature yet. The proposed formulation can be used
for a wide variety of problem specific issues. For example, the recovery policy can include
both actions in ports and actions between ports. Furthermore, it is also possible to include
actions that will take more time, such as decreasing the sailing speed, in order to minimize
the cost of the liner shipping company. Delay can be penalized by including delay costs,
but it is also possible to add chance constraints on the delay in the model or a combination
of both. The distribution of delay that will be additionally incurred, might depend on
the current port position and amount of delay. In the standard formulation a maximum
on the amount of buffer that can be allocated to ports on the route is imposed. However,
when the arrival times in certain ports on the route cannot be changed, it is also possible
to add a maximum amount of buffer that can be allocated to parts of the route in order
to satisfy the required arrival times in those ports. Finally, by extending the state space
by adding so-called way points to the route, more flexibility in the recovery policy can be
obtained. In this way, the sailing speed can be adjusted during a sea leg based on the
current actual delay with respect to the schedule.

The remainder of this paper is organized as follows. In Section 4.2 the problem is
described in more detail. First, in Section 4.2.1 the so-called ship delay recovery problem
is introduced, after which this problem is extended to include the buffer time allocation
in Section 4.2.2. Section 4.2.3 describes two extensions to the standard formulation as
introduced in Section 4.2.2. Next, in Section 4.3 two structural properties of the problem
are given and proved. Section 4.4 proposes four heuristics to solve the problem and
Section 4.5 describes results from a case study. Finally, in Section 4.6 the main conclusions

from this research are drawn.
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4.2 Problem description

4.2.1 Ship delay recovery problem

As mentioned before, the goal of this paper is to derive methods to optimize recovery
actions and the buffer time allocation simultaneously. We will start with a simplified
version of the problem in which we only optimize the recovery actions. In this so-called
ship delay recovery problem, the ship schedule and vessels operating the schedule are
known beforehand. Hence, the buffer allocation is fixed and we know the planned arrival
and departure times for each port on the route. During the execution of the route, ships
might encounter delays. Delays will propagate through the network if no action is taken.
This will lead to high costs and is thus undesirable. Therefore, recovery actions should
be taken to recover from the incurred delay. The ship delay recovery problem tries to
find the recovery policy that leads to lowest total expected costs. Costs consist of delay

dependent, costs and action dependent costs.

Markov decision process

The ship delay recovery problem will be formulated as a Markov decision process. A
recovery policy describes for every possible state of the Markov process which action
has to be performed given that the process is in that specific state. The states of the
Markov process denote the position of the ship and the amount of delay with respect to
the original schedule encountered by the ship. The position of the ship contains both
the port in which the ship is berthing and whether it is arriving or leaving the port.
Furthermore, since a finite number of possible states are needed in the Markov process
to allow efficient computations, we discretize delay and fix a maximum amount of delay,

d™** that can be encountered by a ship.

Markov property

The Markov property states that the transition probabilities of moving from one state to
another are independent on the past states of the process. In other words, in order to
satisfy the Markov property, the additional delay incurred in a port or between two ports
depends only on the current port position and the current amount of delay with respect
to the schedule. In this section, we will validate this assumption. We will do this using
the pie chart on sources of schedule unreliability as given in Notteboom (2006). From this
chart, we can conclude that most delays are caused by port/terminal congestion (65.5%).

This category includes delays caused by unexpected waiting times before berthing or
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before loading/discharging. These delays can of course depend on the current delay of
the ship (when a ship arrives with a high delay in a port, the probability that in the
mean time another ship arrived increases). However, it is not relevant in which states the
current delay before the transition is obtained. To satisfy the Markov property, additional
delays are allowed to depend on the current delay, so delays in this category will probably
be captured under the Markov property. The second category of delay is port/terminal
productivity below expectations (20.6%). Again, there is no reason to assume that the
port/terminal productivity will be lower or higher when ships incurred more delay during
their last sea leg, so also this category will probably not violate the Markov property.
In fact, only the third category (unexpected waiting times due to weather or on route
mechanical problems, 5.3%) can presumably violate the Markov property. For on route
mechanical problems a similar reasoning as for the previous two categories holds, but
weather conditions can sometimes depend on the incurred delay on the previous sea
leg. In case of prolonged bad weather, one could argue that the incurred delay will be
correlated with the previously incurred delay. However, we do not see this as a problem for
the Markov assumption because of two reasons. First, delay caused by weather conditions
is only a very minor part of the total delay (less than 5.3%). Second, in the proposed
Markov process, there is no fixed time interval between two consecutive states. In general,
berthing in a port will take at least one day, while sailing between ports will take a few
days or even weeks. The weather conditions may change in the mean time and the ship
also covers a large distance in that time period. These reasons combined make us believe
that correlated additional delays are such a minor part of total delay, that the Markov
assumption is a valid one.

Furthermore, we want to stress that few alternative ways exist to model this stochastic
problem. Most other papers on similar problems use a two-stage stochastic programming
approach in which it is also assumed that delays are independent of each other. Finally,
we note that dependencies in delays because of weather conditions might also be captured
by adding an additional dimension to the state space, denoting the weather conditions. In
this way, delays are allowed to depend on this dimension, so the probability of incurring
a certain delay may differ for good and bad weather conditions. However, the state space
of the Markov process will significantly increase using this formulation, which may result

in longer computational times.

Formulation
Above we defined the states of the process and we validated the Markov property for the

state definition. Furthermore, in each state of the Markov process, a decision is made
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about which recovery action to take in that state. This process is referred to as a Markov

decision process. We introduce the following sets:

P set of possible port positions (port name and arriving/leaving).
D set of possible units of delay.

T set of possible states of the Markov process, Z = P x D.

K set of possible actions.

K(7) set of possible actions that can be performed when in state 7.

A Markov decision process can be defined as a discrete time Markov chain in which
after each transition an action k € K(7) has to be chosen from a set of available actions
(Hillier and Lieberman 2001). A cost Cj, is associated with performing recovery action k €
K(7) in state ¢ € Z. As already mentioned, the probability of a transition from state i € Z
to state j € Z only depends on the current state ¢ and the recovery action k& € (i) chosen
in state ¢. These transition probabilities are denoted by pjp.

As discussed before, the maximum allowable delay is bounded in order to obtain a
finite number of states. This means that all ships that exceed the maximum allowable
delay are assumed to have the maximum allowable delay instead. Since this might lead to
undesirable side effects, we impose a large penalty per unit of delay that is disregarded.
This can be done by introducing some additional states with delay values exceeding the
maximum allowable amount of delay and including the penalty cost in these states. We
can assume that a ship will sail at maximum speed if the delay in the current state is high
enough to have a positive probability to arrive with more than the maximum allowable
delay in the next state under the maximum speed action, since it would incur the large
penalty with a larger probability if it will sail slower. Hence, we will use some states with
more delay than the maximum allowable amount of delay, but the amount of additional

states needed is limited, since the maximum delay to be incurred is bounded.

Transition probabilities

Next, the probability of a transition from one state to another can be determined for all
combinations of states. The Markov property implies that additional incurred delays only
depend on the current port position and delay with respect to the schedule. Furthermore,
in each state of the Markov process a decision is made about which recovery action to
take in that state. Thus, the transition probabilities also depend on the chosen recovery
actions. Let p,; be the probability that d time units of additional delay are incurred when

i = (p,d) is the current state of the Markov process. Furthermore, let g, be the gain (in
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time units) of recovery action k and B, be the amount of buffer (in time units) of port
position p. A transition from ¢ = (p,d) to j = (p/,d’) occurs if port position p' is the direct
successor of port position p in the model and ' =d +d — g, — B,. Thus, the transition
probability p;j, of going from state i = (p,d) to state j = (p',d’), where p’ is the direct

successor of p, when recovery action k is chosen, will equal:

B Dia with d = d’ — min{d,d™**} + gy + B,  ifd >0
Pigk = d%ﬁid* with D = {d|d+d — gy — By < 0} if d' = 0.
€
Note that d™*" is the maximum allowable delay, hence min{d,d™*"} ensures that the

delay above the maximum allowable delay is disregarded.

Performance measure
Usually, the (long-run) expected average cost per unit time is used as a performance
measure in Markov decision processes. The underlying assumption in calculating the
expected average cost per time unit is that a transition between states takes always place
after a fixed time interval. However, in this model the order in which the ports are
visited is fixed, while the time needed in a state varies over the states. Since costs are
only incurred once in each state, the (long-run) average cost per port position can be
computed as
E[C] = Z miCir D,
1€Z,kek (i)

where D;; denotes the current policy; Dy, = 1 if action k is chosen in state ¢ and 0
otherwise, and 7; represents the steady-state probability of being in state ¢ under the
evaluated policy.

The next section describes a linear programming formulation that can be used to solve
a Markov decision process. The linear programming formulation is obtained from Hillier
and Lieberman (2001). They also describe a few iterative algorithms that can be used to

solve a Markov decision process, such as policy improvement.

Linear programming formulation

The Markov decision process can be formulated as a linear programming model if ran-
domized policies are allowed. In a randomized policy the D, variables are allowed to be

continuous variables instead of integer variables. The definition of D;; then becomes

D, = P(decision = kl|state = 1).
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In other words, D is the probability that action k is selected given that the process is

in state 7. The decision variables of the linear programming model are
T = P(state = ¢ and action = k).

Thus, m;;, is the steady-state unconditional probability that the process is in state i and
decision k is made (Hillier and Lieberman 2001). Note that my, and Dy, are closely related

to each other. It follows that
P(state = i and action = k) = P(action = k|state = i)P(state = i),

or

ik = Dy,

with 7; the steady-state probability that the Markov chain is in state 4:

T = E Tk -

keK (i)
From the previous formulas it can be concluded that

Dyo= - T (4.1)
T Zk’e}c(i) Tik!

The linear programming model can now be formulated as:

min Z Z CinTin (4.2)

i€ keK(i)
st > Z T = 1. (4.3)
1€L kek(i
Z W]k—z Z TikPijk =0 ] cT. (44)
kEK(H) 1€L kek(i

ik > 0 i€, keK(i). (4.5)

The objective of the model (4.2) is to minimize the average expected cost. Con-
straint (4.3) ensures that the probabilities of being in a state sum up to 1 and Con-
straints (4.4) are the transition constraints ensuring that the process moves from one
state to another. Finally, Constraints (4.5) make sure that all 7, take nonnegative val-

ues.
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After solving the linear programming model, the values of D;. can be obtained us-
ing (4.1). The optimal solution of the model will contain |Z| basic variables m;; > 0. Since
it can be shown that m;, > 0 for at least one k € (i) for each ¢ € Z, it follows that 7 > 0
for exactly one k € K(i) for each i € Z. Therefore, each D;;, has an integer value and the

optimal policy is deterministic instead of randomized (Hillier and Lieberman 2001).

4.2.2 Ship delay recovery problem with buffer time allocation

Next, we consider the ship delay recovery problem in which we also need to allocate the
buffer times. In this problem, the ship route and vessels operating the route are known
beforehand: we only know which ports are visited and in which order they are visited
by the ships. Based on this information, we can determine the minimum time needed
between an arrival and departure in the same port and between a departure in one port
and an arrival in the next port. However, since liner shipping routes are usually serviced
once a week, the round tour time is rounded to an integer number of weeks. This means
that there is probably some time left when we only use the minimum times needed in the
schedule. We will call this additional time to guarantee a round tour time of an integer
number of weeks the total amount of buffer time in the model.

In the ship delay recovery problem with buffer time allocation, we also still want
to determine an optimal recovery policy. But now an additional decision regarding the
buffer time is included in the problem. We want to determine for each port position
which amount of buffer can best be included in the time schedule to minimize the costs
associated with delays and recovery actions. Note that contrary to the recovery policy, the
buffer time should be determined beforehand and should be independent on the amount of
delay incurred in a port position. Hence, buffer times can also be modeled as an action in
a Markov decision process. However, we lose the property that actions in different states
(that is, different amount of delay) can be taken independent of each other. Although
policy improvement can still be applied, it does not necessarily result in improvements
in each step and hence it does not necessarily result in the optimal policy, which is
experimentally confirmed because we found cases in which cycling appeared. In general
it is unknown how to address such a problem in Markov decision chains. We were able to
formulate a mixed integer programming model by adding additional (integer) constraints

to the linear programming formulation of the Markov decision process.
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Mixed integer formulation

First, we introduce the following sets needed to formulate the new model:

B set of possible values of buffer time per ship position.
A set of possible actions in the new Markov decision problem, A = K x B.
A(i) set of possible actions in the new Markov decision problem that can be

performed when in state ¢, A(i) = IC(i) x B.

Furthermore, let M be the amount of buffer time available in the route and let B, denote
the value in time units of buffer b € B.
The ship delay recovery problem with buffer time allocation can now be formulated

as:

min Z Z CiaTia (4.6)

€T acA(i)
5.t o> ma=1 (4.7)
€T acA(i)
D M= Y Tapia =0 jeT. (4.8)
acA(j) i€L acA(7)
DD Buyp =M. (4.9)
pEP beB
> ym=1 peP. (4.10)
beB
Z Z T (pd),(kb) < Ypb peE 7), beB. (411)
deD keK(pd)
Tia > 0 i€, kekK®). (4.12)
yw € {0,1} peP, beB. (4.13)

Objective (4.6) of the model is still to minimize the average expected cost and Con-
straints (4.7) and (4.8) are also still the same as in the ship delay recovery problem.
However, using only these constraints will result in multiple buffer times for a ship posi-
tion, since for each value of delay another buffer time can be chosen. Therefore, additional
constraints have to be added that ensure that the same buffer time is chosen for all dif-
ferent values of delay for each ship position. Thereto, the binary decision variables
are introduced, which take the value 1 if buffer time b € B is allocated to ship posi-
tion p € P and 0 otherwise. Constraint (4.9) makes sure that the total allocated buffer

time equals the maximum amount of buffer time available (/). Furthermore, exactly



Designing robust liner shipping schedules
126 Optimizing recovery actions and buffer times

one possible buffer time has to be allocated to each ship position, which is ensured by
Constraints (4.10). Finally, Constraints (4.11) state that the steady-state probabilities 7,
can only be positive for combinations of ship position and buffer time for which y,, = 1.
The right-hand side of these constraints can be strengthened to y,,/|P| if ports are always
visited in the same order (i.e. actions that skip ports are not considered), since ships will
then be with equal probability in each of the ports (in which case the constraint will even
hold with equality).

Note that the above mixed integer programming model simplifies to the linear pro-
gramming model discussed in the previous section when the buffer time allocation is fixed.
For a feasible fixed buffer time allocation, Constraints (4.9) and (4.10) always hold. Fur-
thermore, only states for which y,, = 1 can be visited in this case, which ensures that also
Constraints (4.11) are automatically satisfied when a feasible fixed buffer time allocation
is given.

In the mixed integer programming (MIP) model all feasible buffer time allocations can
be formed using the y,, variables. Since for a fixed y,, the mixed integer programming
model simplifies to the linear programming model discussed in the previous section, the
mixed integer programming model minimizes the costs over all feasible buffer time allo-
cations. Thus, the mixed integer programming model will indeed return the buffer time
allocation that results into the lowest cost of delay and recovery actions. Furthermore,
the optimal recovery policy for this buffer time allocation is returned by the model.

The linear programming relaxation of the above MIP provides in general a very weak
bound. Constraints (4.11) can easily be made feasible by letting y,, be the sum of the
probabilities in which a buffer of b units is allocated to port position p. Constraints (4.10)
only ensures that the sum of the allocated buffer variables corresponding to each port is
equal to one, which can still be made feasible in this case. However, this allows for much

more freedom in the choice of buffer than in the MIP, resulting in a weak bound.

4.2.3 Extensions

In this section, we will discuss two extensions of the standard model described above.
In the first extension a chance constraint on the delay will replace the delay cost in the
model. This can for example be used to minimize the emissions of ships without incurring
too much delay. The second extension is to fix the arrival times in some of the ports that
are visited on the route. This extension can for example be used to fix the arrival times

at the Suez Canal in order to join a convoy.
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Chance constraint on delay

In the standard formulation of the model, (4.6)-(4.13), the objective is to minimize the
total costs related to delays and recovery actions. However, costs of delays are not always
very clearly defined or liner companies may have other objectives, such as minimizing
total emissions. Removing the delay costs from the objective function will obviously
result in high delays, which is undesirable. Adding one or more chance constraint(s) to
the formulation will ensure that the delay will remain within reasonable limits. Recall
that the steady-state variables m;, denote the unconditional probability that the process

is in state ¢ and decision a is made. Thus, for example,

Z T(p0),a
p,a

denotes the unconditional probability that the process is in a state without any delay. By

adding the constraint
Zﬂ'(pO),a zl-a
pa

to the model for a suitable value of a with 0 < o < 1, we can restrict the probability of

being in a state with delay to 100a%. Similarly, the constraint

Z T (pd),a Z 11—«

p.a,d<d

limits the probability of having more than d time units of delay. Alternatively, the con-

straints can be imposed per port position:

Z T(pd),a >1- Qap Vp € P.
a,d<d

Fixed arrival times in some ports

In the standard formulation, we assume that we can choose the arrival times in all ports
that are visited on the route freely. When we fix the arrival time in one port, the remainder
of the route is also fixed by the output of the model. However, for some ports it might
be difficult to change an existing time slot or there can be limited options to arrive, such
as in the Suez Canal, where it is highly desirable to arrive on time for a Suez convoy. In
these cases, it would be useful to adapt the formulation in such a way that the arrival
times in some ports can already be fixed beforehand. Note that fixing the arrival times in

two ports limits the amount of freedom to allocate buffer times in the ports in between.
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Consider an example in which we want to fix two ports, A and B, on a route that will
take 25 time units including a total buffer time of 5 time units. Assume that the total
sailing and port time between A and B is 12 time units and 8 time units between B and
A. If we fix the arrival time in port B to be 15 time units after the arrival time in port
A, we know that the total buffer time to be allocated to the part of the route from A to
B will be 15 — 12 = 3 time units, while (25 — 15) — 8 = 2 time units of buffer can be

allocated to the part of the route from port B to port A. Hence, we can add constraints

S Byyw =M,

pEPs beB

to the model to ensure that the total amount of buffer allocated to subpart s of the routes
is equal to the available buffer of that subpart (M;). The values of M; can be calculated
using the fixed arrival times and the known sailing and port times as shown in the example
above and the set Py contains the port positions that are visited on subpart s of the route.
If it is essential to also arrive without or with a limited amount of delay in one of the
ports, the chance constraints from the previous section can be additionally added to the

model to ensure timely arrivals.

4.3 Structural results

Before we introduce heuristics to solve the ship delay recovery problem with buffer time

allocation, we prove the correctness of two structural results.
Theorem 1.

1. If the total buffer time might also be allocated only partially, the total cost incurred
in the ship delay recovery problem with buffer time allocation is non-increasing in

the total amount of buffer time that can be allocated.

2. If the total amount of buffer time has to be allocated completely, the total cost in-
curred in the ship delay recovery problem with buffer time allocation is non-increasing

in this total amount.

Proof. First, we prove Part 1 of Theorem 1. Let (75,y};) be an optimal solution to the
problem with B units of buffer. Let 2} be the costs corresponding to this solution. Then
(73, y5) is also a feasible solution to the problem with B + 1 units of buffer. Thus, it
holds that

* *
B > ZB+1>
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where 23, is the cost corresponding to the optimal solution of the problem with B + 1
units of buffer.

Now, we prove Part 2 of Theorem 1. Let (7};,y};) be an optimal solution to the
problem with B units of buffer. Let 2z} be the costs corresponding to this solution and
let £} denote the optimal actions taken in each of the states. We can randomly select an
initial state and construct a sample path op by randomly selecting a delay for each port
position. The costs of o can be calculated and compared to the costs of a sample path
opy+1 that has the same initial state, actions and delays. The buffer time allocation of
op41 is also equal to that of o, except for one port position p for which the buffer time
is one unit higher than it is for op. Since the sample paths op and opy; are obtained
using the same actions, delays and buffer (except for port position p), the costs of o5 and
o+ are equal until the ship arrives in port position p. If the ship arrives according to o
with a delay of d units in port position p (d > 0), the ship will have d — 1 units of delay
in this port according to sample path opyi. Thus, in sample path op a cost of Cy, gy is
incurred, while for sample path op1; a cost of C;, 4-1) is incurred. Since the costs are
monotonically increasing in the amount of delay, we know that C,q—1)x < Cpayk- If, on
the other hand, the ship arrives without delay in port position p, then the ship will also
arrive without delay in port position p according to sample path op.1, so the costs of
both sample paths are equal in this case. Now, for the remaining port positions, the delay
of sample path o will be larger than or equal to the delay of sample path op,4. Since the
costs are non-decreasing in the amount of delay for all port positions, this means that the
total costs of sample path op,; will be at most as high as the total costs of sample path
op. Thus, we have found a feasible solution to the problem with B+ 1 units of buffer time
in which all buffer time is allocated and the total costs of a randomly generated sample
path are at most as high as the total costs of the corresponding sample path associated
with the optimal solution of the problem with B units of buffer time. Since this holds for
every sample path, the total costs of the problem with B + 1 units of buffer time (25.1)
will be at most as high as the optimal costs of the problem with B units of buffer. Hence,
251 < 2p and the total costs are monotonically decreasing when the amount of buffer

time is increasing. |

For the next theorem we need to make some assumptions. Note, that these assump-
tions are not always realistic, but we only use the theorem to illustrate the idea of some
of the heuristics we will introduce in the next section. The first assumption is a quite
common one and is often satisfied in practice. The second and third assumption are not
always satisfied. Probably the optimal recovery actions change at some states when the

buffer distribution is changed, in which case the third assumption will be violated. Fur-
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thermore, the additional delay incurred during a transition may depend on the current
delay, in which case the second assumption is violated. These are some of the reasons
that the proposed greedy buffer heuristic in the next section does not always return the

optimal solution.
Assumption 1. The cost function is convex in the amount of delay.

Assumption 2. The additional delay incurred during a transition does not depend on

the current delay with respect to the schedule.
Assumption 3. The recovery policy is the same for every buffer time allocation.

Theorem 2. If Assumptions 1-3 are satisfied, then for each port, the reduction in total

cost 1s monotonically decreasing in the amount of buffer time that is allocated to that port.

Proof. Let kj be the optimal recovery policy for a fixed buffer time allocation of B units.
Consider increasing the buffer time in port position p* with one or two time units. Let opg
be a randomly generated sample path that uses recovery policy kj. Let op1; and opys
be the sample paths obtained using the same initial state, additional delays and recovery
policy as in o, but in which the buffer in port position p* is increased with respectively
one and two time units compared to the buffer allocation in og. Let the delay in a port
position p of sample path op be denoted by df. Similarly, df“ and df“ are the delays
in port position p of sample paths op,1 and o,y respectively. Since the sample paths
op and op.; are obtained using the same actions, delays and buffer except for port p*,
the costs of op and op.; are equal until the ship arrives in port p*. If the ship arrives
with a delay of d units in port p* (d > 0) according to op, the ship will have d — 1 units
of delay in this port according to sample path op.;. A similar reasoning can be given
for sample paths op,; and ogys. Thus, we know that both df“ — df“ and df“ — df
are either equal to 0 or to 1. Furthermore, we know that if df“ — df = 0 then also
d5+2 — dB+! = 0, because the delay in port position p will only be the same if the ship
encounters no delay in this port position. Thus, by increasing the buffer time with one
unit, we either find no cost reduction, only a cost reduction for adding the first unit of
buffer or we find both a cost reduction for adding the first unit of buffer and for adding
the second unit of buffer time. The cost reduction of adding the first unit of buffer is
clearly larger or equal to the cost reduction of adding the second unit of buffer in the first
two cases. In the last case, the cost reduction of adding the first unit of buffer is equal to
Coa) e — Clpa—1),k and the cost reduction of adding the second unit of buffer is equal to

Cipa—1)x — Cpa—2)k- Since the cost function is convex in the amount of delay, we know
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that Cpayr — Cpa—1)k = Cipd—1) — Clp.a—2),x- Hence, the cost reduction of adding the
first unit of buffer is larger than that of adding the second unit of buffer. Again, since this
holds for all port positions and sample paths and the additional delay incurred during a
transition does not depend on the current delay (thus all three sample paths associated
with the three different buffer time allocations occur with equal probability), we have
proven that the cost reduction of adding consecutively units of buffer to a certain port
for an existing buffer time allocation when the recovery policy is fixed, is monotonically

decreasing in the amount of buffer that is added. O

4.4 Heuristics

The proposed mixed integer programming model can be solved using standard mixed
integer programming solvers. However, for larger instances, the solution time increases
exponentially and faster methods are necessary to obtain satisfactory results in a reason-
able amount of time. Therefore, we propose four heuristics that can be used to solve the

ship delay recovery problem with buffer time allocation in this section.

4.4.1 Greedy buffer heuristic

The idea of the greedy buffer heuristic (GBH) is to start without any buffer time and step
by step allocate units of buffer until the maximum amount of buffer is reached. In each
iteration of the greedy buffer heuristic, the cost reduction of increasing the buffer time
with one unit in a certain port compared to the current buffer allocation is calculated for
each port, where the buffer time for all other ports remains the same as in the current
allocation. Since the problem reduces to a Markov decision process when the buffer time
allocation is fixed, |P| Markov decision processes have to be solved in each iteration. The

algorithm is summarized in Algorithm 6.

Algorithm 6: Greedy buffer heuristic

1. Initialization: Each port position has 0 units of buffer.
2. Allocate the next unit of available buffer time until all units are allocated:

e Determine savings: Determine for each port position the cost reduction
when one unit of additional buffer is added to this position.

e Buffer allocation: Allocate the n-th unit of buffer to the first port position
that corresponds to the highest cost reduction.
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Notice that it follows from Theorems 1.2 and 2 that the greedy buffer heuristic would
return the optimal solution if the cost reduction of adding one unit of buffer time to a
port position is independent on the allocated buffer times to other port positions and the
underlying assumptions of the theorems are valid. In this case, the cost reduction of adding
one additional unit of buffer would only change for the port position to which the last unit
of buffer is allocated. From Theorem 2 it then follows that this new cost reduction will
be at most as high as the previous one. Thus, the heuristic selects the M best positions
to allocated the buffer time to. However, since the cost reduction of adding one unit of
buffer is in reality dependent on the allocated buffer times to other port positions and we
already concluded in the previous section that the underlying assumptions of Theorem 2
are not always satisfied, the greedy buffer heuristic will not be guaranteed optimal in

reality.

4.4.2 Buffer exchange heuristic

In the buffer exchange heuristic (BEH), we start with a feasible buffer time allocation and
exchange in each iteration units of buffer between two port positions in order to obtain a
better buffer allocation. The heuristic starts with exchanging as much buffer as possible
between the two port positions for which the change is most profitable. In this way, the
solution space is quickly explored. When it is not longer profitable to make a change, the
amount of buffer to be exchanged in each iteration is decreased to find the best solution
in the direct neighborhood of the current solution. Algorithm 7 gives a description of the

buffer exchange heuristic.

Algorithm 7: Buffer exchange heuristic

1. Initialization: Start with a feasible buffer allocation and set b equal to 2* for
z € N such that 2% < ™% and 2**! > p™4% with ™ the largest amount of
buffer in one of the port positions.

2. Repeat the following as long as the b > 1

e Determine savings: For each combination of two port positions exchange
b units of buffer and compute new total costs if the new buffer allocation
is feasible.

e Buffer exchange: If a profitable exchange exists, make the first most prof-
itable exchange. Else, b = b/2.
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4.4.3 Value function

Instead of solving a Markov decision process to evaluate the exact costs of a change in
the buffer allocation, it is also possible to use the value function of the MDP in order
to estimate the costs of the change. The value function denotes for every state the total
expected average costs incurred when following the current (optimal) recovery policy
starting at the considered state. The value function of state ¢ will be denoted by v; and
can be obtained as the dual variables of (4.2)-(4.5). The following relation will hold for
the value function:
vi = Cipe(s) + Zpijk*(i)yj
jez

where k* denotes the optimal recovery policy, hence k*(i) is the optimal action to be
performed when the process is in state i € Z.

In order to estimate the value function for a slightly changed buffer allocation given the
initial allocation, we assume that the optimal recovery policy also only changes slightly. If
the buffer in a port position is increased by one unit, there are two possibilities: either the
action can be reduced by one unit in which case the delay in the next port position will
remain the same or the action will remain the same in which case the delay in the next
port position will be reduced by one unit. Let k(i) be the recovery action that performs
one unit less action if possible: gori) = gur(iy — 1 and let Cy, = oo for all k ¢ K(i) and
Up 1 = Vo for all p € P. Then, the value function for the new buffer allocation can be

estimated using:

V;r = min {Cik’(i) + Zpijk*(i)”ﬁ Cik*(i) + Zpijk*(i) (Vj - le)} s

JET JjET

where v;_1 = v, 41 with ¢ = (p,d). Note that the transition probabilities are still the
same as in the original value function.

Furthermore, if the buffer in a port position is decreased with one unit, a similar
reasoning holds. In this case, we can either increase the action by one unit in which case
the delay in the next port position will remain the same or the action will remain the
same in which case the delay in the next port position is increased by one unit. In cases
where the delay in the next port position is already at the highest allowable level, we
need to pay one unit of penalty. For this case, let &'() be such that gw;) = gi=;) + 1 and

Up dmaw 1 = Vpgmaz + c¥, where P is the penalty per unit of exceeding the maximum delay.
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The value function in case of a reduction in the buffer can be estimated using:

v; = min {Cik/(i) + Zpijk*(i)l/j7 Cirei) + Zpijk*(i) (vj — Vj+1)} )
JET JET
where in this case v;41 = v g41 with i = (p, d).

Using these formulas, the gain of adding one unit of buffer in a port position can be
estimated using v; — v and the costs of removing one unit of buffer by v, — ;. These
formulas only provide estimations because we only consider local updates after a change.
However, using these estimates is much faster than resolving the Markov decision process
for every possible change.

Using these estimates, we can make a variant of both the greedy buffer heuristic and
the buffer exchange heuristic. In the variant of the greedy buffer heuristic, the only change
is that the savings are not exactly determined, but estimated using the value function. We
will refer to this variant as the greedy buffer heuristic using the value function (GBHVF).
The variant of the buffer exchange heuristic will be referred to as the value iteration
heuristic (VIH). For the value iteration heuristic, the savings of adding an additional unit
of buffer time and costs of reducing the buffer time by one unit are estimated instead of
exactly determined, but now also the amount of buffer to be exchanged is limited to one
unit, in order to avoid large estimation errors. If the expected costs are larger than the
expected savings, the change is still made, but the best solution is always stored. The
value iteration heuristic stops when a cycle is detected and the best solution found in one
of the iterations is returned. Algorithms 8 and 9 provide a schematic overview of these

heuristics.

Algorithm 8: Greedy buffer heuristic using the value function

1. Initialization: Each port position has 0 units of buffer.
2. Allocate the next unit of available buffer time until all units are allocated:

e Determine savings: Determine for each port position the cost reduction
when one unit of additional buffer is added to this position using the value
function estimate.

e Buffer allocation: Allocate the n-th unit of buffer to the first port position
that corresponds to the highest expected cost reduction.




4.5 Computational Experiments 135

Algorithm 9: Value iteration heuristic

1. Initialization: Start with a feasible buffer allocation and set b = 1.
2. Repeat the following as long as no cycle is detected:

e Determine savings: For each combination of two port positions, use the
value function to estimate the total costs when b buffer units are exchanged
between these port positions.

e Buffer exchange: Make the most profitable exchange

e Fuvaluate: Determine the cost of the new buffer allocation and store the
cost and allocation when it is better than the current best allocation.

4.5 Computational Experiments

4.5.1 Case study

A case study has been conducted at a liner shipping company. From the data they
provided, real transition probabilities could be determined. The liner shipping company
was interested in several objectives, like maintaining punctuality levels and minimizing
costs. The fuel costs of sailing one round trip are substantial and typically several millions
of USD. By optimizing recovery actions, like increasing the sailing speed, and the buffer
time allocation to the ports substantial savings can be made. Also, the value of adding
one hour of buffer time in a certain port can be determined, which can help the liner
shipping company in negotiations with port terminals. However, since the data of the
liner shipping company is confidential, we cannot use it in this paper. Therefore, we used
publicly available data combined with randomly generated probability distributions of
incurring additional delays as explained in the next section, to show the performance of

our methods.

4.5.2 Data

To test our methods, we use the ME1 route in September 2012 of the Maersk Line network,
which we have slightly adapted in order to obtain valid input for our model. First of all,
we have to discretize the time in order to obtain a finite number of states in our model.
We decided to discretize time in time units of 4 hours with a maximum delay of one week
or 42 time units. In the case study we only include recovery actions and buffer times
between ports. However, it is also possible to include recovery actions and buffer times

in ports in the model. Table 4.1 shows the order in which the ports are visited and some
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other characteristics of the route. The second column of the table shows the total time
planned in the port to load and unload the ship. In the third column of Table 4.1 the
distances between the ports in nautical miles are presented. Distances are obtained from
SeaRates (2015). This column shows for each port the distance that the ship has to cover
to sail from that port to the next port. For example, the distance between Algeciras and
Felixstowe can be found in the row of Algeciras and is equal to 1476 nautical miles. The
fourth column shows the scheduled sailing time in hours and the fifth column the sailing
time needed to sail the distance using a speed of 23 knots (1 knot = 1 nmi/hr = 1.852
km/hr). Sailing times in both columns are rounded to multiples of four hours, such that
integer time units will occur in the model. The scheduled and expected sailing times for
Felixstowe are respectively 16 and 8 hours, meaning means that a ship needs 8 hours to
sail from Felixstowe to Antwerp, when it sails at 23 knots and does not encounter a delay
during its trip, but that 16 hours is planned for this trip. The expected sailing times can
be computed by dividing the distance between two ports by the sailing speed. The last
column shows the buffer times for the ports assuming that the ship will sail at 23 knots
during the round tours. These buffer times are subtracted from the encountered delay to
determine the delay with respect to the time schedule when the ship arrives in the port.
The time needed to make one full round tour is 1176 hours (7 weeks). The total bunker

cost of one round tour are $3.93 million for a ship that follows the published schedule.

Port time Distance Scheduled sailing Sailing time at ~ Buffer
Port (hr) (nmi) time (hr) v =23 (hr)  time (hr)
Jebel Ali 31 1,329 72 60 12
Jawaharlal Nehru 33 443 24 20 4
Mundra 16 1,122 56 52 4
Salalah 14 1,553 68 68 0
Jeddah 11 778 36 36 0
Suez Canal 16 2,283 100 100 0
Algeciras 18 1,476 88 68 20
Felixstowe 24 156 16 8 8
Antwerp 16 366 32 16 16
Bremerhaven 24 283 24 16 8
Rotterdam 20 3,829 192 168 24
Suez Canal 22 395 20 20 0
Agaba 20 656 40 32 8
Jeddah 19 2,648 124 116 8

Table 4.1: Characteristics of the route
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We include both the possibility to increase speed and to decrease speed. For each
sea leg, we include actions to decrease or increase the sailing speed in such a way that
the required speed will be in between the minimum and maximum speed limit and an
integer amount of time will be gained or lost by performing the action. The fuel cost in

US dollars per day incurred when sailing at v knots is given by (Brouer et al. 2014a):
= v\ 3
Cf(’l)) = f * Pbunker (5) (414)

in which © the design speed of the ship, f the fuel consumption in ton per day of the
ship when sailing at design speed, ppunker the bunker price in US dollars per ton. We use
a bunker price per ton of $600, a design speed of 16.5 knots, minimum and maximum
speeds of 12 and 23 knots respectively and a fuel consumption of 82.2 ton per day. These
values are all obtained from Brouer et al. (2014a).

Using (4.14) and the scheduled speed of each sea leg, which can be obtained from
Table 4.1, we can determine the fuel cost for each sea leg when the ship sails according

to schedule or takes recovery actions:

3
Ci(a) = - Phunker ((15_59)11)> : ;—4 (4.15)
where C}(a) is the fuel cost in US dollars on sea leg 7 under recovery action a, d; the
distance to be covered on sea leg ¢ in nautical miles, ¢; the scheduled sailing time for leg
7 in time units, g, is the gain of recovery action a in time units and f, DPounker and U as
defined above. Now, C, = C(a) — C}(0) gives the cost of the recovery action a, where we
assume that the sailing times at a fixed speed of 23 knots correspond to recovery action
0. Finally, the cost per time unit of delay is assumed to be $10,000 per time unit ($2,500
per hour) and the penalty incurred for every unit of delay that exceeds the maximum
allowable delay is set to a very large number.

In Section 4.5.3, the performance of the route schedule with optimized buffer times is
determined using a uniform distribution of additional delay for both the sea legs and the
port stays. For port stays it holds that d ~ U(0,2) and for sea legs d ~ U (07 2+ %J) .
The results of this optimized schedule are compared to the current schedule and to the
current schedule with optimized recovery actions. These distributions are also used in the
results of the extensions described in Section 4.2.3.

In Section 4.5.5, the performance of the heuristics is compared to the performance of
the mixed-integer linear programming model. In this section, fifty test cases are generated.

For each port stay and sea leg, a uniform probability distribution of incurring additional
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delay is generated at random. The maximum amount of additional delay has to be between
a lower and an upper bound for each port stay and sea leg. Furthermore, three different
problem settings are compared in this section. The first setting is the setting as described
above with convex (linear) delay costs and only speed related recovery actions. In the
second setting, the delay costs are truncated after six time units (one day). Hence, the
costs are linear increasing as described above for the first six time units of delay, but will
remain at the same level if the delay becomes larger. We will refer to this cost function
as the concave cost setting. Finally, in the last setting, the costs are also assumed to be
concave and an additional recovery action is considered: port skipping is also possible for
some ports. In this setting, three ports can be skipped: Mundra, Antwerp and Aqaba. The
distances of the sea legs that will be sailed in case these ports are skipped are respectively
1266, 1560, and 778 nautical miles. If a port is skipped, the port time of this port is

added to the available sailing time of the new sea leg.

4.5.3 Results optimized buffer time distribution

The average expected costs incurred during a round tour when sailing according to the
current schedule is 3.969 million USD. These costs reduce with 11.7% to 3.505 million USD
when the recovery policy is optimized given the current buffer allocation. Furthermore,
the average expected round tour costs, when both the buffer allocation and recovery
policy are optimized, are equal to 3.364 million USD, which is a reduction of 15.2% with
respect to the original schedule. The optimized schedule is found in 1381 seconds, while
the average costs of the current schedule and the schedule with optimized recovery policy
can be calculated in less than a second.

Tables 4.2 and 4.3 show the buffer allocation, the average arrival delay, on time prob-
abilities and average fuel consumption for the current schedule, the current schedule with
optimized recovery actions and the schedule with optimal buffer allocation and recovery
actions. The average arrival delays and on time probabilities are more evenly distributed
for the optimal schedule than for the current schedule. In the current schedule a lot of
buffer time is allocated to for example the sea legs from Algeciras to Felixstowe and from
Antwerp to Bremerhaven, resulting in lower average arrival delays and higher on time
probabilities in Felixstowe and Bremerhaven than in respectively Algeciras and Antwerp.
Furthermore, no buffer time is allocated to the sea legs from Salalah tot Jeddah, from
Jeddah to the Suez Canal and from the Suez Canal to Algeciras in the current schedule,
which results in relatively high average arrival delays and low on time probabilities in

Jeddah, the Suez Canal and Algeciras. This is an indication that a part of the buffer
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time is unused in some ports of the route, while adding more buffer time to other ports
can reduce the delay significantly. Therefore, it is probably more efficient to reallocate
the allocated buffer times in the route. In the optimized schedule, we see indeed that the

amount of buffer is more evenly spread between these ports.

Max speed Opt speed

Buffer | Average On time Avg fuel | Average On time Avg fuel

time delay prob cons delay prob cons
Port (hr) (hr) (ton) (hr) (ton)
Jebel Ali 12 0.00 1.00 497 4.17 0.24 391
Jawaharlal Nehru 4 0.00 1.00 166 2.00 0.50 140
Mundra 4 0.00 1.00 398 2.00 0.50 398
Salalah 0 0.00 1.00 618 1.00 0.75 618
Jeddah 0 2.00 0.50 277 3.00 0.38 277
Suez Canal 0 4.00 0.25 907 5.00 0.19 801
Algeciras 20 8.00 0.06 530 15.50 0.00 412
Felixtowe 8 0.00 1.00 45 6.75 0.02 35
Antwerp 16 0.00 1.00 146 2.42 0.45 57
Bremerhaven 8 0.00 1.00 68 0.12 0.97 44
Rotterdam 24 0.00 1.00 1,517 0.00 1.00 1,211
Suez Canal 0 0.00 1.00 117 2.67 0.50 117
Aqaba 8 2.00 0.50 210 4.67 0.25 181
Jeddah 8 0.00 1.00 1,052 1.83 0.58 947

Table 4.2: Statistics for the current route schedule

Table 4.4 shows the optimal recovery policy for the schedule with optimized buffer
times. The number in the table corresponds to the sailing time in time units of the
selected recovery action. Thus, when a ship for example departs from Rotterdam with a
delay of 3 time units, it will determine its speed in such a way that it will use 44 time
units to sail to the Suez Canal. Hence, the ship will decrease its speed, because at 23
knots it will need 42 time units to reach the Suez Canal. Since 23 knots happens to be
the maximum speed of the ship, the used time is always larger than the planned time at

v = 23 knots, denoting a speed reduction.

4.5.4 Results extensions
Results chance constraint on delay

We performed some experiments in which we minimized the costs related to recovery

actions with respect to a punctuality constraint as explained in Section 4.2.3. Table 4.5
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Buffer time | Average delay On time prob Avg fuel cons
Port (hr) (hr) (ton)
Jebel Ali 8 2.63 0.48 421
Jawaharlal Nehru 4 2.00 0.50 140
Mundra 4 2.00 0.50 371
Salalah 8 2.00 0.50 523
Jeddah 4 2.00 0.50 251
Suez Canal 16 2.00 0.50 723
Algeciras 8 2.50 0.50 456
Felixtowe 4 2.00 0.50 45
Antwerp 4 1.00 0.75 107
Bremerhaven 4 2.00 0.50 68
Rotterdam 24 1.00 0.75 1,224
Suez Canal 4 2.67 0.50 100
Agaba 4 2.67 0.42 192
Jeddah 16 2.33 0.46 866
Table 4.3: Statistics for the optimized route schedule
Delay (time units) Min sailing
Port o 1 2 3 4 5 >6 time
Jebel Ali 17 16 15 15 15 15 15 15
Jawaharlal Nehru | 6 5 5 5 5 5 5 5
Mundra 14 13 13 13 13 13 13 13
Salalah 19 18 17 17 17 17 17 17
Jeddah 00 9 9 9 9 9 9 9
Suez Canal 28 28 27 26 25 25 25 25
Algeciras 19 18 17 17 17 17 17 17
Felixtowe 2 2 2 2 2 2 2 2
Antwerp 5 4 4 4 4 A4 4 4
Bremerhaven 4 4 4 4 4 4 4 4
Rotterdam 47 46 45 44 43 43 42 42
Suez Canal 6 5 5 5 5 5 5 5
Aqaba 9 8 8 8 8 8 8 8
Jeddah 32 32 31 30 29 29 29 29

Table 4.4: Sailing time in time units under the optimized schedule
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shows the average expected costs per round tour in millions USD and the solution times
in seconds for the problems with o € {0.25,0.20,0.15,0.10,0.05}. If « is for example
equal to 0.2, we added a constraint to the model that the punctuality (percentage of ships
arriving without delay in a port) is at least equal to 1 — a = 0.8. If a higher punctuality
is required (a lower value of «), more recovery actions should be performed to satisfy the
punctuality constraint and thus higher costs will be incurred. Indeed, in the table we see
that the average costs per port increase when we reduce the value of a. Furthermore,
the increase in average costs caused by the reduction of « increases when a becomes
smaller. The reduction from a = 0.25 to a = 0.2 only leads to an average cost increase
of 0.65%, while the next reductions lead to increases of respectively 0.68%, 0.70% and
0.88% in average costs. The reason for this is that is becomes more difficult to increase the
punctuality, because ships never leave hefore the scheduled time. The average solution
time decreases when the minimum punctuality is increased, since the feasible regions will
also be significantly decreased. Finally, the optimal solutions have the minimal accepted

punctuality for all values of a.

a | Costs in millions USD  Solution time in seconds Punctuality in %
0.25 3.372 489 75.0
0.20 3.394 269 80.0
0.15 3.417 224 85.0
0.10 3.441 204 90.0
0.05 3.471 118 95.0

Table 4.5: Optimal solutions under different punctuality constraints

Results fixed arrival times

Next, we run an experiment in which two arrival times are fixed in the schedule. We
fix the arrival times at the Suez Canal passage, because these arrival times are usually
limited based on the departure times of Suez convoys. From the current schedule, we
conclude that 19 time units of buffer (76 hours) are allocated between the passage of the
Suez Canal in western direction and the passage in eastern direction and 9 time units of
buffer (36 hours) are allocated to the other part of the route. The average expected costs
per round tour become 3.385 million USD when the arrival times at both Suez Canal
passages are fixed. This is an increase of only 0.6% with respect to the average costs of

the optimized schedule in which we could choose all buffer times freely. Furthermore, the



Designing robust liner shipping schedules
142 Optimizing recovery actions and buffer times

average costs per port are still 14.7% lower than in the current schedule. The optimal
schedule with fixed arrivals at the Suez Canal passage is found in 272 seconds.

Table 4.6 shows the buffer times, average arrival delays, on time probabilities and the
average fuel consumption of the optimized schedule with fixed arrival times at the Suez
Canal passage. The average arrival delays between the Suez Canal passage in western
direction and the Suez Canal passage in eastern direction are typically lower than the
arrival delays in the other part of the route (on average 1.28 hours and 2.27 time units
respectively). Indeed, in the optimal schedule determined in Section 4.5.3 more buffer
time is allocated to the part of the route between the Suez Canal passage in eastern

direction and the passage in western direction (52 instead of 36 hours).

Buffer time | Average delay On time prob Avg fuel cons
Port (hr) (hr) (ton)
Jebel Ali 4 1.13 0.73 453
Jawaharlal Nehru 4 2.04 0.49 141
Mundra 4 2.02 0.50 371
Salalah 8 2.01 0.50 523
Jeddah 0 2.00 0.50 277
Suez Canal 24 4.00 0.25 675
Algeciras 8 1.00 0.75 437
Felixtowe 4 2.00 0.50 45
Antwerp 4 1.00 0.75 107
Bremerhaven 4 2.00 0.50 68
Rotterdam 32 1.00 0.75 1,174
Suez Canal 0 0.67 0.83 117
Aqgaba 4 2.67 0.42 192
Jeddah 12 2.33 0.46 955

Table 4.6: Statistics for the optimized schedule with fixed arrival times at the Suez

Canal

4.5.5 Comparison of the methods

This section describes the results obtained when comparing the different solution methods:
the mixed integer programming model and the four heuristics introduced in Section 4.4
(the greedy buffer heuristic, the buffer exchange heuristic, the greedy buffer heuristic
using the value function and the value iteration heuristic). Recall that we constructed
fifty different uniform probability distributions that denote the probabilities of obtaining

additional delays for three problem settings: convex cost setting, concave cost setting



4.5 Computational Experiments 143

and concave cost setting with the possibility to skip ports. For each problem setting,
fifty instances of the problem are constructed (differing in their delay distribution) and
solved using the different solution methods. The maximum amount of buffer time that
can be allocated to a port is limited to the maximum possible incurred delay value if
the possible buffer allocation for a port become too large otherwise, such that the mixed
integer program is able to find good solutions within an hour for almost all cases. If
the mixed integer programming model cannot be solved to optimality, we do not have
another method to obtain the optimal solution, so we can make a better comparison
when we limit the maximum amount of buffer per port. The gap with the best bound
is calculated as the difference between the best solution returned by a method and the
best lower bound obtained from the MIP divided by the solution of the method and
transformed to percentages.

Tables 4.7-4.9 show some characteristics of the solutions of fifty instances of the route
network. First of all, the number of proven optimal solutions is shown in the table.
Because the time limit is set to 3600 seconds, the MIP model will not always return the
optimal solution. For all methods, the number of proven optimal solutions correspond to
instances in which the mixed integer programming model was solved to optimality within
3600 seconds. The buffer exchange heuristics always returns the optimal solution if the
MIP is able to find the optimal solution. However, we can see from the maximum difference
with the MIP solution, that the buffer exchange heuristic returns not always the optimal
solution. The heuristics using the value function as estimate for the cost change are much
faster than the heuristics that consider all changes in order to determine the exact cost
change. Furthermore, the performance of the heuristics that use the value function is
comparable to the corresponding heuristic that does not use the value function. When
comparing all instances and problem settings, the value iteration heuristic is preferred
because it computes good solutions in little time.

In the convex and concave problem settings, the MIP model is not always able to find
a good solution and lower bound within an hour, resulting in large maximum gaps with
the bound for all methods. Adding the possibility to skip ports strongly improves the gaps
with the bound obtained in the MIP and hence in the other methods. However, three out
of four heuristics clearly outperform the MIP in this setting. The computational times of
the heuristics sharply increase for the concave problem setting with the possibility to skip
ports, because the complexity of the Markov decision problems that have to be solved in
each iteration increases. The time limit of the heuristics is also set to one hour and the

buffer exchange heuristic did not always terminate within one hour.
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GBH BEH GBHVF VIH MIP

Number of proven optimal solutions 0 22 0 6 22
Average gap with bound (%) 8.62 6.15 9.27  6.35 6.17
Maximum gap with bound (%) 100.00  100.00 100.00  100.00  100.00

Average difference with MIP solution (%) 29.26  -0.45 3427 -0.12 -
Maximum difference with MIP solution (%) | 964.82 0.02 1,136.66 1.00 -

Number of times better than MIP solution 0 14 0 6 -
Number of times worse than MIP solution 42 6 50 37 -
Average computational time (s) 48.8  276.3 3.9 1.6 2,730.4
Number of times fastest 0 0 0 50 0

Table 4.7: Characteristics of the solutions for the convex cost setting

GBH BEH GBHVF VIH  MIP
Number of proven optimal solutions 10 15 0 10 15
Average gap with bound (%) 6.11  5.81 6.61  5.96 5.87
Maximum gap with bound (%) 90.79 88.99 92.15 89.38  89.95
Average difference with MIP solution (%) 0.74  -0.53 229 -0.20 -
Maximum difference with MIP solution (%) | 9.05  0.00 28.03  0.99 -
Number of times better than MIP solution 0 14 0 6 -
Number of times worse than MIP solution 15 0 50 21 -
Average computational time (s) 58.5 153.6 3.8 1.0 2,985.8
Number of times fastest 0 0 0 50 0

Table 4.8: Characteristics of the solutions for the concave cost setting

4.6 Conclusion

In liner shipping networks ships encounter problems when they are delayed. Since compa-
nies buy time slots and space in ports, delays will result in additional costs. Some actions,
such as increasing the sailing speed of the ship or increasing the port handling capacity,
can decrease the future costs of delay.

We presented a Markov decision process that can be used to determine an optimal
recovery policy for a given liner shipping route. The recovery policy specifies for each
combination of port position and delay which recovery action should be performed when
a ship is at that specific combination. Since Markov decision processes can be solved as
a linear programming model, optimal recovery policies for a given buffer time allocation
can easily be determined.

Furthermore, we presented a mixed integer linear programming model to formulate the

ship delay recovery problem with buffer time allocation. To the best of our knowledge,
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GBH BEH GBHVF VIH  MIP
Number of proven optimal solutions 0 0 0 0 0
Average gap with bound (%) 10.72  10.69 11.48 10.69  11.32
Maximum gap with bound (%) 2040  20.04 20.95 19.98  21.61
Average difference with MIP solution (%) -0.70  -0.73 0.17 -0.73 -
Maximum difference with MIP solution (%) | 0.03 0.18 1.17  0.06 -
Number of times better than MIP solution 46 48 15 46 -
Number of times worse than MIP solution 2 2 35 4 -
Average computational time (s) 586.2 3,505.4 77.6  90.6 3,600.0
Number of times fastest 0 0 30 20 0

Table 4.9: Characteristics of the solutions for the concave cost setting with the possibility
to skip ports

such a formulation does not exist in the literature yet. Furthermore, we introduced
two extensions of the problem: optimizing the recovery policy and buffer time allocation
under a punctuality constraint and when the arrival times in some ports of the schedule are
fixed. For small problems, the mixed integer programming model can be solved quite fast.
However, for larger instances, the computational times increase exponentially. Therefore,
we also presented four heuristical methods to solve the problem.

We constructed a data set based on a liner shipping route as used by Maersk Line in
September 2012 with uniform probabilities of additional delay for each port position. We
included recovery actions that increase or decrease the sailing speed on a sea leg and used
the fuel consumption and bunker oil price to determine the cost of these actions. The
route with optimal buffer time allocation and recovery policy resulted in a cost decrease
of 15.2% compared to the current route. Furthermore, the results showed a more evenly
distributed on time probability in each of the ports.

Next, we performed some experiments with constraints on the minimum punctuality.
The minimum punctuality is varied between 75% to 95%. If the minimum punctuality
increases, the average costs per round tour also increase, but the solution time decreases.
Furthermore, the increase in average costs per round tour also increase for stricter punc-
tuality requirements.

Thereafter, we have run an experiment in which we fixed the arrival times at both
Suez Canal passages in the schedule. The average costs per round tour are only 0.6%
higher than in the schedule with freely optimized buffer times. Furthermore, the average
costs are decreased by 14.7% with respect to the original schedule.

Finally, we generated fifty test instances to compare the results of the heuristics on

three problem settings: convex cost setting, concave cost setting and concave cost setting
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with the possibility to skip ports. The value iteration heuristic is able to find reasonably
good solutions for the ship delay recovery problem with buffer time allocation in very
little time. The buffer exchange heuristic returns on average slightly better solutions
than the value iteration heuristic, but is much slower than the value iteration heuristic.
If the problem instances increase, the value iteration heuristic will be less affected in

computational time and will hence be preferred over the buffer exchange heuristic.



Chapter 5

Joint optimization of speed and buffer

times in transportation systems

5.1 Introduction

Timetables are used in container shipping, airlines and public transport to communi-
cate planned arrival and departure times in advance to customers. However, delays are
inevitable while executing the timetable, making the arrival times uncertain. Maintain-
ing timetable reliability despite these delays is crucial: The timetable is relied upon by
passengers and freight forwarders.

Transport companies combine two main methods to ensure a reliable schedule. Firstly,
during timetable development, a more delay-resistant planning may be obtained by in-
cluding buffer or slack time. In liner shipping, for example, the planned arrival at the
port of Jeddah could be 9 days after the planned departure from Rotterdam, while the
trip takes only 8 days on average when sailing at design speed. The 24 hours buffer time
can capture (part of) a delay. But buffers increase the nominal travel time and there-
fore costs. So limited buffer time is available, and strategic allocation along a route is
key. Secondly, during ezecution of the timetable, a ship may sail faster to recover from
a delay with respect to the timetable. But increasing speed is very costly: Figure 5.1
shows that sailing at 28 knots instead of 14 knots increases fuel consumption per nautical
mile by about 350% for a 8,000 TEU ship. For a trip from Rotterdam to Jeddah, this
corresponds to over 1 million USD at a bunker price of 600 USD /ton, or over 6,000 tons
of CO, (Psaraftis and Kontovas 2013). Speed adjustments also have significant impact
for other transport modes: For example doubling the average speed of a metro on a track

roughly quadruples energy consumption (Binder and Albrecht 2012).
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Figure 5.1: Fuel (bunker) consumption of several container ships at different travel

speeds (from Notteboom and Vernimmen 2009).

We will focus on the liner shipping application throughout the paper. However, the
methodology that we develop applies to timetabling for metro’s, trains, and for planning
airline operations. Further research investigating the strengths and limitations of the
methodology may benefit such applications.

Our model consists of two levels. On the tactical level, construction of the timetable
involves the allocation of buffers as we keep the total time constant. On the operational
level, the timetable is executed: random events cause (additional) delay, travel speed
is optimized, and late arrivals and departures are penalized. We model the operational
planning level as a Stochastic Dynamic Program (SDP). This SDP accurately models real-
time recovery actions such as speed optimization, as well as propagation of delays from
port call to port call. However, the buffer times are exogenous to this SDP: Different
buffer time allocations yield SDPs that are structurally different. The optimal buffer
allocation yields the SDP which has minimal long run average costs.

We contribute a theoretical analysis of the problem. E.g., we show that speed should
increase as the delay with respect to the schedule increases, and provide a bound on the
maximum speed increase that should result from additional delay. We then focus on
optimizing the buffer time allocation. We develop theoretical results in order to optimally
combine the buffer allocation decision on the tactical level, and speed optimization (as
part of the SDP) on the operational level. We prove, under mild assumptions, that
the minimum costs of operating the timetable are convex in the buffer time allocation.
Additional theory is developed, leading to a simple and efficient approach for computing
subgradients. Our algorithm for optimal buffer time allocation is based on these results.
We then report on a case study based on Maersk data for a round tour consisting of 14

ports.
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The remainder of this paper is organized as follows. Section 5.2 reviews the existing
literature. Section 5.3 provides a detailed description of the model. The theoretical
analysis of the model is presented in Section 5.4. In Section 5.5 we develop the algorithm,
and provide further theoretical results underlying the algorithm. Section 5.6 describes

computational experiments. We conclude in Section 5.7.

5.2 Literature review

Timetables are often used in air, railway and maritime transport. Multiple studies have
already been performed on managing, recovering and preventing delays in these transport
modes. Wu and Caves (2003) and Wu (2005) show the importance of buffer time allocation
on punctuality in air transport using a simulation approach. Clausen et al. (2010) give an
overview on disruption management studies in the airline industry. They distinguish the
reviewed in two different groups: delay recovery and robust planning. This distinction
also mainly holds for railway and maritime transport.

The goal of delay recovery is to find a recovery policy such that delays in the existing
timetables as a result of small disruptions are recovered from in order to minimize a
certain objective (e.g. Wang and Meng (2012a), Brouer et al. (2013), Li et al. (2015b),
Li et al. (2015a) in liner shipping, Corman et al. (2010), Binder and Albrecht (2012)
in public transport and Rosenberger et al. (2003), Petersen et al. (2012), Arikan et al.
(2016), Aktiirk et al. (2014), Maher (2016) in air transport). In all these studies, the goal
is to optimize recovery strategies after the occurrence of disruptions. Recovery strategies
include travel time (or speed) adjustments and rerouting decisions. However, the influence
of the available buffer time in the existing timetables is not considered in these studies.
Visentini et al. (2014) review recovery actions in general transportation, while Psaraftis
and Kontovas (2013) overview speed models for energy efficient maritime transportation.

The objective of robust planning is to construct timetables which perform well under
uncertainty. Two different approaches are used to construct robust timetables. First,
the total available buffer time in an existing schedule can be rearranged in order to ob-
tain more robust networks (e.g. Kroon et al. (2007), Kroon et al. (2008), Fischetti et al.
(2009), Hassannayebi et al. (2014), Wu et al. (2015) in public transport, Lan et al. (2006),
AhmadBeygi et al. (2010), Chiraphadhanakul and Barnhart (2013) in air transport). All
these studies only consider the allocation of buffer times (also framed as time supplements
or slack time) in the schedule, but do not consider recovery strategies when disruptions
occur. Second, schedules satisfying certain robustness concepts can be constructed. Du
et al. (2015) and Norlund et al. (2015) describe methods to design robust schedules that
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minimize the fuel consumption in shipping taking into account uncertain weather con-
ditions. However, only the fuel consumption of the planned schedule without recovery
strategies is taken into account. Cucala et al. (2012) and Duran et al. (2015) consider
similar problems for respectively public and air transport. These papers also determine
an optimal speed policy together with the constructed timetable, but the speed is inde-
pendent on incurred delays.

Delay-resistant timetables and real-time recovery actions are interrelated, and in re-
cent years there has been increasing interest in approaches that incorporate both. (The
studies referenced above either study delay-resistant timetabling without recovery actions
or real-time recovery for fixed timetables.) Various approaches to incorporate wait-depart
decisions in timetabling exist: A genetic algorithm (Engelhardt-Funke and Kolonko 2004),
a light robustness concept for timetabling combined with scenario-based wait-depart de-
cisions (Liebchen et al. 2010), and a recoverable robustness concept that aims to find
timetables that are recoverable when disruptions occur (Cicerone et al. 2009, 2012). Fur-
thermore, Gong et al. (2014) develop a two-stage approach to solve the integrated prob-
lem. The first stage considers the timetable optimization and the second stage the speed
optimization.

Two-stage stochastic programming (SP) applies naturally to robust timetabling under
stochastic delays (Kroon et al. 2007, 2008, Fischetti et al. 2009), and Qi and Song (2012)
and Wang and Meng (2012b) have extended this approach to take into account speed
adjustments in liner shipping. However, both Qi and Song (2012) and Wang and Meng
(2012b) assume that incurred delays are recovered during the first sea leg if the required
speed does not exceed the maximum sailing speed. These authors all apply the sample
average approximation (SAA) as part of their solution methodology, which gives rise to
large mixed integer problems (MIPs). The approaches thus suffer from optimality loss
due to the SAA, and typically from additional optimality loss resulting because the large
MIPs cannot be solved to optimality.

5.2.1 Contribution

In this paper, we develop a new approach for timetabling under stochastic delays and op-
timal speed adjustments. Unlike models proposed in literature, we operate the timetable
by selecting the optimal speed at the start of each leg, which may depend non-linearly
on the delay with respect to the schedule (cf. Lemmas 6 and 7 and Table 5.6). This
naturally gives rise to a stochastic dynamic problem: Each state of the SDP corresponds

to the current location of the ship and its current delay with respect to the timetable, and
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actions correspond to speed adjustments that must be optimized by taking into account

present (fuel) cost and future (delay) costs.

5.3 The model

Consider a round tour with a fixed sequence of port calls and a total planned duration of T
time units. A ship sails a route consisting of R round tours for a planned duration of RT.
Eventually, we let R — oo and focus on the long run average costs, which can be obtained
by averaging the total route costs over time. Route costs consist in the costs of delayed
port arrivals and departures and the costs of (optimally) performing recovery actions such
as speed adjustments. Since the total route duration is assumed to be constant, fixed costs
can be ignored in the model. The goal is to construct an optimal schedule by dividing
the T time units over the round tour in such a way that the long run average costs are

minimized.

The tactical planning level

Denote the ports visited in the round tour by P = {1,...,|P|}. Rounds start in port 1,
visit ports 2,3,...,|P|—1,|P| and then return to port 1, after which a new round starts.
The route consists of R round tours and N = R|P|+ 1 port calls (including the final port
call in port 1). Let n € {1,..., N} index the port calls. The nth port call is made at port
p[n]. Thus, p[n] :=p for n =p,|P|+p,2|P|+p,..., with p € P.

Let t&™ and tiﬁp respectively denote the planned arrival and departure time of port
call n. The planned arrival time of port call n + 1 equals the planned departure time of
port call n plus the planned sailing time. This planned sailing time consists of the fixed
minimum sailing time needed between ports p[n] and p[n + 1] (denoted by t;[n]) and the
buffer time included in the sea leg, which is a decision variable that will be denoted by
Bypy. Thus t2rr, = ¢ + ton) T Bpm)- The requirement of a cyclic schedule means that
buffer time and minimum sailing time for a specific sea leg must be the same for each
round. (The notation t;[n] and B, effectively enforces this requirement, see the definition
of p[n].) The planned departure time of the ship for port call n is simply the planned
arrival time plus the fixed port time, which will be denoted by ti[n]. Thus P = tfl"r—l-tg["].
The results in this paper can be extended to optimize buffers for the ports as well, but we
do not include such variables for simplicity and because buffer times in ports are expensive
and therefore uncommon.

We can set t’lie” := 0 without loss of generality. Then, all planned arrival and departure

times for the remaining R|P| port calls follow from the above recursive relations once we
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fix B:= (By,...,Bp) € RIPI. So finding a schedule consists in fixing B. The requirement

that the total planned duration equals 7" implies that B should satisfy > B, = B, where
peP

B:=T- 3 th— > t5. (Weassume T > Y 2+ % 5, such that B > 0.)
peP peEP peP peEP

The operational planning level

While the ship sails the route, unforeseen events cause the ship to be delayed with respect
to the planned timetable, i.e. the planned arrival and departure times t&" and .
Discussions at a large liner carrier have revealed that both delays in the port and delays
during the sea leg are important (cf. Wang and Meng 2012a, p. 616). Therefore, let
XP > 0 and X; > 0 denote the random delay incurred during port call n, and in the
sea leg after port call n, respectively. The random variables X? and X are assumed to
be independent of each other, and of all other random variables, in particular of X?, and
X,

position in the round trip is identically distributed in each round trip. Thus X? and X?,

for n # n’. Distributions are arbitrary, but the random delay in a port in a specific

are identically distributed if p[n] = p[n/]. Similarly, X and X?, are identically distributed
if pln] = pln].

To reduce the delay with respect to the schedule, the liner company can perform two
types of recovery actions. Speed adjustments during the sea leg are the preferred approach
to deal with delays. But in case of excessive delays, extreme (recovery) actions in the port
are sometimes taken in practice, such as cut-and-go. In cut-and-go, the vessel will stop
(un)loading and will immediately leave the port. This is very costly in terms of customer
reputation, and consequently, we will attach very high costs to this action. Let 7, be the
difference in the time used to sail from port p[n] to port p[n + 1] (excluding unforeseen
delays) and the minimum sailing time needed. We will refer to 7, as the additional sailing
time or the sailing time action. Let 7, denote the time recovered by the extreme recovery
action in the nth port, which is taken after the port delay is revealed. Note that 7, and
v, are online decision variables, these decisions are taken dynamically in each port and
before each sea leg. In contrast, all buffer times B are decided upon before the ship starts
sailing the route.

The following recursive relations govern the propagation of the delay during the trip:

dfrl;krl = (d‘i@p + Tn — Bp[n] + X:L)+7 (51)
diP = (49" 4 XP — )" (5.2)
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where 27 = max{z,0}. Since ships have to adhere to the berthing plans made by terminal
operators, we assume that ships cannot arrive early in a port. And a ship is not allowed
to depart earlier than the schedule, because export containers may arrive just in time to
be loaded according to the schedule.

Note that only a single sailing time decision is made for each sea leg. Especially when
delays at sea occur frequently, it could be better to adapt the sailing time during the leg.
This could be achieved by dividing the sea leg into parts. At the end of each part, the
planned sailing time for the next part would be determined. The methods and results

obtained in this paper can be extended to this more sophisticated model.

Costs

For p € P, let D4 (d) and Di(d) be respectively the cost of arriving in and departing
from port p of the round tour with a delay of d time units with respect to the schedule.
We assume that both D4 (d) and D (d) are convex and increasing in d. Penalizing the
average delay satisfies this assumption and is arguably the most intuitive approach for
measuring delays. This latter approach is common (e.g. Kroon et al. 2008, Fischetti et al.
2009), but more general delay cost models have also been proposed (Wang and Meng
2012b).

Let F,(7) denote the fuel cost incurred between port p and the next port when using a
sailing time of ) +7 time units. F,(7) is decreasing and convex in 7. Indeed, for economic
sailing speeds the bunker consumption rate can be accurately approximated by a constant
times the third power of sailing speed (Notteboom and Vernimmen 2009, Brouer et al.
2014a), which implies that F,(7) is proportional to )2, which is decreasing and convex
in 7. (For details see Section 5.6.1.) Furthermore, let 7, > 0 be the upper bound on the
sailing time action obtained from the minimum sailing speed. Then, F,(7) is well-defined
for all 0 < 7 < 7. Denote the costs of using the extreme recovery action to reduce the
delay by one unit of time by ¢® > 0.

Remember that the sailed route consists of N = R|P|+ 1 port calls. Let Ci'%(d; B)
denote the expected cost of completing the route when arriving for port call n with a delay
of d time units. Let CZ?\’[(d; B) denote these costs at the departure of port call n. The
dynamics of the problem will be described by recursive relations. The following recursive
relation holds for 1 <n < N:

Cok (die; B) = Dyt (da) +0<1;1<19[ | {Fopu(7) + Kn(di? + 75 B)} | (5.3)

where K, (d2 + 73 B) := Ex; [Co%) y ((d2P + 7 — By + X32) ™5 B)] . (5.4)
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And the following recursive relation holds for 1 <n < N:
Cor (di™s B) = Dy (A7) + By [m;g {er+ i@ + Xt - B)}} - (55)
; pose '

Note that delay propagates according to (5.1) and (5.2). Also, note that the extreme
recovery action is taken after the port delay is incurred. For the final arrival in port 1,
we have the following:
Cyn(dy"; B) = Dy (dy”)

So for the final arrival, we only pay the delay costs.

We introduce notation regarding the optimal sailing times and extreme recovery ac-
tions. Let 7,(d; B) denote the optimal sailing time after port call n (on the sea leg towards
port call n + 1) when the departure delay equals d:

T.(d; B) :== min {7-/ |7 € arg min {Fp(7) + Kn(d + 7 B)}} . (5.6)
OSTST;:‘[”]
Let Y,(d + X2; B) denote the optimal extreme recovery action in port call n when the

delay (including port delay) equals d + X©:
Yn(d + XP; B) := max {’y’ |y € arg min {ce’y + CZ‘;’(,((d + X2 — )t B)}} . (5.7
7=>0
So as a tie-breaking rule, we use minimization of the delay in the next port.

The long run average costs

Because the buffers are transformed into a timetable, which is operated for many rounds,

we adopt the long run average costs as performance criterion, which will be denoted by

C*(B). We have:

Cifipi (s B)

C*(B) := lim B a— VB € B, (5.8)

peEP

where B = {B € R‘fol > B, = B} is the set of feasible buffers. For now, we assume

that the limit on the RHS exists, and that it is independent of dfllep. Later, in Corollary 1,
we will formally prove the existence of the limit, and that it is independent of dfeP, under

certain sufficient conditions.



5.3  The model 155

We consider the following optimization problem:

C* =minC*(B). 5.9

min C*(B) (5.9)
This problem is non-standard. Each buffer allocation B € B yields a SDP whose optimal
long term average costs equal C*(B). But the buffer time variables themselves cannot be
accommodated for in the SDP because they are one-time decisions that affect multiple
states. Note that the sailing speed decisions are part of the SDP, so the problem jointly

optimizes the buffer allocation and the sailing speed decisions.

5.3.1 Assumptions for computational purposes

In general, solving for the optimal costs C*(B) of the SDP that arises for fized buffers
B is already computationally intractable. This is because the SDP has a continuous
state space because delay is continuous. (Apart from the current delay, the state consists
of the current port p[n] and whether we are arriving or departing.) To deal with this
computational issue, we will assume discrete delays and piecewise linear fuel costs (see
also Wang and Meng 2012a, who use a similar approach in their model). Specifically, we
assume that there exists an appropriate basic time unit [ > 0. We let {zl|z € Z"} be the

set of integer multiples of [, and make the following assumption.

Assumption 4 (Discrete model primitives). The delays X* and X? take on values in
{zl|z € Z*). The total buffer B and the mazimum additional sailing time 7, are in
{zl|z € Z"}. The functions Dy (-), Da®(-) and Fp(-) are piecewise linear functions, with

breakpoints on {zl|z € ZT}. The initial delay is in {zl|z € Z"}.

If we encounter large sea and port delays repeatedly, the delay with respect to the
schedule may grow arbitrarily large. In practice, it seems reasonable to assume that when
delay exceeds some (possibly large) threshold, it will be optimal to perform the extreme
recovery action. We therefore make this assumption to simply and straightforwardly
bound the maximum delay. For ease of exposition, we will also assume that the random
sea and port delays are bounded by some arbitrary number. These assumptions will

simplify the computation of the optimal costs associated with a buffer B € B.
Assumption 5 (Bounded delays). For each p € P, there exists a delay dy*" < 00 such
that DYP(d) — ¢*d is monotonically increasing ¥d > d*. There exist X;E;”]“z, Xé’ﬁaz €
{zllz € Z7} such that ¥n : P(X7 > XJ0%) = 0, P(X] > X770) = 0.

These assumptions are not restrictive in practice as d'**, X;™* and X}"™** can be

taken to be large (e.g. one or more weeks when operating a weekly schedule).
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5.4 Theoretical insights

In this section we will derive various theoretical insights into the problem. Results in this
section hold for the general model presented in Section 5.3. Assumptions 4 and 5, which
are made for computational purposes only, are not needed to obtain the results in this
section.

Our first result verifies that more delay is worse than less delay. (All proofs can be

found in the appendix.)

Lemma 3. The functions Cgff,(d;B) and Ci'7y n(d; B) are nondecreasing in the amount
of delay d for 1 <n < N and B € B.

The following result is more surprising, since the costs are not separable because delays

may propagate from port call to port call.

Lemma 4. The functions sz]’\',(d; B) and Ci'7\ y(d; B) are joint convex in d and B for

1<n<N.

A direct result of Lemma 4 is that the average cost per period C*(B) is also convex in

B.

Theorem 5. The optimal long term average cost C*(B) is joint convez in B € B, provided
that C*(B) exists in R for B € B.

This result will be used later to find the optimal buffer B, and thus the optimal
schedule. (As for the condition: Corollary 1 proves the existence of the optimal long term
average costs C*(B) in R under sufficient conditions, namely Assumptions 4 and 5.)

The following results give some more insight into how the sailing times and extreme
actions should depend on the current delay. The following lemma shows that the larger

the delay, the more action should be taken.
Lemma 6.

(a) The optimal sailing time action T, (d%P; B) between two ports is nonincreasing in the
departure delay d%P for 1 <n < N and B € B;

(b) the optimal extreme recovery action Y, (d%" + XP: B) in a port is nondecreasing in
the amount of delay d&" + XP before that action for 1 <n < N and B € B.

Thus, a ship with larger departure delay should sail faster than a ship with smaller
delay. We wonder whether it could even be optimal for the first ship to plan to “overtake”
the latter ship. The following lemma answers this question, by proving that this can never

be optimal.
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Lemma 7.

(a) The optimal arrival delay d7, = (d% + T, (d%; B) — By + X3)T is stochastically
nondecreasing in the departure delay di°?, for 1 <n < N and B € B;

(b) the optimal departure delay d%? = (" + X? — Y, (d%" + X2; B))" is nondecreasing
in the delay d¥'" + XP after incurring port delay, for 1 <n < N and B € B.

This lemma thus effectively bounds the maximal decrease in sailing time (and thus

the increase in speed) that should result from being more delayed.

5.5 Solution Approach

Our objective is finding a B € B that minimizes C*(B). Since C*(B) is convex by Theo-
rem 5, a range of optimal subgradient-based algorithms is at our disposal for this problem,
provided we can compute subgradients of C*(B) at arbitrary B. We discuss this in-depth
in Section 5.5.1, and provide a simple algorithm that works well computationally for our
problem. The novelty of our algorithm lies in developing an approach for computing

subgradients of C*(B), which is discussed in Section 5.5.2.

5.5.1 Subgradient-based algorithms

Theorem 5 implies that C*(B) is convex. Thus for each B € B, there exists a ¢ =
(g1,--.,9p) that satisfies the subgradient inequality:

VB € B:C*(B') > C'(B)+ Y _ g,(B, — By). (5.10)

peEP

We now first sketch how subgradients can be used in an efficient optimization algorithm.

Our algorithm iteratively generates subgradients using the method described in Sec-

tion 5.5.2. In the ith iteration, the subgradient at B® is computed. Denote it by

9" = (91,---+9p). and denote gy = C*(B') — ;%B}r After iteration I, we have the
2

following problem:

min 2z (5.11)
s.t. zEZg;Bergé ie{l,.... I} (5.12)
peEP
> B,=B (5.13)
peEP

B, >0 peP (5.14)
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The inequalities (5.12) ensure that z satisfies the inequality imposed by the subgradients,
see (5.10). Together, (5.13) and (5.14) ensure that B = (By,...,Bjp) € B. For any
subgradients gy, ..., gs, the optimal z* of (5.11-5.14) satisfies z* < C* = C*(B*). Indeed,

VB, z* must become I{naxl} > 9,8y +gi ¢ » which cannot exceed C*(B*) by (5.10).
ie{l.1} | pcp

Algorithm 10 explains how we use this formulation in our optimization approach:

Algorithm 10: Solution algorithm

1. Initialize i = 1, B = (B], .. .,B‘lpl) with B) = %, UB = oo and LB = —c0.
2. Compute C*(B") and the gradient ¢° at B’ (see Section 5.5.2).
3. If C*(BY) < UB, set UB = C*(B') and BV? = B'.

4. Let (z*, B’) denote the optimal solution of (5.11-5.14) for I =i. Set LB = z*,
Bt =B

5. If UB — LB < ¢, designate BYZ as e-optimal and terminate. Otherwise, set
i< i+ 1 and go to Step 2.

In initial steps, the B! from Step 4 may lie far away from the last search point
B, adversely impacting performance. Therefore, we limit the distance between B? and

B! = B’. Consider the constraints,

> 1B, - Bi| <w™*,  VYpeP:|B,—Bi|<uwp™ (5.15)
peP

where w™*® and Vp € P : w,"" are parameters. Then Step 4 is replaced by the following

in the first 25 iterations of the algorithm:

4’ Let (2%, B') denote the optimal solution of (5.11-5.14)+(5.15) for I =1i. Set B! =
B'. Let z* be the optimal solution value of (5.11-5.14). Set LB = z*.

5.5.2 Subgradients

In general, computing subgradients involves analyzing the change of the objective function
when the input changes. For our problem, changing B affects the structure of the SDP
underlying C*(B), which complicates the computation of the subgradient. In this section,
we first analyze this structure. This analysis involves a number of complex ideas and
quite some additional notation, but it yields a relatively simple algorithm for computing

subgradients that we present later in this section.
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Analysis of SDP structure

Throughout this section, we work with the specialized model that is obtained by imposing
discrete model primitives (Assumption 4) and bounded delays (Assumption 5). For a
detailed discussion of these assumptions we refer to Section 5.3.1. As we need subgradients
for general B, we must also consider cases where B, is fractional, where a quantity will be
referred to as fractional if it cannot be written as 2! with z € Z and [ the basic time unit
in Assumption 4. A quantity that can be written as z[ for some z € Z will be referred to
as discrete.

For notational convenience, we transform the buffers. Each B € B corresponds to a
cumulative buffer allocation B, by setting Bp = 25;11 B,y and B= (Bl, A B‘p|). (Thus
By :=0.) Let B contain every B that can be obtained in this fashion from a B € B. Thus
VB eB:Bp <Band VB € B,¥pe P: B,y > B, For B € B, define C*(B) := C*(B),
with B obtained by setting B, = BPH - Bp forpe {1,...,|P|—1}, and Bjp = B— Blp‘.

For each port call n € {1,..., N}, define:

Qn(p) = Qp[n](p) = {Zl + Bp - Bp[n]|z € Z} ) (516)

and let Qp, := J,cp @n(p)- In the absence of fractional actions and/or waiting for depar-
ture or arrival, @, (p) contains precisely the delays for port call n that result in a discrete
delay in port calls to port p. Thus, @, contains delays that result in a discrete delay in
some future port call. The following lemma shows that @, contains all delays that may
occur for port call n. The lemma is a consequence of Assumption 4 and the recursive
relations (5.3) and (5.5).

Lemma 8. Fiz B € B, and choose 7, and 7y, optimally using (5.6) and (5.7) to break ties.
Then for each port call n: di°P € Q,,, d%P+1, € Q,, d¥"+ XP € Q,, d¥"+ XP —~, € Q.

We next introduce notation for states and policies of the SDP based on Lemma 8. A
generic state will be denoted by s. Let s, 4ep[2, P's B] correspond to departing from port
p with delay d9? = 2l + Bp/ — Bp. Let Spport[2, P'; B} correspond to being in port p with
a delay of d"" 4+ X? = z[ + Bp/ — Bp, after incurring port delay. Let

Sg = {spulz,0/; Bl|z € Z,p € P,p/ € P,u € {dep,port}}.

By Lemma 8, all combinations of states and delays that can occur for B € B are in
Sz, though Sp also contains states that cannot occur because their associated delay is
negative. It is immediate from Lemma 8 that the optimal actions 7 and —v in any state

Spulz, 1 B] must take their values in Q) (p”) for some p”. We will denote a generic action
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by a. In a state with u = dep, the action a,/[z,p"; B] will denote 7 = 2l + By — By,
and in a state with u = port, action ay[z,p”; B] will denote —y = 21 + Bpu — Bpr. Let
Ap = {apf[z,p”;BHz eZ,pePyp e P}.

Since delay is non-negative, and bounded above by Assumption 5, for each B a finite
subset of S5 and Aj suffices for a complete description of the model. As a consequence,

we have the following result.

Corollary 1. For all B € B, the limit I%im Cfe]glplﬂ(dfep; B)/R exists in R and is inde-
—oo

pendent of dcllep. There exists a stationary deterministic policy that is average cost optimal.

A stationary deterministic policy for B € B will be represented by a function I3 :
S — Ap and we denote the optimal stationary deterministic policy for B by IT%.

We will now investigate the change of C*(B) when B changes. First some preliminaries.
A cumulative buffer B € B is completely fractional if for every p,p’ € P with p #p/, the
number Bp/ — Bp cannot be written as zl for z € Z. Define for every completely fractional
B € B the following subset of B:

A(B) = {B’ €B ‘Vp,p’ epP:l {(Bp, - Bp)/zJ <B,-B, <l {(Bp, - Bp)/zJ +l} .
(5.17)
Note that B € A(B). We are now ready to formulate the main result of this section.

Theorem 9. Tuke any completely fractional B e B and let H*B denote its average cost
optimal policy. For all B' € A(B), define the policy ﬂg, as follows:

Up (spulz, 0 B) = a2 9" B iff Wy(spalz.0; B) = ay[2',p"; B].
Let (f(B’) denote the long run average costs for B' under fIB,. Then

VB € A(B):C(B)) =C*(B') =C*(B)+ Y _ g,(B, — B,),

peP
where g = (g1, ..., g,p|) s a subgradient at B.

It is surprising that fIB/ is optimal for B’, because f[E;,, is rather different from H%:
Spulz, p's Bl and s, ,[z,p'; B'] represent different delays, and a,[z,p’; B] and q,[z,p’; B']
represent different actions. The proof of Theorem 9 shows that, when states are expressed
as Spulz,p; E’], the transitions are independent of B’, and the theorem follows from that
result and convexity.

Theorem 9 implies the following.



5.5  Solution Approach 161

Corollary 2. The gradient g at B from Theorem 9 is a subgradient for any B' € A(B)

To arrive at a simple algorithm to compute subgradients, we investigate A(B) For
any Be lg’, it holds that 0 < Bp < B. By Assumption 4, define 25 = B/l € Z. Thus,
we can always write Bp = lz, + lz,, with z, € {0,1,...,25 — 1} and 0 < 2, < 1. For

completely fractional Be B’, this decomposition into [z, and [z, is unique.

Lemma 10. For any completely fractional B e B, write Bp = (2, + ) with z, €
{0,1,...,25 =1} and 0 < z, < 1. Let f: P — P be the unique permutation of P such
that p > p’~—> Ty > Tipry. Then A(B) contains precisely all B' = (BY,.. .,BE"Pl) €B
such that B, = 1z, + Iz, with 2, = 2, and 0 < x’m) < x’f(2> <...< xlf(\P\) <1.

Computing subgradients

The above analysis yields Algorithm 11 to compute a subgradient for any B € B: We

Algorithm 11: Computing subgradients

1. Let B € B be the cumulative buffer corresponding to B.

2. For all p € P, write Bp =lz,+1z,, with 2z, € {0,1,..., 25— 1} and 0 < 2, < 1.
Let f: P — P be any permutation of P such that f(1) = 1 and Vp,p’ € P :
p>p = Ty 2 Ty,

3. For each i € {1,...,|P|} define B' = (Bi, .. - Bip) € B,
B Iz, it [~ (p) <
P l(zp+1) if f7H(p) > 4.

for p € {1,...,|P|}. Then 3B’ € B such that B € A(B'), and B € A(B') for
each 7 € {1,...,|P|}.

4. Compute C*(B?) for each i € {1,...,|P|}.

5. By Theorem 9 and Corollary 2, since B € A(B'), and B' € A(B') for each

i€{1,...,|P|}, a subgradient g at B satisfies the system of equations:
C(B) =C(B)+ N gp(Bi—Byie 1., |P} (5.9
peP

Solve the system to obtain C*(B) and a subgradient ¢ = (g, ... ,gip|) at B.

6. Use this subgradient to obtain a subgradient for C*(B) at B.

now explain some details. For Step 2, note that B, := 0 such that z; = 0, implying that
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f(1) = 1 never contradicts the other requirements on f. The B’ in Step 3 can be any
completely fractional B’ with BZ/, = l(z, + ), such that Vp € P : 2, = z, and Vp,p’ € P:
p>p — :c}(p) > x’f(p,). (If B is completely fractional, it suffices to set B’ = B.) It can
then be verified using Lemma 10 that B € A(B’), and Vi € {1,...,|P|} : B € A(B). (In
fact, it can be shown that A(B’) is the convex hull of {Bi|i € {1,...,|P|}. see Lemma 12
in the appendix.) Hence, the optimal solution returned by our algorithm will contain an
integer buffer time allocation.

For Step 4, note that C*(B’) is the long run average cost of a finite state SDP, which
can be solved efficiently using linear programming. The specific choice of B’ reduces the
complexity of finding C*(Bi), because only integral multiples of [ occur for these buffers,
see Lemma 8. For Step 5, note that g, is free in (5.18), since By := 0 for all B € B. For
the same reason, the value of g; is inconsequential, so set it to 0. Since B! are linearly
independent by construction, (5.18) has |P| linearly independent equations, leading to a
unique solution for the variables g, ..., gp| and C*(B). Step 6 is straightforward, since

B is obtained from B using a linear transformation.

5.6 Case Study

5.6.1 Data

To test our method, we use the ME1 route in September 2012 of the Maersk Line network.
Time is discretized in units of four hours. Table 5.1 shows the order in which the ports are
visited in the route, the distances and sailing times between ports and the time needed in
the port. The second column of Table 5.1 denotes the total time planned in the port to
load and unload the ship. In the third column the distances between the ports in nautical
miles are presented. Distances are obtained from SeaRates (2015). The distance shown
for each port is the distance that the ship has to cover to sail from that port to the next
port. The fourth column shows the sailing time in hours according to the schedule. The
planned sailing time for Antwerp is 32 hours, which means that a ship might take 32
hours to sail from Antwerp to Bremerhaven before it will encounter a delay during its
trip. The last column shows the buffer time in the current schedule assuming that the
route is sailed at maximum speed. The time needed to make one full round tour is 1,176
hours (7 weeks).

We assume that the route is sailed using a post panamax ship with capacity 8,400
TEU, using data from Brouer et al. (2014a). The minimum and maximum speed of this

ship are 12 and 23 knots respectively. Bunker consumption per time unit can be accurately
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Port time Distance Sailing time Buffer time
Port (hr) (nmi) (hr) (hr)
Jebel Ali 31 1,329 72 12
Jawaharlal Nehru 33 443 24 4
Mundra 16 1,122 56 4
Salalah 14 1,553 68 0
Jeddah 11 778 36 0
Suez Canal 16 2,283 100 0
Algeciras 18 1,476 88 20
Felixstowe 24 156 16 8
Antwerp 16 366 32 16
Bremerhaven 24 283 24 8
Rotterdam 20 3,829 192 24
Suez Canal 22 395 20 0
Aqaba 20 656 40 8
Jeddah 19 2,648 124 8

Table 5.1: Characteristics of the route

approximated as a constant times the third power of speed. Thus, the fuel cost function
becomes: , 5

Fp(r) = fe (%) (t; +T)% = fe(t; +7)? ((ts—ipT)lf) ,
where v is the sailing speed in knots (nmi/hour) and 4, is distance in nmi from port p to
the next port. The ship has a design speed of ¥ = 16.5 knots, and bunker consumption
at design speed is f = 82.2 ton per day. Bunker cost is assumed to be e = 600 USD per
ton (Brouer et al. 2014a).

5.6.2 Test instances

Given the fixed port times and the total duration of a round tour, 52 time units re-
main to allocate over the ports. By changing the additional delay distributions, different
scenarios can be constructed. Since we do not know the actual delay distribution, we
will gauge the outcomes under different delay distributions. We will assume that each
X, ~U (O,a + P’—PE’”J), where a and b are instance specific parameters and dpp, is the
distance between the current and the next port. For each test instance we can com-
pute the minimum average time to complete one round tour of the route. This time
is obtained by sailing at maximum speed and incurring the average delay in each port.
The minimum average additional time to complete a round tour should not exceed the

available time of 52 time units, since ships will not be able to recover from incurred
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delays in these scenarios. We will refer to the (positive) difference hetween the avail-
able time and the minimum average completion time as the expected buffer time. Ten
instances are constructed by varying the expected buffer time between 2.5 and 25 time
units in steps of 2.5 time units. This is done using a = {4,4,3,3,3,2,2,2,1,1} and
b = {300,400, 200, 325, 500, 225, 332, 600, 250, 350}. The extreme expedite cost is given
by ten million USD per time unit and D,(d) = 10,000d for 0 < d < dy** = 42 time
units (one week) for p € P and we assume that the unit costs are larger than ten million
USD for d > d;** for p € P, such that delays are bounded by 42 time units. Finally,
w® = 0.25 for p € P, w™** =2, and € = 107°,

5.6.3 Results

For each test instance, we first calculate the cost of the schedule when we consider deter-
ministic delays. That is, we assume that the delay incurred between each two ports is fixed
and equal to the expected delay between those two ports. The optimal schedule is then
found by allocating the available buffer time in such a way that a constant speed is used
over the round tour. Furthermore, we calculate the costs of the initial schedule (initial
schedule), the costs of the schedule in which the buffer time is uniformly distributed over
the ports (uniform schedule) and the costs of the optimal schedule (optimal schedule).

All linear programming models are solved using CPLEX 12.6.

Available Expected Expected
buffer delay buffer
(time units) | (time units) (time units)
52.0 49.5 2.5
52.0 47.0 5.0
52.0 44.5 7.5
52.0 42.0 10.0
52.0 39.5 12.5
52.0 37.0 15.0
52.0 34.5 17.5
52.0 32.0 20.0
52.0 29.5 22.5
52.0 27.0 25.0

Table 5.2: Characteristics of the ten instances

Table 5.2 shows the expected delay and expected buffer times in time units for the ten

instances. The expected buffer times vary between 2.5 and 25 time units.
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Expected | Deterministic Cost of uncertainty
buffer schedule Initial Uniform Optimal
(time units) | (million USD) (million USD) (million USD) (million USD)
2.5 3.831 0.904 (100%)  0.709 (78%) 0.702 (78%)
5.0 3.735 0.537 (100%)  0.381 (71%) 0.377 (70%)
7.5 3.644 0.446 (100%)  0.315 (71%) 0.292 (66%)
10.0 3.557 0.369 (100%)  0.257 (70%) 0.234 (63%)
12.5 3.471 0.317 (100%)  0.216 (68%) 0.193 (61%)
15.0 3.387 0.312 (100%)  0.225 (72%) 0.172 (55%)
17.5 3.306 0.272 (100%)  0.190 (70%)  0.137 (50%)
20.0 3.229 0.242 (100%)  0.173 (72%) 0.099 (41%)
22.5 3.153 0.256 (100%)  0.182 (71%) 0.068 (26%)
25.0 3.080 0.222 (100%)  0.158 (71%) 0.040 (18%)

Table 5.3: Total average round tour costs for the ten test instances

Table 5.3 shows the average expected round tour costs for the ten instances. Clearly,
the costs of sailing a round tour decreases when the available buffer time increases. The
deterministic schedule provides a lower bound on the optimal cost schedule. The difference
between the cost of the deterministic and stochastic schedules is the effect of uncertainty
on the cost, which is shown in the last three columns of the table. In these columns first
the absolute cost of uncertainty is given and in between brackets the relative difference
compared to the initial schedule is given. We observe that for high expected buffer times,
a large part of the cost is already incurred in the deterministic case. Furthermore, the
absolute difference in cost between the initial and the uniform schedule decreases when
more buffer time is available, while the absolute difference in cost between the uniform
and the optimal schedule increases when more time is available. From the relative costs,
we can conclude that the uniform schedule always performs about 30% better than the
initial schedule, while the optimal schedule has costs that are 22 — 82% lower than the
initial schedule. The relative performance of the optimal schedule increases when more
buffer time is available. When only 2.5 time units of buffer time are available, the largest
absolute cost reduction between the initial and the optimal schedule can be obtained,
while the lowest absolute reduction is obtained for 12.5 time units of expected buffer.
The lowest and largest reductions are respectively 123 and 202 thousand USD per round
tour can be obtained. Since liner companies usually provide weekly services, this would
result in cost reductions of 6-10 million USD per year.

Table 5.4 shows the solution times of the subgradient algorithm. Furthermore, the

number of generated subgradients are shown. All instances can be solved to optimality



166 Joint optimization of speed and buffer times in transportation systems

Expected buffer Time Number
(time units) (seconds) subgradients

2.5 21 19

5.0 65 26

7.5 77 30
10.0 56 20
12.5 63 23
15.0 64 38
17.5 62 37
20.0 57 34
22.5 64 34
25.0 65 34

Table 5.4: Solution times for the ten test instances

within 80 seconds. In total, 19-38 subgradients have to be determined in the solution

algorithm.

On time prob Avg arr delay Distance Buffer time
Port (time units) (nmi)  (time units)
Jebel Ali 0.49 0.78 1,329 2
Jawaharlal Nehru 0.49 0.68 443 1
Mundra 0.41 0.68 1,122 1
Salalah 0.30 1.09 1,553 3
Jeddah 0.43 0.80 778 1
Suez Canal 0.38 0.73 2,283 3
Algeciras 0.35 1.21 1,476 3
Felixstowe 0.62 0.44 156 0
Antwerp 0.31 0.94 366 1
Bremerhaven 0.39 0.74 283 1
Rotterdam 0.63 0.44 3,829 6
Suez Canal 0.50 1.00 395 1
Aqgaba 0.33 1.00 656 1
Jeddah 0.37 0.84 2,648 4

Table 5.5: Optimal buffer time on the next sea leg

Table 5.5 shows for each port the probability of arriving on time, the average arrival
delay in time units and the optimal buffer allocation in time units for the instance with
an expected buffer of 15 time units. In general, more buffer time is added to sea legs
with larger distances, because on these legs larger additional delays are expected to be

incurred.
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Delay in time units Feasible
Port 0 1 2 3 4 5 >6 range
Jebel Ali 16 16 15 15 15 15 15 | [15, 27]
Jawaharlal Nehru | 6 5 5 5 5 5 5 |[5, 9
Mundra 14 13 13 13 13 13 13 | [13, 23]
Salalah 19 19 18 17 17 17 17 |[17, 32]
Jeddah 0 9 9 9 9 9 9/]9 16
Suez Canal 27 27 26 25 25 25 25 |25, 47
Algeciras 19 18 17 17 17 17 17 |[17, 30]
Felixstowe 2 2 2 2 2 2 2/|[2 3
Antwerp 5 4 4 4 4 4 4[4, 7
Bremerhaven 4 4 4 4 4 4 4 |]4, §
Rotterdam 46 45 44 44 43 42 42 | [42, 79|
Suez Canal 6 5 5 5 5 5 5 |[5 §
Aqaba 9 8 8 8 8 8 8|8 13]
Jeddah 32 31 30 30 29 29 29 |[29, 55

Table 5.6: Sailing time action in time units to be used on the next sea leg

Table 5.6 shows the sailing times in time units that will be used on the next sea leg
given a certain amount of delay for the instance with ten time units of expected buffer.
The last column shows the range of feasible speeds for the given sea leg. The table
shows that ships will not always speed up when a larger delay is incurred even when the
maximum sailing speed limit is not reached yet (see for example a departure from Jebel
Ali with 0 and 1 time units of delay). This confirms that the optimal sailing speed policy
is not always to try to recover from all delays during the coming sea leg, as is usually
assumed in the literature (e.g. Wang and Meng 2012b). Furthermore, the table shows
that Lemmas 6 and 7 are indeed satisfied: ships will never slow down when they incur
higher delays, but will also always arrive with at least the same amount of delay in the
next port as when they would have incurred a lower delay. Finally, when we consider the
amount of extreme actions in the solutions, we observe that more extreme actions are
taken when less buffer time is available. In the instances with 15 or more units of buffer,
no extreme actions are taken in the optimal solutions. Furthermore, in the instance with
2.5 units of buffer most extreme actions are taken, namely in expectation 0.00038 time

units per round tour, which corresponds to once every 353 years.
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5.7 Conclusion and Future Research

We developed a new approach for allocating buffers in timetables. Our model jointly
optimizes decisions over two stages: buffer times during timetable development and speed
optimization during timetable execution. We model the execution of the timetable as a
stochastic dynamic program (SDP), allowing for accurate modelling of real-time recovery
actions using the latest information, random events causing delays, and propagation of
delays from port call to port call. Our theoretical analysis revealed that as the delay with
respect to the timetable increases, so should our travelling speed.

Optimizing the buffer allocation decisions presented a challenge, because they must
be exogenous to the SDP since they affect transitions in multiple states. In general, only
enumeration techniques can optimize over variables exogenous to an SDP. But we were
able to show, under relatively mild assumptions, that C*(B) is convex in the buffer time
variables. A detailed investigation of the cost function C*(B) yielded a simple method to
compute subgradients. Based on these results, we proposed a relatively simple algorithm.

In our experiments, the algorithm computes the optimal buffer time allocation in
under 80 seconds. We compared the optimal schedule with the cost of the initial schedule
as executed by Maersk Line and with the cost of a schedule in which buffer times are
uniformly distributed over the ports. We observe that the uniform schedule provides very
good solutions for schedules with low buffers, but that the optimal schedule generates
costs that are six to ten million USD per year lower compared to the initial schedule. For
schedules with high buffers, the optimal schedule also results in much lower costs than
the uniform schedule.

Our experiments thus revealed that the proposed algorithm is very efficient. Its effi-
ciency stems from the use of convexity of C*(B), allowing us to take into account on-line
speed optimization without severely reducing performance. Moreover, we directly extract
subgradients from the SDP formulation, so we can take into account the stochasticity
without sampling. These properties make the algorithm a good candidate for further
research in timetable optimization, also in contexts other than container shipping. How-
ever, challenges need to be overcome to use the algorithm in settings where the timetable
involves multiple trains/ships/metros that interact. Further research is needed to reveal

whether the algorithm may be valuable in those settings as well.



5.A  Proofs of theoretical results 169

Appendix

5.A Proofs of theoretical results

To simplify notation, define

L,(d;B) := 0<m<ir£ {Fop(r) + Kn(d+7;B) } .
=T=Tpin)

Then C*? (d; B) can be written as

Ca%(d; B) = DI (d) + L, (d; B). (5.19)

p[n]

Proof of Lemma 3. By backward induction in n, starting at N. Let B € B be arbitrary.
For n = N, Ci'y(d; B) = Dy(y,(d), which is a nondecreasing function in d by assumption.

Assume now that C;Y; y(d; B) is nondecreasing in d for some 1 < n < N. We will
prove that Ci'%(d; B) is also nondecreasing in d. Let d,d’ € Ry be arbitrary such that

d > d. Then,

K,(d; B) = Ex; [c;“;q,N ((d — By + X2) " B)}

< Ex; [ LN ((d/ = By + XZ)JF ; B)}
= K.(d; B),

where the inequality follows from the induction hypothesis and because X; does not
depend on the current delay, since by assumption X is independent of all other random
variables. This proves that /C,(d; B) is nondecreasing in d. Then,
L.(d; B) = OSIrnSi%‘[n] {Fop(7) + K, (d+ 75 B)}
< Fppn) (Tald's B)) + Ko(d + T, (d; B) ; B)
< Fppn) (Tald's B)) + Ky (d' + To(d'; B); B)
= L,(d; B),

where the first inequality holds because 0 < T,(d'; B) < T;‘[n] and the second because
K,.(d; B) is nondecreasing in d. Hence, £, (d; B) is nondecreasing in d. By (5.19) we know
that Cf:]f,(d; B) is the sum of two nondecreasing functions, namely D,,)(d) and L, (d; B),

which proves that C%% (d; B) is also nondecreasing in d.
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Further, C/'(d; B) is the sum of DZ[TJ](d), which is nondecreasing in d by assumption,
and Eyr [mig {cefy + P ((d 4 XP — )T, B)}} , for which we find:
P :

Ey» [nun {(’ v+ Cdep (d+ XP —y)*; B) }}

< Exg [¢Vnl(d + X35 B) +Co% ((d+ X2 = Yu(d + X2 B)) " B) |

[
<Ey [ eyn( + X7 B) + € ((d’+X$; —Vu(d + X7, B))* B)}

nl

=Ex» nun cfy + Cdi’\’, ((d’ +XP — )" B) }}

where the second inequality holds because Cgf]’\’,(d; B) is nondecreasing in d. The last
equality holds because the additional delay incurred is independent of the current delay,
because by assumptions it is independent of all other random variables. Hence, C;'%(d; B)

is nondecreasing in d, which completes the induction argument. O

Proof of Lemma 4. By backward induction in n, starting at N. {7y (d; B) = Dy (d)

is joint convex in d and B by assumption. Now suppose ijyrflﬂj\,(d7 B) is joint convex in d
and B for some 1 < n < N. Let d,d" € R5( be arbitrary nonnegative real numbers and
let B,B’ € B and A € [0, 1] be arbitrary. Then,

MCa(d: B) + (1= Ko (d'; B)
= AEx; [ ((d= Bypy + X3) 75 B)]
+(1 = NEy; [cg:q,N ((d’ B+ X)) B )}
> Ex; [Coin (A(d = By + X5) "+ (1= ) (@ = By + X2) " AB+ (1= ) B)]

> Ex, [ G (()\(d By + X3) + (1= A\)(d = By + X)) 5AB+ (1 - )\)B’)}
= KM + (1 = N)d;AB + (1 — \)B),

where the first inequality holds by the induction hypothesis and because X is independent
of the current delay, since by assumption it is independent of all other random variables.

The second inequality follows because CV; y(d, B) nondecreasing in d. Tt follows that
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K.(d; B) is also joint convex in d and B. Next,

AL, (d; B)+ (1= N)L,(d; B")

_/\( Fow) (Tald; B)) + Ky (d+ To(d; B); B)) +
N) (Fo (Tulds B) + Koo (& + To(ds B'); BY)
*U’—p[nl (Tu(d; B)) + (1 = \) Fypay (Tu(d'; BY)) +

(d;
Ao (d + To(d; B); B) + (1 = MK (d + Ta(d's BY); BY)
> Foin) ATp(d; B) + (1 = N) T, (d'; B)) +
Ko (N(d+ T (d~ B))+ (1 =\ (d' + To(d; B");AB+ (1 = \)B)
> 0<131<HL {Fom)(7) + Ky (T + Ad + (1 = N)d'; AB+ (1 — \)B')}

=L, ()\d+ (1= MNd;AB+ (1—\)B)

where the first inequality follows because F, is convex and K, is joint convex. The sec-
ond inequality holds because 0 < T,(d; B), T.(d'; B") < Tin- Hence, L, (d; B) is joint con-
vex in d and B. Then, C,‘fi’z,(d; B) is the sum of two (joint) convex functions, so Cﬁf,(d; B)
is joint convex in d and B.

Further, C7'%(d; B) is the sum of D (d), which is convex in d and hence joint convex

in (d, B) by assumption, and Eyx» [m>1(r)1 {c‘fy + Cieﬁ/((dzm- +XP — )t B)}} , for which we
P .
find:

NEx [ (V(d+ X75 B) +Ci% ((d+ X7~ Yu(d+ X235 B) 3 B) )| +
(1= NExg [(eDald + X3 B) + €% (@ + X2 = Yuld + X2 B)) 5 ) )]

> Exr [ (\Va(d + X2 B) + (1 - NVu(d + X2 B))] +
Exr [c:fffv( (d+ X? = Vo(d+ X2 B)" + (1= ) (d + XP — Vu(d + XP; B)))*
AB+(1— /\)B/H

> Exr [¢© (AVn(d+ XE; B) + (1 — NV, (d + XE; B'))| +
Exp[C% (M + (1= N + X5 — Q0 (d+ X2 B) + (1 = \Vald + X2 B)))*
AB+ (1— /\)B/H

> Exr [IIliIl {cev +clr (()\d +(1=Nd + X2 -~ AB+ (1 - )\)B’) }}
=0 ’
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where the first inequality holds by the induction hypothesis and the second inequality
holds because Cfff]’\’,(d; B) is nondecreasing in d. Hence, C;'%(d; B) is joint convex in d and
B, which proves the lemma. O

R P11 (4173B)
Proof of Theorem 5. The lim —LRFELE T
R—00

= exists by assumption, and since convexity

is preserved when taking limits, this limit is joint convex in B and df’m by Lemma 4. By

assumption, the limit is independent of d{®, which implies the desired result. O

Proof of Lemma 6. Take any n € [I, N — 1] and B € B and let d,d’ € Rxq such that
d > d. We will prove that T,(d; B) > T,(d’; B) by contradiction. Suppose 7,(d; B) <
T.(d'; B). By (5.6) it follows that

Fom) (To(d; B)) + K, (d + To(d; B); B) < Fopy (To(d's B)) + Ky, (d + To(d'; B); B)
Fopn) (Tn(d; B)) = Fypuy (Ta(d's B)) < Ky, (d + T (d'; B); B) — K, (d + To(d; B); B).

Furthermore, by (5.6) it follows that:

Foln) (Ta(d's B)) + Koy (& + To(d'; B); B) < Fpin) (To(d; B)) + Ky, (d + To(d; B); B)
Foin) (Tu(d; B)) = Fypu) (Tald's B)) > Ky, (d' + To(d'; B); B) — K, (d' + T(d; B); B) .

Hence,

o (@4 Tl ds B B) = Ko (d + Told: B): B) < Fopy (Talds B)) = Fopy (Tald's B))
< Ko (d+ Told; B); B) = Ko (d+ Told: B); B),

thus /C,(d; B) has decreasing increments, which contradicts the convexity of K, (d;B).
Hence, 7, (d; B) > T,(d'; B). The second part of the lemma can be proven analogously. [J

Proof of Lemma 7. Let n € [1, N — 1] be arbitrary and let d,d’ € Ry, be arbitrary
such that @’ > d. We need to prove that d+7,(d; B) < d'+ T,(d'; B), because, since By
is fixed and X? is independent of d%? by assumption, this implies the desired result.

Define 7/ := d+7,(d; B)—d  and 7 := d'+T,(d’; B)—d. Assume now (by contradiction)
that d + T,(d; B) > d' + T,(d'; B). Then 7" > T,(d’; B) and 7 < T,(d; B). By (5.6)

Fon] (To(d; B)) + K., (d+ Tn(d; B); B) < Fom] (1) + K.(d+7; B).
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The inequality is strict because T, (d; B) is by definition the smallest minimizer, see (5.6).

By rearranging terms, we obtain

Fon) (To(d; B)) — Fppy (1) < Kn(d + 73 B) — Ky, (d + To(d; B); B)
=K, (d' + Tu(d's B); B) = K, (d + T,(d; B); B).

where the equality is due to the definition of 7. For T,(d’; B), the definition (5.6) implies
Folw) (Ta(d'; B)) + Ko (d' + To(d'; B); B) < Fypy(7') + K(d' + 7' B).
which implies

Ta(d; B); B) = K, (d' + 75 B)
T.(d'; B); B) — K, (d + T.(d; B); B) .

Combining these, we obtain:

Fotu) (Talds B)) = Fypui (7) < Ko (d + To(d's B); B) = Ky (d + To(d; B); B)
< Foln)(7') = Fppmy (Ta(d's B))
= Fpin) (Tald; B) = (d' — d)) — Fypu(7 — (&' — d)).

Thus, Fp,)(d) has decreasing increments which contradicts convexity. Thus, d+7,(d; B) <
d' + T,(d'; B). The second part of the lemma can be proven analogously. O

To prove Lemma 8, we first prove that the value functions are continuous and piecewise
linear with specific breakpoints. Define W(Q,,) as the set of functions that are piecewise
linear, with breakpoints only on @,. More precisely: for any f(-) € U(Q,,) and any open

interval (d, d) that does not intersect @, (thus (d,d) C R\ @,), there exist a slope a € R

and an offset b € R such that Vd € (d,d) : f(d) = ad + .

Lemma 11 (Auxiliary towards Lemma 8). For every n with 1 < n < N: K,(-;B) €
U(Qn), Cfff}:,(-;B) € W(Qn), Ciy n(+5B) € W(Qny1). This yields additional results for

the actions:

1. Optimal sailing time: for every n with 1 <n < N and every d > 0 that T,(d; B) €
{zl|z € Z} and/or d + T,(d; B) € Q.

2. Extreme actions: for every n with 1 < n < N and every d > 0 that Y,(d; B) = 0
and/or d — Y, (d; B) € Q.
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Proof of Lemma 11. We will prove the lemma by induction. For the base case, note
that Cy'y (dy"; B) = Dy (dy") € W(Qn), since Dyt (dy") is piecewise linear with break-
points on {zl|z € Z} by Assumption 4, and {zl|z € Z} C @y because {zl|z € Z} =

Qn(p[N)).
Thus, for some n with 1 < n < N, the induction hypothesis is ;') y(d; B) € ¥(Qny1),
and we will show that K,(d; B) € U(Q.,.), Co%(d; B) € U(Q,,) and C2%(d; B) € ¥(Q,,).
We first show that K,,(d; B) = Ex; [Ca%y n ((d — By + X35)™: B)] is in ¥(Q,,). Con-
ditioned on X7, by Assumption 4 there exists z° € Z such that X = 2°l. By definition
of the cumulative buffers B’ it holds that B’ 1] B B]’J[n] + z,l, with z, = B/l € Z
if piln+1] =1 and z, = 0 otherwise. Fix any open 1nte1val (d,d) C R\ Q,. For any
d € (d,d) suppose d — By + 2°l € Qu41. That would imply 3z € Z,p € P such that
d — By + 2°l = 2l + f?p - Bp[n+1], and thus d = (z — z,)l + Bp - (Bp[n+1] — Byp)) =
(z—2° — zo)l + Bp — Bp[n] € Q,, a contradiction with (d,d) C R\ Q,. Hence, it holds
that d — Byp) + 2°l € Qi Thus (d — By + 2°l,d — By + 2°1) € R\ Qpyq. Since
0 € Qny1. the following two cases are exhaustive: 1) Vd € (d,d) : d — By + 2°0 > 0 and
2) Vd € (d.d) : d — By + 2°1 < 0. For the first case, by induction hypothesis and since
(d— Bppm) + 2°l,d — Bypyy + 2°1) € R\ Q1. we know that 3a,b € R such that Vd € (d,d) :

Corly v ((d = By + 2°1) % B) = Coy v (d — Bypyy + 2°1; B) = a(d — Byp) + 2°1) + b
Note that the RHS is affine in d. For the second case, we find
vd € (d.d) : C&%y n ((d — By + 2°1)7; B) = C2y y (0; B) = a'd + U/,
with @’ = 0 and V' = C;}, v (0; B). Now, since

Z P(X, NC x ((d = By + 2°) % B)

25€L

and since each of the functions on the RHS is affine in d for all d € (d,d), K,(d; B) is
affine in d for d € (d,d). This proves K, (d; B) € ¥(Q,,).

We next show that CZfﬁ(d;B) Dﬁffl( )+ L,(d; B) € ¥(Q,), where L, (d;B) =

min  {Fyp(7) + K (d + 73 B) }. Since Dmﬁ(d) is piecewise linear with breakpoints on

o<r<r
{zl|z 6 Z} C @, by Assumption 4, it remains to show that £,(d; B) € ¥(Q,). Fix an
interval (d,d) C R\Q,, and let d € (d, d). For brevity, let 7* = T (d; B) denote the optimal
sailing time for d. By (5.6). 7* is the smallest minimizer of F,(7) + K, (d + 7; B), and
therefore 7* must be one of the breakpoints of Fpp,;( - ) (which occur at {zI|z € Z}) and/or
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d + 7 must be one of the breakpoints of K, (-; B) (which occur at @, by K,(-;B) €
U(Q,)). It thus suffices to consider the following two cases: 1) 7* € {zl|z € Z} and 2)
7™ +d € Q. (This is additional result 1.)

For Case 1, note that for every d’ € (d,d) we have d' ¢ Q,, and 7* € {zl|z € Z} and
thus @' + 7* ¢ Q,. This implies (d + 7*,d + 7*) C R\ Q,. Thus, by K,(d; B) € ¥(Q,)
there exist a,b € R such that for every d’' € (d, d):

L, (d'; B) < Fppn)(77") + Kn(d' + 7 B) = Fpp)(77) + a(d' +7*) + b=d'd + " (5.20)

with ¢’ = a and V/ = b+a7*+Fp,) (77). Write d’ = d+2. We now show that £, (d+z; B) =
a'(d+ x) + . This is immediate for z = 0, so suppose & # 0. Let ¢ > 0 be such
that d — ex € (d,d). The proof of Lemma 4 shows that £,(d; B) is joint convex in
(d, B), and therefore convex in d, which implies AL,,(d + z; B) + (1 — X\)L,,(d — ex; B) >
L,(Md+z)+ (1= A)(d—ex); B) for any A € [0,1]. Setting A = ¢/(1 +¢€) and multiplying
by (1 + ¢) yields:

eLo(d+x;B) > (14 €)L,(d; B) — L, (d — ex; B)
> (1 +6)[ad+b’] [a'(d — ex) + V]

[ ool (T°) + Kou(d + 2 + 7% B)] > eL,(d + 7; B)

where the second inequality results from (5.20) and optimality of 7* for d, the equality at
the third line rearranges terms, and the final (in)equalities result from (5.20). This shows
L,(d';B) = a'd + V' (which implies that 7* is optimal for every d’ € (d,d)). Thus for
Case 1 we have established that £,,(d’; B) is affine in d for all d’' € (d, d).

Now Case 2: 7* +d € Q,. For any d' € (d,d), we will show that the action 7/ =
7" —d + d is optimal. Because 7' +d = 7" +d € @, and d' ¢ Q,, we know that
7/ ¢ {zl|z € Z}. This implies (7* —d+d, 7" —d+d) C R\ {zl|z € Z}. Because F(7) is
piecewise linear with breakpoints on {zl|z € Z} by Assumption 4, we now know that there
exist a,b € R such that for every 7/ € (7*—d+d, 7 —d+d) it holds that F,(7') = ar’+».
This yields:

L(d:B)<ar +b+K,(d +7;B)=a(t"—d +d)+K,(d+7";B) =dd +b (5.21)
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with ¢/ = —a and V/ = a7* + ad + K,,(d + 7*; B). This allows us to show that £,(d’; B) =
a'd' 4+ b, exactly in the same fashion as for Case 1, using (5.21) and convexity of L, (d’; B).
Thus also for Case 2, we have established that £, (d’; B) is affine in d' for all &' € (d, d).

Since the two cases are exhaustive, we have shown that £, (d’; B) is affine in d’ for
all d' € (d,d). This shows that £,(d; B) € ¥(Qy), and thus Cy% (d; B) = Dyl (d) +
L,(d; B) € U(Qn).

Finally, we show that i} (d; B) = Dy (d)+Exz {I}};g {cefy + Cgf]’\),((d + X? —9)*;B) }}
is in ¥(Q,). We condition on X?, and write X? = 2P[, with 2’ € Z by Assump-
tion 4. We first show that Ig(r)l {C‘W + Cii{’,((d + 2Pl — )T, B)} € ¥(Q,). Fix an interval
(d,d) CR\Q,, and let d € (_d, d). Denote v* = Y(d+ 271, B) for brevity. Since ¢® > 0 and
d+2Pl > 0, optimality of 4* implies that v* < d+2Pl, and thus (d+2Pl—~*)" = d+2P]—~*.
Also, ~v* is the largest minimizer of ¢y + Cifjf,((d + 2Pl — 4)*; B), and the following to
cases are thus exhaustive: Case 1) v* =0 and Case 2) (d+ 2Pl —+*)T =d+ 2Pl —v* is a
breakpoint of Cffi’\’]( -3 B), and thus d + 2Pl — v* € Q,,. (This is additional result 2.)

For Case 1, since Vd' € (d,d) : d' & Q,, we know that d’ + 2Pl —v* ¢ Q,,, and thus
(d+ 2Pl —*,d+ 2Pl —v*) C R\ Q,. Therefore, by CZ’E]I\’,(-; B) € ¥(Q,), there exist a,b € R

such that Vd' € (d,d):
m>1{)1 {ccfy +CHP((d + 271 — )t B)} <y Ci?ﬁ,(d’ +2Pl—~B)=ad +b (5.22)
poss :

Because v* = 0 is optimal for d’ = d by definition, we can proceed in the same way as
before to show that the inequality in (5.22) can be strengthened to an equality. For Case

2, we note that v/ = v*+d —d > 0 for d € (d,d), because 4/ = 0 would contradict
d + 2Pl —~ =d+ 2Pl — v* € Q,, since d' + 2Pl ¢ Q,, by construction. We obtain:

r;1>1{)1 {ce'y + Cifﬁ,((d’ + 2Pl — )t B)} < Hd —d)+ Cffff,(d + 221 — 4" B) = ad' + b,
(5.23)

with a = ¢® and b = ¢?(y* —d) +Cgf’f,(d+ 2Pl—~*; B). Since ~* is optimal for d by assump-
tion, we can proceed in the same way as before to show that the inequality in (5.23) can
be strengthened to equality. This yields I$1>151 {cefy +C,‘j§%((d’ + 2Pl — )T, B)} € U(Qy)
and since Dyin(d) is piecewise linear with breakpoints on {zl|z € Z}, we find that
Wy (d; B) € ¥(Qy), which completes the proof. O

With this lemma, we are now ready to prove Lemma 8.
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Proof of Lemma 8. The proof is by induction, starting at n = 1. Note that d{ e
{zl|z € Z} C @, by Assumption 4 and by definition of ¢);. We will now assume that
dffp € (), holds for some n with 1 <n < N.

By additional result 1 of Lemma 11, we must either have T,(d%?; B) € {zl|z € Z}
or d%r + T, (d%r; B) € Q,. Because by assumption d%? € @, in both cases we obtain
dder + T, (d%P; B) € Q,, and thus 3z € Z,p € P such that d%P + T, (d%P; B) = zl +
Bp — Bp[n]. Since X takes on integer multiples of [, write X = 2°l. By definition of
the cumulative buffers B’ it holds that B;[n] + B;[n] = Bz/)[n+1] + 2,1, with 2, = B/l € Z
if p[n +1] = 1 and z, = 0 otherwise. Thus d27, = (d% + T,(di”; B) + X3 — Byn))* =
((z + 25 + Bp — Bp[n] — Bp[n])+ = ((z + 25— z,)l + Bp — Bp[7,,+1])+. Now consider the
cases d2'"y = 0 and d277; > 0. In the former case, d%7, € Qppi1y(p[n +1]) € Qppr), and
in the latter case we find di7f, = (2 4+ 2° — 2z,)l + f?p — Bp[n+1] € Qppn+1)() € Qppt1-
Thus d¥}; € Qnu41. Since X!, takes on values in {zl|z € Z}, d¥], + X! | € Q41 follows
immediately.

Now, by additional result 2 of Lemma 11, we must either have Y, 1 (dy, + X}, 1; B) =
0or diy + X0 = Vo (di + X)) 15 B) € Q. Since d¥7 + XP | € Qyq, in both cases
we obtain dfy + X7, — Vour(diy + X2,03B) € Qu. Thus iy = (dify + X0y, —
Vo1 (d¥7, + XV 13 B))T € Q. This completes the proof by induction. O

Proof of Corollary 1. We first show that the limit in the corollary corresponds to the
long-term average costs of a finite-state, finite-action SDP. We distinguish between de-
parture states and port states: Departure states are identified by the delay d9? and the
port p[n] and correspond to the moment of departure. Port states are identified by the
delay d¥" + X? after incurring port delay and the port p[n]. (States depend only on p[n],

and not on n.)

For the extreme action, we impose the additional restriction that -, > d&""+X? — ;TZ]“
This does not affect Cffglp‘+1(df6p; B), because v, < di/" + X[ — djer cannot be optimal

since Dy, (d) — c°d is monotonically increasing for all d > d;’fg]”” by Assumption 5. We thus
have 0 < ddeP < dyiny < 00, since early departure is not allowed. Also, di""+X7 > di'™ >0
since early arrival is not allowed and d277, + XP | < (d9P + 7, — By + X3)T + X2, <

max u s,max p,max
dpied’ + o) T Xpfn) T Xppara)

addition, only delays in @, occur by Lemma 8, and we will thus restrict the delays to

this set without affecting Cﬁglmﬂ(dfe”; B).

For the actions, we have 0 < 7, < T;j[n] by assumption. Since ¢© > 0, it can never be

< 00. Thus, delays are bounded below and above. In

optimal for 7, to exceed d¥" + X? (for which we already found an upper bound), and
Y > 0 by assumption. Thus actions can be bounded above and below. As a consequence

of Lemma 8, we may impose that actions are in @), for some p € P without affecting
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Cffg‘PHl(d‘lie”;B). This, together with boundedness of the actions, implies that only a

finite number of actions need to be considered for each state.

dep
1,R|P|+1

R rounds, when starting with departure in port 1 and ending with arrival in port 1. Dur-
ing these R rounds, a total of 2R|P| states are visited, and thus Cffg‘PHl(d(llep; B)/(2R|P|)
corresponds to the optimal average costs per state over the next 2R|P| states in a Markov
Decision Problem (MDP), when starting with departure in port 1. This MDP has finitely

many states and actions, by the above discussion. This implies that there exists a sta-

Furthermore, C (dffe”; B) corresponds to the optimal expected costs incurred over

tionary deterministic policy that is average cost optimal (Bertsekas 2007, Prop. 4.1.3,
Prop 4.1.7), proving the second claim of the corollary. Moreover, this implies that
I%EI;OC?ZI?)IPHl(deP;B) /(2R|P]) exists in R for all d{? € {zl|z € Z} (Bertsekas 2007,
Prop. 4.1.2, Prop. 4.1.3). Thus, the limit 1%520 Cfflg‘P‘+l(df6p; B)/R also exists in R for all
di? € {zl|z € Z}. (Note that di € {zl|z € Z} by Assumption 4.)

We next prove that I%ijlgonfg‘P‘+l(df6p;B)/R is independent of di? € {zl|z € Z}.
Thereto, we will prove that the weak accessibility condition holds, which states that the
set of states can be partitioned into two subsets S; and S, such that the following holds: 1)
States s € Sy are transient under every stationary policy. 2) For every two states s, s’ € Sa,
state s’ is accessible from state s (Bertsekas 2007, pl199). A state s’ is accessible from
state s if there exists a stationary policy such that the probability of entering state s in
a finite number of transitions starting from state s is strictly positive (Bertsekas 2007,
p199).

Note that if s’ is accessible from s and s” is accessible from s’, then s” is accessible from
s. Indeed, there must exist a sequence of states starting at s, going to s’ and finally to s”,
and if we take the right actions in all these states, there is a positive probability that this
sequence occurs when we start at s. Should this sequence contain multiple visits to the
same state (with different prescribed actions), then removing the loops yields a sequence
from s to s” that visits all states only once. For this latter sequence, a policy exists such
that the sequence happens with positive probability when starting at s, showing that s”
is accessible from s.

Fix some port p = p[n]. Note that the state sy representing dz‘ffl’] = 0 is accessible from
all states, by any policy that sets v, = d;ﬁ] -+ X?. Hence, it remains to show that if a
state s is recurrent under some policy, then s is accessible from sg.

Assume X0 and X are chosen such that P(X;; = X)) > 0 and P(XE =
X,p") > 0. Moreover, assume that B < ZL}jl(T: + Xpmax 4 Xomax) (The degenerate
alternative B > Z‘pill(ﬁj + Xpmax 4 X5maX) is ignored because trivially optimal solutions

B with B, > X"\* + 72 + X3, for p € P are feasible for this case.)
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We show that there exists a port p for which the arrival delay dj'" + XP > d7e¢ is
accessible from sg. Take a stationary policy II which takes minimal action, i.e. it sets
Vn 7y = 7 and vy, = 0 while &7 + X < d70¢. While v = 0, there is a strictly positive
probability that the additional delay incurred in a round tour equals ZL@I(T; + XPme 4
Xpm®) — B > 0 (when we incur the maximum possible delay in each port and sea leg).
Thus, possibly after multiple rounds, with positive probability we reach a port call n’
for which dypr, + XP, > o~ From this state, any delay state for def,] is accessible, by
choosing v, appropriately.

Take a state sy € Sy that is recurrent under a certain policy II'. A state corresponding
to dZ‘[Z’,] = d for some d is visited every round, and if s is not accessible from such a state,
then sy cannot be recurrent. Thus s, is accessible from a state dszl’,] = d for some d, say
state s’. But we just showed that s is accessible from sg, and thus s, is also accessible from
So- So, states that are recurrent under a policy communicate with so. This proves Weak
Accessibility for our model, and thus that the long run average costs are independent of

the starting state di” (Bertsekas 2007, p199, Prop 4.2.3). O

Proof of Theorem 9. In a finite horizon, the sequence of random variables
X =(Xy,..., Xoyo) = (X7, X5, X5, ., XR oy, Xy, X7)
yields a sequence of states and a sequence of actions:
(81, .., 8an_2) = (diP 9" + XE diP ... d%", + X% _ |, dwP, d%" + X% ),

(a1, .. ~7a2N—2) = (717727727 ce 7'7N—177_N—17'7N)~

These latter sequences may depend on B’, the policy ﬁé,, and the random sequence X.

By Lemma 8 and the notation following that lemma, Vi € {1,...,2N — 2}, the state
in period 4 can be expressed as s; = Sppj,upi[2i: P[] B’] Since the port sequence is fixed,
and arrivals and departures alternate, p[i] and ul[i] are independent of B’ and the policy.
We will show that under 1:[3,, the variables z; € Z and p'[i] € P are independent of B’, as
long as B’ € A(B). That means that for a fixed random sequence X, the delay in state
i can be expressed as d = zl + Bp'[i] — Bp[z‘]: and that z;, p/[i] and p[i] are independent of
B’, as long as B’ € A(B) and as long as we use the policy f[[;,.

The proof is by induction in i. For ¢ = 1, dfﬁp = z[ by Assumption 4. Setting
$1 = Spijdepl?; p[1]; B'] yields this delay for all B’ € A(B), which implies independence

for i« = 1. The induction step will be proved separately for odd, and for even .
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First assume the statement holds for some odd 4 (which corresponds to a departure
delay for some port call n). Let s; = Spp) depl2, P; B’], which corresponds to departing from
port p[n] with delay d?P = 2l + BZ’, - B;[n]. Assume 1% (Sp(n) dep[2, P; B]) = ap[z’,p’;g].
Note that an action of this form must be optimal since d9°P+7T,,(d%?; B) € Q,, by Lemma 8.
Thus a; = [ (s;) = a,]2,p'; B'] is the action taken under II5,. Note that 2z’ and p/ are
independent of B’ by induction hypothesis, and by construction of ﬁB,. Write X = [2°
and X!, = 127, where 2% 2P € Z by Assumption 4. Note that a; denotes 7, = 2/l +
B’ B’ Thus action a; in state s; yields d% + 7, = (2 + 2/)l + B;, — B;[n]. By
definition of the cumulative buffers B’ it holds that Bp[n] + B ] = B;/)[n+1] + 2, with
2, == B/l € Z if pln+1] = 1 and z, = 0 otherwise. Thus, d% + 7, — Bl + X5 =
(242 +2°)l+ By, (B,’,[n]JrB;[n]) (z+2+2°+2,)l+ B, Bp[n+1 =Zl+ DBy, B’[nﬂ]
for some Z € Z. Thus d2/, = (2l + B B’[n+1])+. We now distinguish two cases: 1)

il+B ’_Bp[n+1] < 0and 2) zl+B /—B (n+1 > 0. For Case 1, we have Bp[nH] —Bp: > Zl,

which implies that {( pink1] — )/ZJ I > 21, and thus, by B’ € A(B), that B’ ]—Bz’], >
Zl. Hence, doyy + X0, = (Bl + By — Bl )t + 128 = 122 = I2P + Bp[n+1 — Bl
which 1mp11es Si+1 = SP[71+1]vPOrt[z//7p//7B/] with z” = 2P and p = p[n+ } For Case

2, we have By, 1] — By < 21, and thus ’V(Bp[n+1] - Bp/)/l—‘ I < Zzl which implies (since
B’ € A(B)) that By, — B), < Zl. Thus dy, + X2, = 2l + By — Bl + 2"l =
(24 2P) + Bp, Bp[nﬂ]7 implying siy1 = Spjnsi)port[2”, 0" B'] with 2 = Z + 27 and
p”" =p'. Note that Z = z + 2’ + 2° + 2, is independent of B’ by induction hypothesis, and
thus case checking is independent of B (It is thus essential that B can be used for case
checking.) Hence, 2" and p” are independent of B', which proves the result for i + 1.
Now assume the result holds for some even i’ (which corresponds to a port delay
for some port call n). We will reuse some notation. Let siy = s, port[2, P /]., which
corresponds to being in port p[n] with delay d¥" + XP = 2] + B]; - Bp[n].
IT% (8pin) port [2, 25 B]) = a,[2’, p'; B]. Note that an action of this form must be optimal by

Assume

Lemma 8. Let ay = ﬂé/(Si) = a,l?,1; B’], and note that 2’ and p' are independent of B’
by induction hypothesis. We find d%? = (d%" + XP + ~,)*. We have d¥" + XP + ~, =
(sl + B, = By, + (1 + By, — By) = 2l + By, — By, :
between two cases: 1) Zl + By — By,) < 0 and 2) 2l + Bp/ — By > 0. For the first case,
we obtain in a similar fashion as before that z[ + [31’,, - B;[n] < 0. Thus d%? = 0, which
implies S 11 = Spjnjep[2”, P”; B'] with p” = p[n] and 2" = 0. For the second case, we obtain
ZZ+B;, 732’7[”] > 0 and thus d%? = ZlJrB;, fB;[n] implying sy11 = Spp)depl2” D" B’] with
p" =p' and 2" = Z. Note that 2 is independent of B’, thus so is the case checking. Thus

where Z = 2z + 2’ € Z. Distinguish

p” and z” are independent of B’, which proves the statement for i’ + 1. This completes

the proof by induction.
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Thus for all B’ € A(B) under f[g,, for each sequence X, there are 2,2’ € Z,p,p' € P
such that:
A% = 21+ B, — B;[n], 7. =21+ B, — B,

Here 2,2/ € Z,p,p’ € P are independent of B”, provided policy ﬁg, is used. It follows

that Ddffl’](dd‘fp) for the sequence X under Tl is affine in B’. Indeed, when p # p[n]
since l[( — p[n])/lJ < (B’]’) - B;)[n]) <1 [(Bp — Ep[n])/l-‘ and since the delay costs
dep

p[n] (d%°P) are piecewise linear with breakpoints at zI for z € Z by Assumption 4, there

exist constants ¢; and ¢y such that Dzﬁtp](zl +B, - B;[ ) =catell+ Bl - B’ o) for all
B’ € A(B), which is affine in B’. When p = p[n], we have D% (d%r) = Ddcl’(zl) which

. »ln] pln]
is independent of B’, and hence, affine. For the sailing costs Fpp(7,), if p # p/, we have
l L(Bp/ — Bp)/lJ < (B;,—B’) <l [( )/l—‘ Thus, since 7, = 2'I4 B,y — B, is feasible

for B, T =21+ leﬂ — Bz/) is also feasible for B’. Moreover, since Fpin)(Tn) is piecewise
linear function with breakpoints at 2l for z € Z by Assumption 4, F,p, (2l + B]’j, — B;)
is affine in B’ for all B' € A(B). In a very similar fashion it can be shown that, for the
sequence X under 1:[3,, the arrival delay ’DZ[T; (d2™), and the costs of the extreme action
“vp, are affine in B’. Because this holds for all n, the total costs incurred over the periods
{1,...,N = R|P| + 1} for the sequence X under I, are affine in B' € A(B).

The total ezpected costs under ﬁi;' over the periods {1,...,N = R|P| + 1} are the
expectation of the costs for each sequence over all sequences, and they are affine in B
because taking a linear combination over affine functions yields an affine function. The
average expected costs é(B’) under ﬁé, are obtained by dividing the total costs incurred
over {1,...,N = R|P|+ 1} by R, taking the limit R — oo. This limit exists in R for all
B’ since it corresponds to the average costs of a stationary policy in a finite-state Markov
Process (see the proof of Corollary 1). Moreover, ﬂé, is affine in B”, since the limit of
functions that are affine in B’ is affine in B, provided the limit exists for each B’. This
establishes the existence of gy and g = (g1,...,g,p) such that VB’ € A(B) : C(B') =
9o+ Y pep 9By ) o

We now show that g must be a subgradient at B. For some arbitrary B” € B, let
B(z) = B+x(B" - B). We have C*(B(0)) = C*(B), and C*(B) = C(B) = 9o+ pep 9,8,
because II; is optimal for B by construction. Because B is completely fractional, there
is some € > 0 such that B(—¢) = B — ¢(B” — B) € A(B). Thus ﬁB(*é) is feasible for
B(~e), and we obtain C*(B(—€)) < C(B(=€)) = g0+ yep 9B~y = o+ Syep 90l B
€(B) — Bp)| =C*(B) —€>_,cp 9p(B, — Bp). Now, by Theorem 5 and Corollary 1, C*(B)
is convex in B € B, and since B is obtained by an affine transformation of B, C*(
convex in B € B. Thus C*(B(x)) is convex in x, which implies that (1 + €)C*(B(0)

is

)
) <
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C*(B(~¢)) + C*(B(1)). Thus eC*(B") = C*(B(1)) 2 (1 + €)C*(B(0)) — C*(B(~¢)) =
(1+€)C*(B)— [c*(f? e Cper 9,(Bl — B )] [c*(é) + 3 (Bl — Bp)] Thus we
find VB” € B : C*(B") > C*(B) + > pep gp(Bl — B,), which is precisely the subgradient
inequality. Thus g is a subgradient at B.

Additionally, for any B’ € A(B), we know that C*(B') < C(B') since I, is a feasible
policy for B'. But C(B') = go + 3. ,cp 9B, = C(B) + X_,cp9p(B) — B,) < C*(B),
where the second equality follows because C*(B) = go + ZpeP gp By, and the inequality is
the subgradient inequality at B that we just proved. Combining these inequalities yields

VB’ € A(B) : C*(B') = C(B'). completing the proof. O

Proof of Corollary 2. Let B be completely fractional and let g denote the subgradient
from Theorem 9. For arbitrary B” € B, we obtain the subgradient inequality at B’ €
A(B):
C(B) > € (B)+ Y ay(By - B) = C(B) + Syl B— B)
peP peP

Here, the inequality holds because g is a subgradient at B, and the equality because
C*(B') = C(B') = C*(B) + Zpepgp(B — B,) for B' € A(B) by Theorem 9. But the
subgradient inequality for g at B’ shows that g is a subgradient at B’. O

Proof of Lemma 10. Let B = (B, .. .7B|p‘) be completely fractional, and B’ € A(B).
Write B, = I(2, + x,), with 2, € {0,1,...,25 — 1} and 0 < x, < 1. (Setting z, = 1
is never required because 0 < Ep < B since B is completely fractional.) Note that by
definition B, = B} = 0, and that | B,/l] = z,. Hence, the constraints in (5.17) concerning
p = 1 simplify to: Vp' € P :lzy < Bz’), < lzy + 1. Thus for p € P there 3z;, € [0, 1] such
that B; =1l(zp +7,).

Let f : P — P be the unique permutation of P such that p’ > p — 2spy > 2,
and let £~ denote its inverse. Uniqueness follows because Vp,p’ € P with p # p' it holds
that x, # x,, since 2, = x, would contradict that B is completely fractional. Thus
7Y) > [~ (p) if and only if z,; > x,. We find:

l {(Bp’ - Ep) /ZJ =1z +ay — (% + )]
=1z — 2+ ay — ]
Uz — 2p) if f74(p') >
Wzy —2,) — 1 if f7HP) <

Note that BI’,,—BE; = l(2y — 2+, —),). Thus the condition (B, — B,)/l] < BI’),—B;, <
I|(By — By)/l| 41 for p,p' € P that is part of the definition of A(B) in (5.17) is equivalent
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/ /.

to the following condition on zj, z7,:
0<a, —a, <1 iffrp)>fp
el e (520
1<z, —12,<0 it [ (") < [ (p).

Thus, for any i,¢' € {1,...,|P|} with ¢ > 4, substituting p’ = f(¢’) and p = f(i) in (5.24)

yields @',y — @y > 0since f~H(f (i) > f71(f(i)). Thus 2y < @l < oo < @)y
Conversely, assume 0 < x}(l) < x}(g) < ... < x/f(\PI) < 1. Then (5.24) is satisfied,

since Vp € P : 0 < 2, < 1 implies that —1 < 2,y — 2, < 1, and the other inequalities of

(5.24) follow by reversing the above argument. O

Lemma 12. For any completely fractional B', A(B') is the conver hull of {Bi|i €
{1,...,|P|}}, with B* as defined in Section 5.5.2.

Proof of Lemma 12. Temma 10 provides an alternative formulation of A(B). Hence,
the extreme points induced by 0 < zpq) < 252y < ... < zppp) < 1 are the extreme
points of A(B). Tt is easy to verify that the extreme points are exactly given by B’ for
i€ {l,...,|P|}. Namely, each extreme point will have z, =0 or 2, = 1 for 1 < p < |P|.
Furthermore, the ordering induced by the bijection f ensures that x, = 1 can only be
valid if 2,y = 1 for all p such that f(p’) > f(p). Since 0 < zpy < wpo) < ... < wpppy < 1
only contains linear inequalities, the feasible region is a polyhedron. This polyhedron is
clearly bounded. Combining this with the fact that the extreme points of the polyhedron
are B, i € {1,...,|P|}, the convex hull of {B'li € {1,...,|P|} must equal A(B). O






Chapter 6
Summary and conclusions

This dissertation provides methods for designing and improving liner shipping networks.
Liner shipping routes are cyclic, meaning that the first and last port of a route are the
same. Furthermore, routes are usually serviced once a week, such that the duration of a
route determines the number of ships needed on the route. Different vessel types exist, but
not every vessel may be able to enter each port because of draft restrictions. Each vessel
type has a feasible speed range, hence each vessel should sail with a speed in between a
minimum and a maximum speed. The executed speed has a large influence on the route
costs, since bunker consumption is usually convex in the speed. Some of these aspects
are very typical for liner shipping and all of them should be taken into account when
designing the route network.

In Chapters 2 and 3, methods are proposed to design networks satisfying the above
properties. Since this problem is very complex, the ports are first clustered to obtain
smaller problem instances. The route network is split into two parts: a main network
on which the most important ports are visited and a feeder network used to transport
containers from the most important ports to the other ports in the cluster. Chapter 2
makes use of a genetic algorithm based method to generate the routes on the main network,
while Chapter 3 uses an iterative MIP based approach. Both chapters show that our
methods provide networks that yield higher profits than existing networks. In Chapter 3
we use benchmark datasets from the literature and compare our results with the current
best results known. Although, our networks are constrained to satisfy a hub-and-feeder
structure, we are still able to generate networks with more than 25% higher profits than
the current best networks for the Europe-Asia instance of the benchmark data.

Chapters 4 and 5 consider a problem in which the routes and frequency are already
determined. Hence, the order and duration of the route is already fixed. In these chapters

we study the effect of small disturbances incurred during the execution of the route. In
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general, disruptions can be handled in two ways: additional time (buffer) can be added
to the schedule during the construction of the timetable in order to prevent delays and
recovery actions can be performed during the execution of the timetable in order to
recover from the incurred delay. However, during the timetable construction phase, the
exact delays to be incurred during the execution of the route are unknown, while the
timetable cannot be changed anymore in order to prevent delays as soon as it is published
and the ship starts sailing the route. Hence, simultaneously determining the buffer time to
be allocated to each sea leg and the recovery action to be taken when delays are incurred
during execution of the route is a complex problem.

In Chapter 4 we provide a mixed integer programming formulation for this problem.
Because this MIP model will take a long time to solve in many instances, we also provide
several heuristics to solve the problem. The heuristics all use the observation that the
problem to determine optimal recovery actions given a certain buffer time allocation can
be formulated as a Markov decision process and hence be determined efficiently. The
heuristics either start without any buffer allocated and iteratively add one unit of buffer
in a greedy way, or start with an initial feasible buffer allocation and iteratively exchange
units of buffer between two ports. Chapter 4 shows that the heuristics provide results
that are close to (and often even equal to or better than) the best solution found solving
the MIP model with a time limit of one hour. In most instances, increasing the sailing
speed is the only recovery action available, but we also find results for instances where
some ports might be skipped in order to gain time. Because the state space of the Markov
decision processes is much larger than the state space without this possibility, the MDP
can become quite difficult to solve. This results in long computational times for some of
the heuristics, since they rely on repeatedly solving multiple of these MDPs. However,
heuristics using the value function of the MDP to estimate the gain of a change in the
buffer allocation are fast and provide good results.

Finally, in Chapter 5 we consider the same problem but under the assumption that
all cost functions are convex. This eliminates the action to skip a port, leaving only the
option to change the sailing speed. In this chapter, we prove some important theoret-
ical properties of the problem. The most important result is the convexity of the cost
function in the buffer allocation. Although it follows directly from the convexity result
that subgradients can be used to find an optimal solution, it is not directly apparent for
this problem how subgradients can be obtained. We provide an extensive analysis of the
problem and explain a procedure to find the subgradients. Using these subgradients, we

are able to provide an efficient exact solution algorithm.
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Nederlandse Samenvatting

(Summary in Dutch)

In dit proefschrift bestuderen we twee optimalisatieproblemen voor containerlijnschepen.
Het eerste optimalisatieprobleem dat we bestuderen is het ontwerpen van een routenetwerk
voor lijnschepen. Lijnscheepsnetwerken moeten voldoen aan een aantal specifieke as-
pecten, die we nu zullen bespreken. Lijnschepen varen cyclische routes; de eerste haven
van een route gelijk is aan de laatste haven van die route. Over het algemeen wordt
iedere haven op de route wekelijks op dezelfde dag bezocht, waardoor het aantal ben-
odigde schepen op een route gelijk is aan de duur van de route in weken. Verder zijn er
verschillende typen lijnschepen beschikbaar, maar niet ieder type schip is geschikt voor
iedere route. De diepgang van een schip kan bijvoorbeeld groter zijn dan de diepgang in
de haven, waardoor het schip de haven niet binnen kan varen. De schepen hebben ook
allemaal een minimale en maximale snelheid waarmee gevaren kan worden. De snelheid
heeft een groot effect op het brandstofverbruik, aangezien dit verbruik over het algemeen
convex is in de snelheid. Onze resultaten laten een stijging in de winst van meer dan 20%
zien in vergelijking met de netwerken in de huidige literatuur.

In het tweede optimalisatieprobleem in dit proefschrift bekijken we een gegeven route
uit een scheepsnetwerk. De volgorde waarin de havens bezocht worden op deze route en
de duur van de route staan al vast, maar de exacte aankomst- en vertrektijden in iedere
haven mogen nog aangepast worden. Als schepen daadwerkelijk gaan varen op deze route,
kunnen ze vertraging oplopen door allerlei onverwachte gebeurtenissen. Rederijen kunnen
deze vertragingen proberen te beperken door extra tijd in te plannen om van de ene haven
naar de andere te varen of door het schip harder te laten varen. In het tweede deel van
dit proefschrift bepalen we zowel de aankomst- en vertrektijden voor iedere haven als de
snelheid waarmee een schip moet gaan varen bij een gegeven vertraging in een bepaalde
haven op zo'n manier dat de kosten van de rederij zo laag mogelijk zijn. We introduceren

een exact en efficient oplossingsalgoritme voor convexe kostenstructuren.
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NETWORK DESIGN AND ROBUST SCHEDULING IN LINER SHIPPING

Liner ships sail according to a published timetable specifying the arrival and departure
times in ports. Liner shipping networks consist of cyclic routes that are usually serviced
once a week. In this way, customers know when they can pick up or deliver their contai-
ners to a port. Each route in the network is sailed using one or more ships with possibly
different capacities. The network is used to satisfy the given container demand between
ports. Liner companies obtain a revenue for each container that they transport between two
ports. Furthermore, they incur costs for operating the network: fixed ship costs, bunker
costs, (un)loading and transshipment costs and lost sales costs. The first part of this thesis
proposes methods to design liner networks that maximize profit for the liner companies.

Ships will incur delays when executing a route, resulting in uncertain arrival and
departure times. Delayed arrivals can be very costly for liner companies, hence they want
their schedules to be reliable. The reliability of a route can be increased by including buffer
time in the route, which can be used to capture a delay without incurring delay costs.
Furthermore, ships can reduce delays by speeding up, which brings about additional costs.
The second part of this thesis proposes methods to minimize total costs by reallocating
buffer times and determining recovery policies specifying how to react on incurred delays.
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