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Chapter 1
Introduction

Situated at the heart of global trade, liner shipping networks transported over 1.5
billion tons of containerized cargo on over 5,000 seagoing container vessels in
2013 [156]. The world is becoming more and more connected through liner shipping
networks. Indeed, according to the liner shipping connectivity index [69, 156], the
average connectivity between nations has risen over 43 % between 2004 and 2013
alone. Container shipment volumes have also been steadily increasing ever since
the container’s invention in the 1950s [98, 156], despite a short period of decline in
2009. In fact, year-over-year global container throughput growth has been around
10 % for nearly two decades [65] with few exceptions. These trends show no signs
of stopping as liner shipping continues to be responsible for more and more world
trade [156].

Liner shipping networks consist of regularly scheduled, cyclical routes between
ports. Some routes are short, visiting only several ports in a confined area such as the
North Sea, while other routes span the entire globe. Figure 1.1 illustrates a service
from Seago Line’s 2014 network in the Mediterranean Sea. A defining feature of
liner shipping compared to other forms of shipping, such as tramp shipping, is its
periodicity. Liner routes have published schedules in which ports are visited at a
regular frequency (e.g., weekly or bi-weekly).

Shipping lines primarily transport containers, which are steel boxes of one of
several standardized dimensions that are filled with goods for shipment. All manner
of cargo is carried over the seas, including everything from household goods to
heavy machinery and even perishables like fruit and meat. Containers offer shippers
security for their cargo as well as specialized features for cargo that needs to be
cooled or cared for along its journey.

As the use of containers has increased, so too has the challenge of getting con-
tainers to their destinations on time and on budget. Modern shipping lines have
networks that span the entire globe and use hundreds of container ships to move mil-
lions of containers. The liner carrier Maersk Line, for example, had enough capacity
in 2014 on its ships to handle over 2.8 million 20-foot containers at a single given
time [4]. Furthermore, the liner shipping market is competitive in many areas of

© Springer International Publishing Switzerland 2015 1
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Fos-sur-Mer, France

Valencia, Spain
Mersin, Turke
Algeciras, Spain ersin, Turkey

Port Tangier, Morocco

Alexandria, Egypt

Fig. 1.1: The weekly Mediterranean Sea service offered by Seago Line in 2014 [131]

the world, requiring carriers to make their operations as efficient as possible to stay
in business. In order to deal with the complexity and scale of the challenges they
are facing, shipping lines are increasingly turning to algorithmic approaches and
decision support systems that assist their employees in making difficult decisions.
However, systems performing optimization of a cost or revenue based objective are
still rare in the liner shipping industry. Indeed, the same aspects of such combina-
torial problems that make them difficult for humans to solve also make them hard
for computers to solve. Recent progress from computer scientists and operations re-
searchers into liner shipping optimization has begun to make solving such problems
possible, allowing a new generation of systems to emerge.

The research community has identified and modeled several well-known opti-
mization problems that attempt to alleviate the challenges that the liner shipping
industry faces (see, e.g., [26, 27]). At the strategic level, shipping lines must cre-
ate the routes in their network to satisfy their customers’ demands, a problem that
despite a number of years of research is still too difficult to solve for most realistic
sized problems [5, 121]. At the tactical level, container ships are assigned to services
in an existing shipping network in order to minimize the sailing costs while keeping
customer’s demands in consideration [119]. And, finally, at the operational level,
shipping lines must determine vessels’ sailing speeds [43, 161], which vessels carry
which containers, where to stow containers on vessels, and manage disruptions [20].

Through our collaboration with Maersk Line, currently the world’s largest con-
tainer shipping line [4], we found that a key operational problem has not yet been
addressed in the liner shipping literature. Liner shipping networks are regularly ad-
justed in order to handle fluctuations in seasonal demand, as well as to adjust the net-
work to changing macroeconomic conditions. These adjustments can involve adding
new routes to the network, removing unprofitable routes, or expanding/contracting
existing routes. Container ships must be repositioned within the network to facili-
tate these changes. Repositioning involves sailing vessels between routes in a liner
shipping network in order to minimize sailing costs, port fees, and disruptions to
container flows. During repositioning, ships may undertake a number of cost saving
activities, such as bringing empty containers to places where they are needed or
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temporarily taking over operations on existing services. This problem is sometimes
known in industry parlance as the phase-in/phase-out problem, which refers to the
process of removing and inserting a repositioning vessel into normal operations,
respectively.

Repositioning a ship can cost upwards of a million US dollars, and hundreds
of ships are repositioned each year by the world’s shipping lines. Finding plans
of activities that minimize the cost of repositioning, while avoiding the disruption
of cargo flows in the network, has the potential to save shipping lines significant
amounts of money. Currently, ship repositioning plans are created by hand by em-
ployees of shipping lines. Furthermore, since one of the main cost components of
repositioning ships is bunker fuel, optimizing vessel activities can also help ship-
ping lines reduce their CO; output and become more sustainable. This monograph
considers the following core question:

Can an algorithm be developed to create real-world realizable liner shipping fleet reposi-
tioning plans within a reasonable amount of CPU time?

Fleet repositioning involves a number of side constraints. We aim to model key
constraints that determine a plan’s real-world feasibility, such as constraints on the
sailing speed and capacity of ships, and ensure that the routes determined for ships
adhere to a number of liner shipping specific constraints. Our goal is to generate
repositioning plans in under an hour in order to allow repositioning coordinators to
use our algorithms in an interactive fashion in a decision support system. Since even
a small improvement in the objective function can translate to tens of thousands of
dollars in cost savings or increased revenue, our algorithms should find repositioning
plans that are within a few percent of the optimal solution.

We show that fleet repositioning problems can be solved in many cases to
optimality with or without cargo flows on a dataset based on real-world data from
our industrial collaborator. In addition, we compare our solution approaches for
fleet repositioning to a real world scenario from Maersk Line in 2011. Our solution
methods are able to find a repositioning plan with a profit of $32.1 million,! which
is roughly $14 million higher than the profit of the actual repositioning that was
carried out by Maersk Line.

1.1 Approach and Contributions

We approach fleet repositioning problems from a variety of perspectives, both in
terms of what level of abstraction we take in our models, as well as in the solution
procedures used to generate repositioning plans. We call the general problem of
repositioning the liner shipping fleet repositioning problem (LSFRP). We model
this problem with and without cargo flows, which represents two different views

I All monetary units in this monograph are US dollars.
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of operational goals for a shipping line. We test both of these models on datasets
based on real scenarios from our industrial collaborator and crafted scenarios using
industrial data.

We first model the problem without cargo flows in order to focus on minimiz-
ing the cost of the activities chosen during repositioning, and call this problem the
no-cargo LSFRP (NCLSFRP). This problem has a number of simplifications of the
overall problem with cargo flows that we present in detail in Chap. 5. A number of
activities, such as sailing a vessel, have time-dependent task costs, i.e., the cost of
performing an activity is dependent on the action duration. The NCLSFRP is dif-
ficult to solve due to these costs as well as because of the interactions of vessels
in choosing which activities each vessel should perform. Since the problem con-
tains both scheduling and routing components, it is not clear a priori which types of
solution method will solve it most effectively.

We present four different solution approaches and describe the trade-offs between
them, starting with an automated planning model using the planning domain defi-
nition language (PDDL). Since existing automated planning techniques have dif-
ficulties with time-dependent task costs, we introduce a novel planning technique
called linear temporal optimization planning (LTOP), which combines the well-
known partial-order planning paradigm with linear programming. We model the
NCLSFRP in the LTOP framework and show that planning and optimization need
not be mutually exclusive endeavors. We also provide a mixed-integer programming
(MIP) model and constraint programming (CP) model of the NCLSFRP, showing
that while the MIP has a difficult time with the scheduling aspects of the problem,
CP is able to outperform all other approaches, albeit with the least extensible model.
Our PDDL, LTOP and MIP models were first published in [150], and our CP model
in [88].

We then move to a model of the LSFRP with cargo and equipment flows. In addi-
tion to the challenge of optimizing activities with time-dependent task costs, we in-
corporate a multi-commodity flow problem to handle cargo and equipment. We also
include a more realistic view of certain problem activities than in the NCLSFRP.
We create a graph based representation of the problem that includes a number of
key problem constraints and activities, such as sail-on-service opportunities, within
the graph itself. We use this graph in all of our solution methods for the LSFRP with
cargo and equipment flows.

We first model the problem as a MIP using an arc flow formulation and show that,
while small instances can be solved to optimality, larger instances prove challenging
for the MIP. We also introduce a node flow model for a special case of the LSFRP in
which all activities have a fixed start and end time. On those instances that conform
to this simplification of the LSFRP, we are able to find optimal solutions to nearly
every instance in our dataset, including several instances that the arc flow model
cannot solve.

Furthermore, we introduce a path based model which is solved using a column
generation procedure. This approach solves even more problems that neither the arc
flow or node flow models can solve. This model iterates between a master prob-
lem which selects vessel paths through the graph, and a sub problem that generates
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paths. Since column generation can only be used for solving linear programs (rather
than mixed-integer programs), the path based model is only guaranteed, from a the-
oretical perspective, to find a lower bound to the overall LSFRP. However, our path
based model finds solutions with integer values for 95 % of our dataset, meaning it
finds the optimal solution.

Finally, we also introduce two heuristic approaches based off of simulated an-
nealing (SA) [90] and late acceptance hill climbing (LAHC) [21], respectively. Al-
though our heuristic approaches are not always able to find optimal solutions, they
are effective at providing good solutions quickly. We presented our work on the arc
flow model of the LSFRP in [152], the node flow model in [153], and on solving the
LSFRP with heuristics in [148] and [147].

The contributions of this monograph are as follows:

. A planning model of the NCLSFRP.

. A formalism of temporal optimization planning and its linear instantiation, linear
temporal optimization planning.

. A linear temporal optimization planning model of the NCLSFRP.

. A mixed-integer programming model of the NCLSFRP.

. A constraint programming model of the NCLSFRP.

. A graph construction and arc flow mixed-integer programming model of the LS-
FRP with cargo flows.

7. A simulated annealing and late acceptance hill climbing approach to the LSFRP

with cargo flows.
8. A node flow mixed-integer programming model of a specialized version of the
LSFRP with cargo flows.

N —

AN L AW

We therefore answer the core question of this monograph with “yes”; that is, an
algorithm can be developed to create liner shipping fleet repositioning plans for a
decision support system within a reasonable amount of CPU time.

1.2 Outline

The outline of this monograph is as follows.

Chapter 2 We provide background on containerized shipping both at sea and on
land. We describe the components relevant to fleet repositioning, inter-terminal
transportation and the capacitated k-shift problem, including liner shipping net-
works, container ships, and port operations.

Chapter 3  In this chapter, we describe liner shipping fleet repositioning in detail.
We introduce all of the cost saving (and revenue earning) activities present in
fleet repositioning, as well as describe a case study performed with our industrial
collaborator.

Chapter 4 We provide background information for the several different solu-
tion approaches used in this monograph, including automated planning, mixed-
integer programming and constraint programming.



6 1 Introduction

Chapter 5 We model and solve a simplification of fleet repositioning that ignores
cargo flows, but focuses on other difficult aspects of the problem, such as time-
dependent task costs. We use automated planning, an automated planning and
linear programming hybrid called linear temporal optimization planning, mixed-
integer programming and constraint programming to find optimal solutions on a
dataset of instances modeled on a real repositioning scenario.

Chapter 6  This chapter examines the LSFRP including cargo and equipment flows
using a specialized graph. We solve the problem by formulating models based on
an arc flow, path generation, and a node flow. In addition, we present two heuristic
solution approaches, simulated annealing and late acceptance hill climbing, in
order to solve problems that are too large for the optimal approaches.



Chapter 2
Containerized Shipping

Before Malcolm McLean invented the shipping container in 1956, transporting
cargo by sea was a long and arduous process. Longshoremen unloaded trucks and
trains and packed ships full of boxes and bags of goods, and then unloaded them
again at their destination, a process that could take several days for just one ship.
Shipping goods was not only expensive, but cargo often had a tendency to go miss-
ing or be damaged along the way to its destination [37, 98]. Containers, which are
large steel boxes in which goods are placed, revolutionized seaborne trade, allow-
ing cargo to be securely, safely and quickly handled and transported to destinations
around the world. With containers, cargo can be quickly transferred not only to
and from ships, but also between various modes of transportation, such as between
trains, trucks and ships. Containers have significantly lowered the costs of maritime
trade, and costs continue to decline with the increasing size and efficiency of seago-
ing vessels [156].

Liner shipping encompasses most of the world’s seaborne containerized shipping,
in which specially built seagoing vessels carry thousands or even tens of thousands
of containers on a regular schedule between ports. The “liner” in liner shipping
refers to the way vessels follow one another in a line-like fashion along a route.
The fixed schedule of liner shipping is a key selling point for the liner shipping in-
dustry, and is what differentiates it from tramp or industrial shipping. A common
analogy to understand the difference between liner shipping and tramp shipping is
that the regular schedule of liner shipping is similar to that of a bus or rail network,
except the periodicity is generally weekly, rather than every few minutes or hours.
In contrast, in tramp shipping vessels act more like taxis, carrying cargo without
a fixed schedule or route [28, 124]. In both tramp and liner shipping, the goal of
shipping firms is to maximize their profit, whereas in industrial shipping the goal is
to minimize costs.

Liner shipping has been growing steadily since its inception, with a small pull-
back during the economic crisis of 2008-2009 (see Fig.2.1). The liner shipping
industry was responsible for carrying roughly 60 % of global seaborne trade in 2007,
and is credited with providing 13.5 million direct and related jobs [73]. Numerous

© Springer International Publishing Switzerland 2015 7
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8 2 Containerized Shipping

liner carriers compete for customers’ cargo, with the top three carriers accounting
for almost 40 % of the total vessel (owned and chartered) capacity in 2014 according
to Alphaliner [4]. There are over 100 liner carriers currently in operation, although
many serve specialized markets, such as the Deutsche Afrika-Linien (DAL), which
only operates several vessels along a route from Germany to Africa. Meanwhile
other carriers serve particular regions, such as the Unifeeder company in the North,
Baltic and Mediterranean seas. Still other carriers carry cargo globally, like Maersk
Line, which calls hundreds of ports with its network.

1600

1400 /
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Year

Fig. 2.1: Growth of liner shipping in millions of tons of containers (Source: [156])

In the remainder of this chapter, we will discuss the innovation that makes con-
tainerized shipping possible, the container, followed by an overview of liner ship-
ping networks, which connect the ports of the world. We next analyze liner carrier
alliances, and finally, we look at the components of a container port, the interface
between the land and the sea.

2.1 Containers

The centerpiece of containerized shipping is the intermodal container, a rectangular
steel box with castings on all of its corners to allow the safe stacking of multiple
containers. Standard containers have a width of 8 ft, a height of 8 ft 61in. and are ei-
ther 20 or 40 ft long, as depicted in Fig. 2.2. A variety of variations on these standard
containers exist, including containers with an extra foot of height (high cubes) and
containers that are 45 ft long.

Quantities of containers are measured in either the twenty-foot equivalent unit
(TEU) or the forty-foot equivalent unit (FEU or FFE). A TEU represents a single
twenty foot container, and one FFE is equal to two TEU (i.e. two twenty-foot con-
tainers or one forty-foot container). Even though there are a number of different
sizes of containers, not all of which have a length divisible by 20, their quantities
are measured in TEU or FFE nonetheless.
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Corner Casting

Fig. 2.2: A 20ft and a 40 ft container (Adapted from [114])

Numerous types of containers exist to fit the varied needs of shippers, such as
tank containers for liquids, open top containers for tall cargo, and refrigerated con-
tainers for cargo that needs to be chilled, to name a few. Some non-standard con-
tainers, such as those carrying dangerous/explosive cargo, require special handling
and storage procedures to ensure that their contents are not damaged and to ensure
the safety of the vessel and its crew.

This monograph focuses primarily on dry and reefer (i.e. refrigerated) containers.
Dry containers are standard 20 or 40 ft containers requiring no special handling and
can be stored anywhere on a vessel. Reefer containers, which can also be either 20
or 40 ft in length, have an integrated refrigeration unit and therefore require access
to an electrical outlet on board a vessel. Most vessels only have a limited number of
locations where an outlet is available, meaning the number of reefer containers that
can be transported by a vessel tends to be less than the number of dry containers.
Reefer containers can be easily spotted in terminals and on ships as they are colored
bright white in order to help keep their contents cool.

2.2 Liner Shipping Networks

The goal of a liner shipping network is to facilitate the transport of containers be-
tween ports. A liner shipping network is defined by a published, periodic schedule,
that determines when vessels visit ports. The periodicity of the schedule is central
to liner shipping, in that seagoing vessels visit ports on a weekly or bi-weekly basis,
at the same time each week. Liner shipping networks can span the entire globe or be
constrained to a specific geographic region, depending on the shipping line and its
customers. The overall structure of a liner shipping network takes the form of either
a hub-and-spoke, a direct routing approach or a mix of hub-and-spoke and direct
routing [74, 111].
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2.2.1 Services

In order to achieve a weekly or bi-weekly regularity, vessels are sent on cyclical
routes called services.> Services are cyclical routes that visit ports on a regular,
usually weekly, schedule. A weekly service has as many vessels as the number of
weeks a vessel requires to complete a single rotation of the service. That is, a service
with a rotation duration of 5 weeks requires 5 vessels in order to maintain a weekly
frequency. Each vessel is assigned a slot on the service, thus, there are as many
slots on the service as there are vessels. A slot can be viewed as containing the
specific schedule for each vessel. In other words, while the schedule for a service
specifies that a particular port is visited, for example, on Mondays at 17:00, the
schedule for a slot provides the exact day that the vessel in that slot should visit
the port (i.e., April 22, 2013 at 17:00). For a service with a weekly regularity, the
vessel in the subsequent slot would visit the port on April 29, and the vessel in the
previous on April 15. Each port visited on a service slot is referred to as a call.
Shipping lines assign each call an arrival and departure time. Between the arrival
and departure time, the vessel sailing on the service loads and unloads containers.
Each slot contains multiple legs, and each leg begins at a port call and ends at the
next scheduled call.

a b
5..
4..
<
=37 A
AAR,
DUB
2..

RTM

+ + + + + LEH
AAR FXT DUB LEH RTM
Port

Fig. 2.3: An example liner shipping service connecting several nations of Northern
Europe with the duration of a single rotation lasting 3 weeks. The position of each
of the three vessels required for the service in (b), represented by red, blue, green
arrows, corresponds to week 3 in (a)

2 In shipping parlance, services are sometimes called “strings”. We avoid this term to prevent
confusion with programming terminology.



