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Abstract

The objective of this paper is to present a comprehensive review of ship routing and scheduling, including approximately 80 references. Since the routing and scheduling issues are closely related to many other ship planning problems, we have divided this review into the following parts. First, we start at the strategic ship planning level and discuss the design of fleets and sea transport systems. Second, we continue with the tactical and operational ship planning level and consider problems that comprise various ship routing and scheduling issues. We discuss the different modes of operations separately at this level; namely industrial, tramp and liner shipping. Finally, we briefly look at related problems that do not fall naturally into these categories. 

The paper also initiates a discussion of some of the trends that may influence future developments and the use of optimization-based decision support systems for ship routing and scheduling. Several of the trends indicate both accelerating needs and benefits from such systems, and hopefully, this paper can stimulate further research in the area.
1     Introduction

The major transportation mode of international trade is seaborne shipping. The world fleet has experienced continuous growth during the last few decades, and consists of more than 39 thousand ships over 300 gross tons with a total capacity of almost 800 million deadweight tons as of mid 2001, (see Figure 1). The world fleet consists of numerous ships of various types where oil tankers and bulk carriers constitute almost 73 % of the total deadweight capacity, (ISL Bremen, 2001). 
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Figure 1: World fleet development 1994-2001 for vessels over 300 gross tons (ISL Bremen, 2001)

The world's seaborne trade has experienced a similar increase to that in the world fleet capacity. The world trade in 2002 is estimated to be 5.625 million tons representing a 33 % increase in the last decade (Fearnleys, 2002). 

The shipping industry has a monopoly regarding transportation for large volumes between continents. This activity will probably increase in the future with the continuous growth in the world population, the rising standard of living, increased globalization resulting in international groups of companies collaborating and merging, greater product specialization, and, finally, the depletion of local resources. With an increase in these deep-sea activities we also need feeder systems for so-called short sea shipping. Consequently, this regional shipping activity is expected to increase as well. In addition to this, we will probably see growth in the area of short sea shipping due to a heavy pressure on the road networks and air corridors.  

Seaborne activities are heavily dependent on the services the world's ocean fleet can offer. Usually, we distinguish between three general modes of operation in shipping; industrial, tramp and liner (Lawrence, 1972). In industrial shipping, the cargo owner also controls the ship fleet. Industrial operators must ship all their cargoes, while minimizing the cost. Tramp ships follow the available cargoes, like a taxi. A tramp shipping company typically has a given amount of contract cargoes that it has committed itself to carry, while trying to utilize its fleet such that it can maximize the profit from optional spot cargoes. Liners operate according to a published itinerary and schedule similar to a bus line. These modes are not mutually exclusive. A ship may easily be transferred from one mode to another, and a shipping company may operate its fleet in different modes simultaneously.

The fleet size of the shipping companies may change over time, and the fleet may contain various types of ships, ships of different size, cost structure and other specific ship characteristics. Though the structure and fleet of the shipping companies may differ considerably, they have one main objective in common. This is to utilize their fleets (fixed or variable) optimally. Consequently, shipping companies have many similar complex, extensive planning problems, ranging from the strategic to the tactical/operational levels. Typical examples at these different planning levels are problems like deciding the optimal size of the fleet, finding the optimal route and schedule for each ship in a given fleet or even selecting the best course for a ship between two ports when weather and ocean currents are considered. 

A ship involves a major capital investment (usually millions of US dollars), and the daily operating costs of a ship can be thousands of dollars. This means that the potential for significant improvements in the financial aspects of operating a fleet of ships is significant as a result of making better utilization of the fleet. Another positive output of increasing fleet utilization is less damage to the environment due to the redundant transport reductions.

It is clear from the above that there is a considerable need for and potential benefits from decision support systems in ship planning processes. Optimization-based decision support systems for transportation routing and scheduling have been widely discussed in the literature; see the bibliography by Laporte and Osman, (1995), containing 500 references on routing problems. However, relatively few contributions exist for ship routing and scheduling problems. It may therefore be worthwhile to point out some major differences in routing and scheduling problems between vehicles and ships. Some of these issues are also mentioned in Ronen (1983):

· The variety of planning problems is greater in the shipping industry than in road transport. An underlying model of the problem will depend on the type of geographical area that can be divided into deep sea, short sea and inland waterways. Further it will depend on the mode of operation of the ships; industrial, tramp or liner. Finally, ships are different from each other in their operating characteristics as well as their cost structure.

· The number of vessels in a fleet is normally less than for large trucking fleets.

· Normally the travel time consumption between two customers is greater for ships than vehicles. This implies among other things that it is not abnormal to change the destination of a ship at sea. In addition, the loading and discharging may take up to several days in the shipping industry. These issues mean that the planning period is normally longer for shipping problems, but the number of customers visited during the planning period is less than for most vehicle routing problems. 

· There is more uncertainty involved in scheduling ships than vehicles due to weather conditions, mechanical problems and strikes in ports.

· Ships are operated around the clock normally without a natural depot whereas vehicles are often located at a depot during the night. Thus ships do not have planned idle periods which absorb delays in operations.

Taking some of these differences into account, Ronen (1983) gave several explanations for the lack of attention to ship routing and scheduling in an important survey paper. We will now discuss the validity of these reasons; 20 years later: 
Low visibility. In the USA, which is a major source of research in quantitative methods, ships are a minor transportation mode. Most of the research originated in Europe. Our survey and reference list show that several researchers who publish papers on ship scheduling are now located in the USA. They, like others, are working together across country borders on interesting real ship scheduling problems irrespective of where they originated.      

Ship scheduling problems are less structured than standard vehicle scheduling problems. During the last 20 years, we have seen a large body of research within classical vehicle routing and scheduling problems. However, the trend has gone in a direction towards incorporating more realistic assumptions for the vehicle routing problems with the increase in computer power and new algorithmic developments. There has been a lot of activity within the applied vehicle routing field, see, for instance, the excellent surveys within combined inventory and routing problems (Federgruen and Simchi-Levy, 1995) and within time constrained routing (Desrosiers et al., 1995). We can conclude that both vehicle and ship scheduling have focused on solving complex, real-world problems during the last two decades. Despite this, we want to emphasize the wide range of planning problems within the shipping industry. Only a few of them have received significant attention from researchers, so far. Many important, even critical problems are almost untouched.

 In ship operations there is much more uncertainty due to weather conditions, mechanical problems and strikes. Twenty years ago, there was almost no focus on optimization under uncertainty. Today this is an important field within Operations Research (OR), as well as in the specific literature on routing. See the survey by Gendreau et al. (1996). Within the ship routing literature, the stochastic conditions are partly considered in various ways in deterministic models to get more robust route patterns, see (Christiansen and Fagerholt, 2002) and (Christiansen and Nygreen, 2001). Here, we have only just seen the start of research within stochastic ship routing and scheduling. 

The shipping market is volatile, international, capital intensive and relatively free - without barriers to entry or regulation of rates. For ship owners the capital investment decisions have a much larger effect on the bottom line than operational decisions. The situation for ship owners has changed during the last two decades. We have ever-increasing competition between shipping companies, where the profit margins are squeezed to a minimum. This means that both financial and operating costs must be focused upon. In addition, our literature review shows that problems regarding fleet size and operational decisions have been focused on to some extent during the last 20 years.

The ocean shipping industry has a long tradition of conservative thinking and is usually not open to new ideas. Our experience after several years in the shipping business confirms this. However, large companies with their own subsidiary shipping company tend to show a greater interest and see a larger benefit in ship planning systems than traditional shipping companies. Nevertheless, some traditional shipping companies have started to use decision support systems in the last few years. This is also due to a new generation of planners being more familiar with the use of computers and computer programs. It is also worth mentioning that the shipping industry has traditionally been very closed and restricted in the sense of sharing their information about decision making with the outside world. This has resulted in several decision support systems being confidentially implemented in the industry, and unfortunately no information about the problems, systems and solution approaches are available in the literature.  

Several of the conditions discussed above indicate that the need for and benefits from optimization-based decision support within ship routing and scheduling has increased in the last few years and will accelerate in the future. We will turn to these issues in forthcoming sections of this paper.  

The first survey in ship routing and scheduling dates back to 1983 (Ronen, 1983). Ten years later, Ronen reviewed the published research in ship scheduling and related areas for the decade 1983-1993 (Ronen, 1993). A fairly recent issue of the Transportation Science Journal is devoted to maritime transport indicating an interest and focus on the topic (Psaraftis, 1999). In general, the literature has shown a positive and significant increase in the number of papers since this last survey in 1993, and there is now a new need to survey the published research in ship routing and scheduling. Our objectives are twofold. First, we want to present a comprehensive review on ship routing and scheduling and related problems, and, second, look at the future and discuss possible trends in the next decade.

The rest of the paper is organized as follows: Section 2 gives a survey of the ship routing and scheduling literature. Important trends for the use of optimization-based decision support within the shipping industry are discussed in Section 3, while a summary follows in Section 4.

2 A review of ship routing and scheduling

This section summarizes and discusses the research on ship routing and scheduling and related problems. As there have been two previous ship scheduling reviews (Ronen, 1983 and 1993), we have emphasized the work presented during the last decade. In addition, we have focused on the papers referenced in international databases. Approximately 80 references are described in this review.  

The OR literature is mainly dealing with ship routing and scheduling problems emerging in the commercial cargo shipping industry and for naval applications. In our survey, we refer to both. 

This section is organized around the various types of problems and planning levels within the shipping industry. We focus on the characteristics of the particular problem under consideration, but normally we also briefly refer to the solution method chosen. In some cases it is interesting to give information about the computer environment. 

The literature covers a large variety of interesting problems at different planning levels. In Section 2.1 we consider strategic ship planning problems concerning the design of fleets and sea transport systems. Next, we concentrate on tactical and operational ship planning problems within industrial, tramp and liner shipping in Sections 2.2, 2.3 and 2.4, respectively. Although, we have made a distinction between the different planning levels, one should remember the interplay between the various levels. Decisions concerning fleet size and composition determine the ships available for routing, scheduling and deployment. However, to design the optimal fleet, the demand for shipping services must be known and representative routes must be considered. Finally, some other important ship planning problems related to routing and scheduling will be briefly described in Section 2.5, and appropriate references given. In each section, we present a table summarizing the literature review described in that particular section. 

2.1 Strategic planning – design of optimal fleets and transport systems

Two important strategic planning problems in shipping are fleet design and the design of sea transport systems. Here, a sea transport system means a supply chain where sea transport constitutes at least one vital part. It is usual to distinguish between fleet size and fleet composition problems, see Etezadi and Beasley (1983). Fleet size problems deal with deciding the type of vessels and the number of each type to operate when the vessel types are given. Fleet composition problems consider the determination of both the type to operate and the number of each type. 

The pioneer work of Dantzig and Fulkerson (1954) dealing with minimizing the number of tankers to perform a given set of schedules, can be considered as a fleet size problem, in which there is only one type of vessel available. It is shown that the problem can be formulated as a transportation type problem and solved by the Simplex algorithm. Another fleet size problem with only one type of vessel is considered in Jaikumar and Solomon (1987). The objective is here to minimize the number of tugs required to transport a given number of barges between different ports in a river system. They take advantage of the fact that the service times are negligible compared with the transit times and the geographical structure of the port locations in the river, and develop a highly effective polynomial exact algorithm. The problem of determining both the fleet size and composition to meet a transport demand in a route with only one loading and one discharging port is studied by Murotsu and Taguchi (1976). In order to optimally solve the problem, the concepts of dynamic programming and non-linear programming techniques are applied. The effects of the transport demand, draught limits, tolls and storage costs are discussed concerning the resulting optimum fleet.

The problem of deciding a cost-efficient fleet that meets the known demand for shipping services on a defined liner trade route is considered by Lane et al. (1987). They apply a set partitioning formulation of the problem combined with a priori manual generation of the combination of vessels and routes. The method has been applied on the Australia/US West Coast route. A somewhat similar problem is dealt with in Fagerholt (1999). Here, the problem is to design an optimal fleet and determine the corresponding weekly routes for each ship in the fleet for a liner shipping system along the Norwegian coast. The solution method is also based here on a set partitioning formulation, though the a priori generation of ship routes is done by means of a dynamic programming algorithm. Unfortunately, the solution method only handles instances where the different ships that can be selected have the same speed. Therefore, Fagerholt and Lindstad (2000) proposed a new solution algorithm for handling different ship speeds. The algorithm has been tested on a real problem for offshore supply vessel operation in the Norwegian Sea and annual savings of USD 7 million were reported compared with the manual solution in operation at that time.

Resource management for a container vessel fleet is studied by Pesenti (1995). This problem involves decisions on the purchase and use of ships in order to satisfy customers’ demands. A hierarchical model for the problem that is considered has been developed, and heuristic techniques, which solve problems at different decision levels, are described. A rather special problem regarding the size of the US destroyer fleet is described in Crary et al. (2002), which illustrates the use of quantitative methods in conjunction with expert opinion. These ideas are applied to the planning scenario for the “2015 conflict on the Korean Peninsula”, one of two key scenarios the Department of Defense uses for planning.

Many supply chains include sea transport as one of the transport legs. One example of a study of sea transport systems is given in Larson (1988). Here, an extensive model is described that has been used by the City of New York to design a new logistics system to transport municipal sewage sludge from city-operated wastewater treatment plants to new ocean dumping sites 106 miles offshore. The model provides an integrated framework for considering strategic planning issues such as determining the optimal fleet size and mix as well as the local storage capacities. In a later paper, Richetta and Larson (1997) present a similar problem regarding the design of New York City’s refuse marine transport system. Waste trucks unload their cargo at landbased stations where refuse is placed in barges and is then towed by tugboats to the Fresh Kills Landfill on Staten Island. They have developed a discrete event simulation model incorporating a complex dispatch module for decision support in fleet sizing and operational planning. 

A simulation model for ferry traffic in the Aegean Islands is described by Darzentas and Spyrou (1996). The model is used for decision support on a ‘what if’ basis for regional development. By using the simulation model, they were able to evaluate the appropriateness of existing ferry routes, as well as new transportation scenarios, including the use of new technology vessels and change in port capacities. Another simulation study regarding sea transport system design can be found in Fagerholt and Rygh (2002). There, the problem is to design a seaborne system for freshwater transport from Turkey to Jordan. The fresh water was to be transported at sea from Turkey to discharging buoy(s) off the coast of Israel, then in pipeline(s) to a tank terminal ashore and finally through a pipeline from Israel to Jordan. The study aimed at answering questions regarding the needed number, capacity and speed of vessels, capacity and number of discharging buoys and pipelines, and the necessary capacity of the tank terminal.

Table 1: Summary of literature review on strategic ship routing and scheduling

Paper
Major decision
Objective
Cargo
Method

Crary et al. (2002)
Fleet size
Max probability of winning campaign
-
MIP + expert opinion

Dantzig, Fulkerson (1954)
Fleet size
Min # tankers
Crude oil
LP

Darzentas, Spyrou (1996)
Design of transport system
Evaluate solutions
Passenger
Simulation

Fagerholt (1999)
Fleet size and mix
Min cost
Container
IP + DP

Fagerholt, Lindstad (2000)
Fleet size and mix
Min cost
General cargo
IP + DP

Fagerholt, Rygh (2002)
Design of transport system
Evaluate solutions
Fresh water
Simulation

Jaikumar, Solomon (1987)
Fleet size
Min # tugs
Bulk
Opt. algorithm

Lane et al. (1987)
Fleet size and mix
Min cost
Any
IP + heuristics

Larson (1988)
Fleet mix/system design
Min cost
Sludge
Descriptive + heuristics

Murotsu, Taguchi (1976)
Fleet size and mix
Min cost
Crude oil
DP/NLP

Pesenti (1995)
Resource management
Max profit
Container
Heuristics

Richetta, Larson (1997)
Fleet size
Evaluate solutions
Waste
Simulation + heuristics

2.2 Tactical and operational problems in industrial shipping

The routing and scheduling issues are mainly focused upon at the tactical and operational level in the planning process. Following the definitions given in Ronen (1993), routing can be defined as the assignment of sequences of ports to be visited by the ships. The term scheduling is used when the temporal aspect is brought into the routing. Scheduling is therefore additional to determine the routes to assign times in the various events on a ship's route. 

Most of the ship routing and scheduling problems are from the industrial shipping sector, so this section is split into four parts. In Section 2.2.1, we present a typical model for the industrial ship scheduling problem, while Section 2.2.2 discusses applications for commercial cargo routing and scheduling and Section 2.2.3 deals with the naval applications. Finally, inventory ship routing and scheduling are surveyed in Section 2.2.4.

2.2.1 An industrial ship scheduling model

A ship routing and scheduling problem for the industrial shipping industry is far from unique, and this review will give an overview of the variety of problems. The objective of a classical industrial ship scheduling problem is to minimize the sum of the transportation costs for all the ships in the fleet while ensuring that all cargoes are lifted from their loading port to their port of discharge. Normally, a cargo consists of a designated number of units of a product. 

Within the ship scheduling literature, we find many problems that are solved by the use of the set partitioning approach. The principal advantages of the approach are that intricate and non-linear constraints can easily be incorporated, the master problem can be solved by the use of standard optimization software and the approach can become heuristical or optimization-based depending on the solution quality wanted and the time available for the solution. We will therefore formulate the classical industrial ship scheduling problem mathematically as a set partitioning model. In subsequent sections, we will use this model as a reference when discussing the literature and variants of the problem. 

In the mathematical description, there is an underlying network where the nodes correspond to the loading and discharging ports for the cargoes and an arc represents the best course for transportation (path) between two ports. This path between two subsequent ports in a route or schedule is often called a voyage. 

Here, a schedule is defined as a visiting sequence of nodes including the arrival time at each node. In the set partitioning formulation the schedules are optimal. This means that the visiting sequence and time for the start of service at each node are found in order to minimize the sum of the transportation costs for the given set of nodes. In addition, the schedule has to be feasible. The columns or variables in the set partitioning model correspond to feasible ship schedules. 

In order to present the mathematical formulation of the model for a given planning period, we need the following notation: Denote the set of ships to be scheduled as V, indexed by v, and let N be the set of cargoes, indexed by i. Let us further assume that for each ship v, a set of candidate schedules is available, denoted
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 be a binary variable that is equal to one if ship v sails schedule r and zero otherwise. The set partitioning formulation of the industrial ship scheduling problem can then be given as follows:
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The objective function (1) minimizes the transportation costs. Constraints (2) ensure that all cargoes are serviced. In some cases, we cannot guarantee that the fleet manages to service all cargoes during the planning period. Then some of the cargoes can be serviced by spot carriers. We introduce a variable 
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 that is equal to one if cargo i is serviced by a spot carrier and zero otherwise and an associated spot cost 
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. When we take the spot shipments into account, (1) and (2) become: 
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Now, the objective function (1') minimizes the sum of the costs of operating the fleet and the costs of the spot shipments, while constraints (2') ensure that all cargoes are serviced by either a ship in the fleet or by a spot carrier. 

Constraints (3) ensure that each ship in the fleet sails one of its candidate schedules. The "=" in (3) may be replaced by "
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", thus allowing some ships to be unused. (4) imposes binary requirements on the variables. Often, ship scheduling problems are well restricted, this means that it is possible to enumerate all feasible candidate schedules a priori in a set partitioning approach. Because of the long duration of each ship voyage and the high uncertainty, it is hardly possible for a ship schedule planner to make plans for more than a few voyages ahead for each ship. 

However, for some types of ship scheduling problems, the number of feasible schedules for the fleet may be too large to allow exhaustive enumeration. For such problems, it is possible to generate only the promising schedules by use of heuristic rules. Alternatively, we can use a column generation approach. At each iteration in the process, we generate only the columns with negative reduced costs in the set partitioning model. 
2.2.2 Commercial cargo routing and scheduling

Table 2 at the end of this section presents a summary of the literature references within commercial cargo routing and scheduling in industrial shipping. Most of the published work within this category describes scheduling problems where the objective is to minimize the operating cost for a fixed fleet of ships. The fleet is engaged in bulk transport of one or several products. 

Oil transport scheduling is a classical problem within commercial cargo shipping, and Brown et al. (1987) study exactly this problem faced by a major oil company. The company controls several dozen crude oil tankers of similar sizes and uses them to ship crude oil from the Middle East to Europe and North America. All cargoes are full shiploads, and are specified by ports and dates for loading and discharging. The cargoes can be taken either by a ship in the controlled fleet or by spot charters. The problem is solved by the set partitioning approach. For each feasible candidate schedule, the cost is calculated together with the optimal ballast speed in the schedule. The ship cruising speed when loaded is not a decision variable, because the speed is determined by the loading and discharging dates of the cargo. The set partitioning problem is slightly modified compared to (1) - (4) such that some constraints may be violated at some cost, giving an elastic set partitioning model. The solution method exploits the problem knowledge in an elastic enumeration procedure. The problem is relatively well constrained, due to tight time windows (one day), certain operational restrictions and each cargo corresponding to a full shipload. Therefore, the problem can be solved by generating all feasible schedules.

A similar problem of shipping crude oil to the one dealt with by Brown et al. (1987) is studied by Perakis and Bremer (1992), and the results of the study are presented in Bremer and Perakis, (1992). The set partitioning approach is also applied here. The number of feasible schedules shows that their problem was also very well constrained. 

The work of Brown et al. (1987) is extended by Bausch et al. (1998) where each cargo consists of an order volume for up to five products. Bausch et al. (1998) present a decision support system for medium-term scheduling of a fleet of coastal tankers and barges transporting liquid bulk products among plants, distribution centers and industrial customers. The ships may have up to seven fixed compartments, thus allowing a cargo consisting of several products to be freighted by the same ship. In addition to the specified set of loads that must be shipped, there may be some optional back hauls available. These back hauls generate income and may be taken if they are profitable. This issue introduces the tramp operation aspect into the industrial shipping problem. The same set partitioning approach as in Brown et al. (1987) is suggested. However, the user interface is different. Here, a simple Excel spreadsheet interface cloaks the decision support system and makes this system useable via a variety of natural languages. All dispatchers communicate via the spreadsheet independent of language, and view recommended schedules displayed in Gantt charts. 

Another application within the oil industry is presented by Scott (1995) and involves the shipping of refined oil products from a refinery to several depots. As in Bausch et al. (1998), there are several types of tankers with fixed compartments that enable different products to be carried on one trip. However, the solution approach is different. Lagrangean relaxation is applied to the model to produce a set of potentially good schedules, containing the optimal cargo schedule. A novel refinement of Benders' decomposition is then used to choose the optimum schedule from within the set, by avoiding solving an integer LP-problem at each iteration. The method manages to break a difficult integer programming problem into two relatively simple steps which parallel the steps typically taken by schedulers, while maintaining optimality.

A multi-product scheduling problem similar to the one presented in Bausch et al. (1998) is discussed in Fagerholt and Christiansen (2000a). In contrast, each ship in the fleet is equipped with a flexible cargo hold that can be partitioned into several smaller holds in a given number of ways. The scheduling of the ships constitutes the multi-ship pickup and delivery problem with time windows, while the partition of the ships' flexible cargo holds and the allocation of cargoes to the smaller holds make the multi-allocation problem. A set partitioning approach is used to solve the problem. The schedules are generated a priori, and they include the optimal allocation of cargoes to the possible compartments. The algorithm for finding optimal schedules is described in detail in Fagerholt and Christiansen (2000b).

As discussed in the introduction, the scheduling problems for ships and vehicles deviate in a number of ways. Two such deviations are focused on in Christiansen and Fagerholt (2002). In their ship scheduling problem, the ports are closed for service at night and during weekends. Therefore, wide time windows can be regarded as multiple time windows. In addition, the loading/discharging times of cargoes may take several days. This means that a ship will stay idle much of the time in port, and the total time at port will depend on the ship's arrival time. The objective is to make robust schedules that are less likely to result in ships staying idle in ports during the weekend, and impose penalty costs for arrivals at risky times (i.e. close to weekends). They use a set partitioning approach to solve the problem. All feasible ship schedules are found a priori, and they are generated taking the two foci, uncertainty and multiple time windows, into account. The computational results show that the robustness of the schedules is increased at the sacrifice of increased transportation costs.

Flexibility, as well as robustness, are two important properties in ship scheduling. The flexibility aspect is considered in Fagerholt (2001) by introducing soft time windows to a ship scheduling model. The motivation for introducing soft time windows instead of hard is that by allowing controlled time window violations for some cargoes, it may be possible to obtain better schedules and significant reductions in the transportation costs. To control the time window violations, inconvenience costs for servicing cargoes outside their time windows are imposed. The set partitioning approach is also proposed here to solve the problem. The soft time windows are dealt with in the schedule generator. The proposed solution approach also brings the possibility to determine the optimal speeds on the various sailing legs in a ship's schedule.

A rather different application originates in the fishing industry and is studied by Millar and Gunn (1991). For a given planning horizon, an integrated fish-processing firm in a Canadian Atlantic fishery must find a minimum-cost fleet dispatching plan in order to satisfy the demands for various species at its processing plants. A trawler route is made up of a plant origin and plant destination with intervening fishing grounds and plants. Heuristics are developed to solve the trawler routing problem.

The issues discussed so far in this section can be categorized as medium-term planning problems. Ronen (1986) considers a short-term scheduling problem for shipping bulk or semi-bulk commodities. Each ship in the fleet begins by loading in a single loading area. Then a number of discharging ports is visited by each of the ships. In contrast to most medium-term ship scheduling problems, a shipment to a specific discharging port may be split between several ships. A proposed optimization method can be applied to solve small-sized problems, while two fast approximate methods are developed to solve the real short-term scheduling problem. An improved, more efficient formulation of the model is presented in Cho and Perakis (2001). This new formulation is a generalized version of the well-known "Capacitated Facility Location Problem".

Finally, we consider an application for inland water transport presented in Vukadinović and Teodorović (1994). The solution approach also differs from those already discussed. The process of loading, transport and unloading of gravel by inland water transport is considered. A system is developed for assisting the dispatcher in making the decisions regarding the number of pick-ups and dropped-off barges at river ports. Fuzzy logic is used as a tool to transform the dispatcher's heuristic rules into an automatic strategy. The same authors consider the same underlying problem in Vukadinović and Teodorović (1997). At each loading port, load barges must be assigned to pusher tugs for the planned period of one day. However, disturbances in the planned schedules are very common. Whenever a disturbance appears, the dispatcher attempts to mitigate the negative effects. The authors tried to develop a neural network that had the ability to adapt or learn, and this could simulate the dispatcher's decision process and help the dispatcher initiate a policy. At this stage the decision support system only represents a potential application tool.

Table 2: Summary of commercial cargo routing and scheduling in industrial shipping

Paper
Major decision
Objective
Cargo
Method

Bausch et al. (1998)
Scheduling & speed
Min cost
Multi liquid prod.
Set part. alg.

Brown et al. (1987)
Scheduling & speed
Min cost
Crude oil
Set part. alg.

Bremer, Perakis (1992)
Scheduling
Min cost
Crude oil
Set part. alg.

Cho, Perakis (2001)
Scheduling
Min cost
Semi bulk & bulk
IP

Christiansen, Fagerholt

(2002)
Robust scheduling 
Min cost
Multi dry products
Set part. alg.

Fagerholt (2001)
Scheduling & speed
Min cost
Multi dry products
Set part. alg.

Fagerholt, Christiansen

(2000a, 2000b)
Scheduling &

cargo allocation
Min cost
Multi fertilizer

products 
Set part. alg.

Millar, Gunn (1991)
Scheduling
Min cost
Fish
Heuristics

Perakis, Bremer (1992)
Scheduling
Min cost
Bulk crude oil
Set part. alg.

Ronen (1986)
Scheduling
Min cost
Semi bulk & bulk
IP + heuristics

Scott (1995)
Scheduling
Multiple:min cost.

Max profit, max

customer satisfact.
Multi refined oil

products
Lagrang. relax. & Benders'

decomp.

Vukadinović, Teodorović

(1994,97)
Inland water

scheduling
Min cost
Gravel
Fuzzy logic,

neural network 

2.2.3 
Naval routing and scheduling 

This section covers applications within the navy, in addition to the studies of the coast guard. Table 3 shows a summary of the naval applications. While the objective within industrial commercial cargo shipping is to minimize costs, the naval applications mainly seek to meet some specified goals.  One major decision is the scheduling of the fleet. Another important decision for many of the applications, is to decide which vessel is to perform the different sets of routes or tasks; this is called deployment. 

A rather special problem in this category is studied by Bellmore in 1968, which is a modified problem of the strategic navy fuel oil tankers problem presented by Dantzig and Fulkerson (1954) referenced in Section 2.1. Bellmore assumed an insufficient number of navy fuel oil tankers and a utility associated with each schedule. The problem was to determine the schedules for the fleet that maximized the sum of utilities, which was shown to be equivalent to a transshipment problem. 

Another problem, that was not typical for this category but conceptually quite similar to an industrial commercial cargo scheduling problem described in Brown et al. (1987), is the situation studied by Fisher and Rosenwein (1989). Here, a fleet of ships controlled by the Military Sealift Command of the US Navy is engaged in the loading and discharging of various bulk cargoes. In contrast to Brown et al. (1987), each cargo may not be a full shipload. The solution follows the set partitioning approach. However, the problem is formulated as a set packing problem and the objective function is to maximize total "profit" instead of equivalently minimizing the total cost. The problem is solved by a branch-and-bound procedure with bounds obtained by applying Lagrangian relaxation. Once again the problem could be solved by generating all feasible schedules. Alternatively, the number of generated schedules could be heuristically limited to contain only those schedules that are likely to be in an optimal solution.

A classical navy application is presented by Brown et al. (1990), who consider the problem of determining the annual schedules of the US Navy's Atlantic Fleet naval combatants. The problem consists of deciding how operationally available fleet units should be used to satisfy their operational commitments while distributing the workload equally between the units. Each commitment requires a given number of particular vessel types. A set partitioning approach is suggested. The intricate realistic schedule constraints can easily be incorporated into the schedule generator. The same problem is approached by Nulty and Ratliff (1991), but in a somewhat different manner. An integer programming formulation is developed, but results in a model of prohibitive size. This fact and the qualitative nature of the additional secondary objectives and constraints suggest an interactive optimization approach. The proposed system allows the user to generate a good initial fleet schedule by using network algorithms, and improve the solution by interactively addressing the issues that are difficult to quantify. They also suggest that the method of Brown et al. (1990) could be used to find a starting solution for the interactive procedure. 

The navy must be prepared for mobilization situations, and Psaraftis (1988) considers this in a ship scheduling problem faced by the US Military Sealift Command. The objective is to allocate cargo ships to cargoes so as to ensure that all cargoes arrive at their destinations as planned. Constraints that have to be satisfied include time windows for the cargoes, ship capacity, and cargo/ship/port compatibility. The problem is dynamic, as in a mobilization situation anything can change in real time. The paper focuses on the dynamic aspect of the problem and the algorithm that is developed is based on the "rolling horizon" principle.

Several important missions have to be undertaken by the coast guard, and one such is to service and maintain a number of navigation buoys. This task is performed by buoy tenders, and Cline et al. (1992) describe an heuristic algorithm for the routing and scheduling of the US Coast Guard buoy tenders. Each buoy has a service time window according to the planned maintenance schedule. Since each tender has the sole responsibility for servicing its set of buoys, the problem is decomposed to solve a number of Travelling Salesman problems for each tender. They use a best-schedule heuristic for solving the problem. 


Another scheduling software system for the US Coast Guard is developed by Darby-Dowman et al. (1995). This system is designed for regularly scheduling a fleet of cutters (vessels) used for undertaking a number of requirements. Each of the requirements has a given duration, and a desired number of cutters are involved at any time. In the model, the requirements are treated as targets and not meeting the targets is allowed, though penalized. The problem is solved by applying the set partitioning approach. The objective is to select the set of schedules that gives a solution that is as close to meeting the requirements as possible. The system was originally intended for use in determining operational schedules. However, additional use on strategic issues such as future operating policies and fleet mixes arose during the project. 

A system for solving similar scheduling problems for US Coast Guard cutters was presented in Brown et al. (1996). They developed costs and penalties for the model to mimic the motives and rules of thumb of a good scheduler. The objective was to minimize the costs, and the model resulted in an elastic mixed-integer linear program solved by commercial optimization software. 

Table 3: Summary of literature review on naval routing and scheduling

Paper
Major decision
Objective
Cargo
Method

Bellmore (1968)
Scheduling
Max utility
Fuel oil
Transshipment alg.

Brown et al. (1990)
Deployment/scheduling
Meet goals
-
Set part. alg.

Brown et al. (1996)
Deployment/scheduling
Min costs
-
Elastic MIP

Cline et al. (1992)
Deployment/scheduling
Meet goals
- 
Heuristics

Darby-Dowman et al. (1995)
Deployment/scheduling
Meet goals
-
Set part. alg.

Fisher, Rosenwein (1989)
Scheduling
Min cost
Bulk
Set part. alg.

Nulty, Ratliff (1991)
Deployment/scheduling
Meet goals
-
Interactive/IP

Psaraftis (1988)
Scheduling
Meet goals
Any
Heur./dynamic

2.2.4
Inventory ship routing and scheduling

Inventory routing has rarely been discussed in the scheduling of ships. However, such a ship scheduling system for an industrial chemical operation delivering bulk fluid to warehouses all over the world from one primary loading port is described by Miller (1987). Minimal inventory levels at all warehouses must be maintained, and the fleet of bulk tankers delivers a mix of many products. An interactive, computer-aided system was developed and implemented, and it is based on a schedule generator, simulator, report/graphics generator and an improvement module. 

Another inventory routing problem is studied by Christiansen (1999). Here, the transporter is responsible for ensuring the ammonia balance at all company-owned factories around the world where they produce and/or consume ammonia. This means that there must be sufficient ammonia in the consumption factories, and the stock in production factories cannot exceed the stock capacity. In contrast to most ship scheduling problems, the number of calls at a given port during the planning period is not predetermined, neither is the quantity to be loaded or discharged at each port call. The production information at each port, together with the ship capacities, determine the number of possible calls at each port, the time windows for start of service and the load quantity intervals at each port call. In addition, the transporter trades ammonia with external factories to make the transportation as cost effective as possible and ensure the ammonia balance at their own factories. This is an example of a transporter operating its fleet in both the industrial and tramp mode simultaneously. This problem can be transformed to a decomposed formulation with two types of subproblems; a scheduling problem for each ship and an inventory management problem for each port. The overall problem is solved by a column generation approach, see Christiansen and Nygreen (1998a). The subproblems are solved by DP-algorithms, and the solution approach is described in Christiansen and Nygreen (1998b). The master problem is justified compared to the set partitioning problem (1)-(4). The solutions from both types of subproblems need to be synchronized. They introduce time- and load coupling constraints for each port call and variables representing ship schedules and port call sequences to the master problem. 

Another solution approach to the same ship planning problem (Christiansen, 1999) is developed by Flatberg et al. (2000). They have used an iterative improvement heuristic combined with an LP solver to solve this problem. The solution method presented consists of two parts. Their heuristic is used to solve the combinatorial problem of finding the ship routes, and an LP model is used to find the time for start of service at each call and the load or discharge quantity. The method is implemented in C++, using callable CPLEX for solving the LP problems.  Computational results for real instances of the planning problem is reported. However, no comparisons in running time or solution quality of the results in (Flatberg et al., 2000) and (Christiansen and Nygreen, 1998a) exist. 

As described in the introduction, ship scheduling is associated with a high degree of uncertainty. However, few ship scheduling contributions take this issue explicitly into account. Christiansen and Nygreen (2001) extend their model described in Christiansen and Nygreen (1998a). They introduce another pair of soft inventory limits within the hard inventory limits to the same real planning problem to reduce the possibility of violating the inventory limits at the port factories. This means that those soft inventory limits can be violated at a penalty, but it is not possible to exceed the stock capacity or be under the lower inventory limit. They show that the soft inventory constraints can be transformed into soft time windows.

Table 4: Summary of literature review on inventory ship routing and scheduling

Paper
Major decision
Objective
Cargo
Method

Christiansen (1999),

Christiansen, Nygreen

(2001, 1998a,1998b)
Inventory scheduling
Min costs 
Ammonia bulk
Column generation

Flatberg et al., (2000)
Inventory scheduling
Min costs
Ammonia bulk
Heuristics

Miller, (1987)
Inventory scheduling
Min costs
Liquid bulk chemicals
Heuristics

2.3 Tactical and operational problems in tramp shipping

Most of the literature on ship routing and scheduling can be categorized in the industrial operation group described in Section 2.2. We will also see some important references within liner shipping that are presented in Section 2.4. However, very little work has been done in tramp ship scheduling. The reason for the minimal attention to tramp scheduling in the literature may be the large number of small operators in the tramp market in the past. 

As mentioned, the tramp operation resembles a taxi operation. The ships are sent where cargoes are available. In addition, a tramp shipping company often engages in Contracts of Affreightment. These are contracts to carry specified quantities of cargo between specified ports within a specific time frame for an agreed payment per ton.

A typical tramp ship scheduling problem is described in Appelgren (1969 and 1971). Most of the cargoes are contracted and must be shipped by the fleet. However, some optional cargoes may become available in the market, and these can be carried by the fleet if profitable. The ships in the fleet are restricted to carry only one cargo simultaneously. Appelgren proposes a Dantzig-Wolfe decomposition/column generation approach to solve the ship scheduling problem. The sub problems become the ordinary shortest path problems and the master problem is the linear relaxation of a set partitioning problem. The LP-relaxed solution approach is embedded in an integer search, but the algorithm that is developed cannot guarantee optimal integer solutions. The column generation solution method that is developed is a pioneering work within the routing and scheduling literature, and solution methods based on that principle are very relevant in both commercial routing and scheduling software and research within the field.

If we refer to the set partitioning formulation of the industrial ship scheduling problem given in Section 2.2.1, the corresponding tramp shipping model can be formulated as follows. Instead of minimizing the costs as done in industrial shipping, we maximize the tramp shipping profit, which is the difference between the revenues and the costs. Let 
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 be the revenue of carrying the cargoes on route r by ship v. For each cargo, the revenue is usually the cargo quantity multiplied by the rate per unit of cargo. In addition, let 
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 be the profit if cargo i is serviced by a spot carrier. This profit can be either positive or negative. In contrast to the industrial shipping model, we will now partition the set of cargoes, N, into two subsets, 
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 is the set of cargoes the shipping company has committed itself to carry, while 
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 represents the optional spot cargoes. Now, the model becomes the following:
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In contrast to the industrial shipping formulation, this objective function (5) maximizes the profit (or actually the marginal contribution since fixed costs are excluded from the formulation). The terms are divided into the profit gained by 1) operating its fleet and 2) servicing the cargoes by spot carriers. It is assumed here that the fleet is fixed during the planning period. It is not possible to lease some of the ships during the planning period.  Constraints (6) ensure that all cargoes that the shipping company has committed itself to carry are serviced, either by a ship in the company’s fleet or by a spot carrier. The corresponding constraints for the optional spot cargoes are given in (7). We may notice that the “=” in (6) is replaced by “
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” in (7) since these cargoes do not have to be carried. Constraints (8) and (9) are described in Section 2.2.1.


A prototype decision support system for ship scheduling in industrial bulk trade is described by Kim and Lee (1997). As in Fisher and Rosenwein (1989), the underlying scheduling problem is formulated as a set packing problem, and the model by Kim and Lee (1997) has similarities to the model given by constraints (5) to (9). 


As mentioned, for a few applications the owner of the ship planning problem operates its fleet in the industrial and tramp mode simultaneously. Bausch et al. (1998) present a decision support system where some optional back hauls may be available. These back hauls may be taken if profitable, and this introduces the tramp operation into the industrial shipping problem. As mentioned in Section 2.2.4, the ammonia transporter for the problem described in Christiansen (1999) operates in both the industrial and tramp modes. Finally, Fagerholt (2002) presents an optimization-based decision support system for ship scheduling that can be used both for industrial and tramp shipping. 

Table 5: Summary of literature review on routing and scheduling in tramp shipping

Paper
Major decision
Objective
Cargo
Method

Appelgren (1969, 1971)
Scheduling
Max profit
Refrigerated bulk
Column generation

Bausch et al. (1998)
Scheduling & speed
Min cost
Liquid bulk
Set partitioning

Christiansen (1999)
Inventory scheduling
Min costs 
Ammonia bulk
Column generation

Fagerholt (2002)
Scheduling
Min costs/

max profit
Bulk 
Heuristics

Kim, Lee (1997)
Scheduling
Max profit
Bulk
Set part. alg.

2.4 Tactical and operational ship routing and scheduling in liner shipping

Liner shipping differs significantly from other shipping modes such as industrial and tramp shipping. This is also reflected when it comes to routing and scheduling issues. Liner shipping may involve decisions at different planning levels:

· Fleet sizing (described in Section 2.1). This is a strategic planning problem.

· Route and schedule design, i.e. design an optimal set of liner routes to be serviced by the fleet of vessels. This can also be considered as a strategic planning problem.

· Fleet deployment, i.e. decide which vessels should perform the different sets of given routes (which is a strategic decision). Fleet deployment is typically a tactical planning problem.

Strategic studies dealing with deciding an optimal fleet in liner shipping applications are presented in Jaikumar and Solomon (1987), Lane et al. (1987), Fagerholt (1999) and Fagerholt and Lindstad (2000). These were described in more detail in Section 2.1.

An example of a strategic study on the design of optimal routes for a fleet of container ships on the North Atlantic can be found in Boffey et al. (1979). There, the objective is to maximize the freight revenue of the shipping line. Two approaches are developed; an interactive computer program and a simple hill-climbing heuristic algorithm. The interactive program is relatively unsophisticated as all the control of the route development is left in the hands of the human operator. 

A somewhat similar container shipping problem is described by Rana and Vickson (1991). There, a shipping company controlling a fleet of container ships provides service to a network of ports. The problem considered is to determine: (a) the optimal route or sequence of port calls for each ship in the fleet, (b) the number of trips each ship makes in a planning period, and (c) the amount of cargo transported between any two ports by each ship. According to (c), the company can elect not to transport some types of cargo, either because it is not profitable or because there are other more profitable cargoes. They use a solution method with some similarities to Scott (1995), discussed in Section 2.2. Lagrangean relaxation is used to decompose it into subproblems in order to make the problem more tractable, one for each ship. Each subproblem is further decomposed to handle non-linearity. As a result, it is transformed into a number of mixed integer programs that are solved by using Bender’s partitioning method embedded with a specialized algorithm. In an earlier paper, Rana and Vickson (1988) studied the related problem of optimally routing a chartered container ship. In addition to determine the optimal routing, the model could help in evaluating whether the ship should be chartered or not. 

Yet another study regarding the design of optimal liner routes for a container shipping company is presented in Cho and Perakis (1996). The problem is solved by generating a number of candidate routes for the different ships a priori. Then, the problem is formulated and solved as a linear programming model, where the columns represent the candidate routes. They extend this model to a mixed integer programming model that also considers investment alternatives to expanding fleet capacity.

A rather special problem is described in Hersh and Ladany (1989). Here, a company leasing a luxury ocean liner for Christmas cruises from southern Florida is confronted with the problem of deciding on the type of cruises to be offered. The decision variables in this problem include the routing of the ship, the duration of the cruises, the departure dates, and the fare schedules of the cruises. The problem was solved by dynamic programming.

Fleet deployment is the tactical problem of optimally allocating ships in the fleet to predefined trade routes or tasks. In Powell and Perakis (1997), an integer programming model for fleet deployment is formulated. The objective is to minimize the operating and lay-up costs for a fleet of liner ships engaged on various routes. The model determines the optimal deployment of the fleet, given route, service, charter and compatibility constraints. The model is tested on a real liner shipping problem and substantial savings are reported compared with the actual deployment. The work presented by Powell and Perakis (1997) is an extension and improvement of the work in Perakis and Jaramillo (1991) and Jaramillo and Perakis (1991). In the latter two papers, a linear programming approach is used to solve the fleet deployment problem. Manipulation of the results is needed to achieve integer solutions from the continuous solutions, which may lead to sub-optimal solutions and even violation of some constraints.

Table 6: Summary of literature review on liner shipping

Paper
Major decision
Objective
Cargo
Method

Boffey et al. (1979)
Scheduling
Max profit
Container
Heuristic

Cho, Perakis (1996)
Deployment
Max profit
Container
Set partitioning

Hersh, Ladany (1989)
Scheduling
Max profit
Passenger
DP

Jaramillo, Perakis (1991)
Deployment
Min cost
Any
LP + heuristics

Perakis, Jaramillo (1991)
Deployment
Min cost
Any
LP + heuristics

Powell, Perakis (1997)
Deployment
Min cost
Any
IP

Rana, Vickson (1988)
Scheduling
Max profit
Container
NLP

Rana, Vickson (1991)
Deployment
Max profit
Container
IP

2.5 Speed selection and other related shipping problems 

This section considers problems within the ocean shipping industry that do not belong to the routing and scheduling issues, but nevertheless relate to these problems. This can among other things include selection of optimal speed between two ports, container stowage in a container ship, container handling in a port, empty container logistics and environmental routing. The literature survey within these other shipping problems is not as thorough as in the previous sections. However, it is included in this paper to illustrate the richness of the problems and operations research challenges within maritime logistics.

The cost of bunker fuel is a major component in the operating expenses of a ship. For a merchant ship, the fuel consumption per unit time is approximately related to the third power of the speed. Thus, reducing the speed by 20 % will reduce the bunker consumption by about 50 % per time unit and about 36 % for a given distance. The trade-off between fuel savings through slow steaming on the one hand, and loss of revenues due to the resulting voyage time extension on the other hand is analyzed in (Ronen, 1982). This is especially a high focus issue in periods of high oil prices and low freight rates. Basic models are presented for the determination of the optimal speed of a ship engaged in tramp and industrial operations. 

In Perakis (1985), calculus is applied to determine the optimal speed of a given fleet of vessels moving a specified quantity of a single commodity from one port of loading to a discharging port within a given time period. The model of the above problem is extended in Perakis and Papadakis (1987) to also include differentiating between speed in loaded and ballast legs, a lay-up option, and a much more detailed cost function. The model is even further extended in Papadakis and Perakis (1989), to also consider several loading and discharging ports. Also in Fagerholt (2001), the proposed solution method for the studied fleet scheduling problem is able to determine the optimal speeds for the ships on the various sailing legs.

For longer sea voyages environmental aspects such as ocean currents and heavy weather may influence the bunker fuel consumption and hence the choice of route between two ports. The potential annual savings of the world fleet by exploiting ocean currents while routing vessels was estimated to be approximately USD 70 million (Lo et al., 1991). Further research on strategic ship routing by taking advantage of current patterns in the Gulf Stream region is given in McCord et al. (1999). Examples of research on operational weather routing can be found in Petrie et al. (1984) and Papadakis and Perakis (1990).

In container shipping there are also some problems that require special solutions and algorithms that are studied in the literature: 

· Fleet size planning for refrigerated containers, i.e. the number of containers required to meet expected future traffic demands (Imai and Rivera, 2001). 

· Allocating empty containers subject to ship schedules and capacities (Lai et al., 1995). 

· Optimally operating cranes on the shore side (Kim and Kim, 1999).

A different container allocation problem is described in Avriel et al. (1998), Kang and Kim (2002) and Wilson and Roach (2000). Here, the problem is to develop a stowage plan for containers on a ship sailing a predetermined route with several ports of call. Containers onboard a container ship are placed in vertical stacks, located in many bays. Since the access to the containers is only from the top of the stack, a common situation is that containers designated for a port j must be unloaded and then reloaded in order to get access to containers below, designated for port i, which is prior to port j on the route. This operation is called ‘shifting’. The objective is to design stowage plans that minimize the need for shifting operations. 

A special type of Travelling Salesman Problem arising in many ship routing and scheduling problems along a shoreline, where the cargoes to be loaded are not available before a prescribed ‘release time’, is considered in Psaraftis et al. (1990). An algorithm that optimally solves the problem in polynomial time for the ideal case when the shoreline is a straight line is presented, as well as some heuristics for the general shoreline problem. The strategic level problem of optimal routing of hazardous materials is studied in Iakovou et al. (1999). The problem involves the selection of paths that minimize a weighted sum of transport costs and expected risk costs. Their proposed solution method is tested on a large scale case study of the marine transportation of oil products in the Gulf of Mexico. An algorithm for solving the shortest path problem in the presence of obstacles, where the obstacles represent the coastlines, is presented in Fagerholt et al. (2000). The algorithm can be used to calculate the distance between any two pairs of ports, as well as to determine the distance from a ship position at sea (generated via satellite) to any destination port. This can again be used for calculating the Estimated Time of Arrival at a destination port for a ship located at sea, which is important information in planning ship schedules. 

Table 7: Summary of literature review on problems related to ship routing and scheduling

Paper
Major decision
Objective
Cargo
Method

Avriel et al. (1998)
Container allocation
Min # container shifting operations
Container
Heuristic

Brown et al. (1994)
Ship berthing
Min # berth shifts
-
IP

Brown et al. (1997)
Submarine berthing
Min # berth shifts
-
IP

Fagerholt (2000)
Routing
Min distance
-
DP

Iakouvou et al. (1999)
Routing
Min cost/risk
Hazmat
Network model

Imai, Rivera (2001)
Container fleet sizing
Min cost
Container
Simulation

Kang, Kim (2002)
Container allocation
Min # container shifting operations
Container
Heuristic

Kim, Kim (1999)
Crane operation
Max port efficiency
Container
Heuristic

Lai et al. (1995)
Container allocation
Min cost
Container
Heuristic

Lo et al. (1991)
Environmental routing
Min cost
-
Calculus

McCord et al. (1999)
Environmental routing
Min cost
-


Papadakis, Perakis (1989)
Speed, deployment
Min cost
Bulk
NLP

Papadakis, Perakis (1990)
Environmental routing
Min cost
-


Perakis (1985)
Speed
Min cost
Bulk
Calculus

Perakis, Papadakis (1987)
Speed
Min cost
Bulk
NLP

Petrie et al. (1984)
Environmental routing
Min cost
-
DP

Psaraftis et al. (1990)
Scheduling
Min completion time
Any
DP, heuristics

Ronen (1982)
Speed
Min cost
-
Calculus

Williams (1992)
Scheduling
Meet goals
Naval supplies
Heuristic

Wilson and Roach (2002)
Container allocation
Min # container shifting operations
Container
Heuristic

There has also been some research and studies of different problems within naval logistics. Replenishment of a group of warships at sea while the ships carry out their assignments is dealt with by Williams (1992). Optimizing ship berthing for the US Navy is considered in Brown et al. (1994) and Brown et al. (1997) for surface vessels and submarines, respectively. Examples of references on routing and fleet sizing of naval vessels are given in Brown et al. (1990), Brown et al. (1996), Cline et al. (1992), Crary et al. (2002), Darby-Dowman et al. (1995), Fisher and Rosenwein (1989) and Nulty and Ratliff (1991). These references are presented in more detail in the previous sections.

3
Some trends in ship routing and scheduling

As mentioned in the introduction, there is a trend that shows an increased demand for sea transport services, and there are no signs that the world economy will rely less heavily on sea transport in the future. In this section we will present some trends in ocean shipping that will probably influence both the need for optimization-based decision support systems for ship scheduling and the shipping industry’s acceptance and benefit of such systems. We also want to point to some trends resulting in a need for research to pay attention to new problem areas within ship routing and scheduling.

3.1
Mergers and collaboration

In the last couple of decades, there have been a large number of mergers between production companies or cargo owners, resulting in bigger actors on the demand side for sea transport services. This again has given the cargo owners increased market power compared to the shipping companies, with squeezed profit margins for the shipping companies as a result. In order to reduce this imbalance there have also been many mergers between shipping companies in the last decade. Many shipping companies have also started pooling efforts and collaboration in order to increase market power and gain flexibility in the services that can be offered. In such collaboration, a number of shipping companies bring their fleets into a pool and operate them together. The income and costs are distributed between the different shipping companies according to certain rules that have been agreed upon. The split of income and costs is a relevant topic of research.

Traditionally, ocean fleet scheduling has often been handled manually by pen and paper, based on the planners’ knowledge and experience. The above trends with mergers and pooling collaboration result in larger fleets to operate for the shipping companies or the pool operators. This means it becomes much harder to determine an optimal fleet schedule by manual planning methods only. Therefore, the need for optimization-based decision support systems has increased and will probably continue to increase in the future.

3.2
New generation of planners

Fleet schedule planners are traditionally experienced, often with a background from sailing. Our impression is that these planners have usually done a very good job, but as the fleets become larger, scheduling becomes much harder to handle by manual methods. Despite this, the schedule planners are often very skeptical to computers in general and to optimization-based decision support systems for fleet scheduling in particular. They usually have a good reputation and position internally in the shipping companies. Therefore, some schedule planners might be afraid that introducing such systems will give management and co-workers too much insight in their jobs, which again may reduce the planners’ standing. It might also result in the shipping companies becoming less dependent on the schedule planners and therefore less vulnerable to employee turnover. Due to the planners’ influence within the companies, this is probably an important reason for the lack of optimization-based decision support systems for fleet scheduling in shipping companies. 

However, in the last years we have seen that shipping companies have started employing planners with less practical but more academic background. This new generation of planners is more used to computers and software, and therefore is often much more open to new ideas such as using optimization-based decision support systems for fleet scheduling. Even though there is still a gap to bridge between researchers and fleet schedule planners, we expect more willingness and interest from the ocean shipping industry in introducing these systems in the future. 

3.3
Developments in software and hardware

The technological development within computers and communications is another development that weighs heavily for the introduction of optimization-based decision support systems in shipping companies. As indicated in the literature review, since the seventies there have been some attempts in developing and using these systems for ocean fleet scheduling. Many of these attempts failed because of restricted computer power, making it hard to model all important problem characteristics and facilitate a good user interface. However, today’s computers enable an intuitive user interface to be implemented, something which is crucial for acceptance by the planners. During the last few years, we have also got communications technology for receiving real-time information from the vessels at reasonable cost. This can provide the planners and the decision-support systems with important information needed for improving fleet scheduling.

In addition, there have been significant algorithmic developments. Much of this research has been on rich models and this, together with the advances in computer power, has made it feasible to solve realistic models in a reasonable amount of time. 

In the last couple of years, the shipping industry, like most other industries, has seen a number of trading portals emerging on the Internet. These can be used for information exchange between a given cargo owner and shipping company under contract, or they can be pure spot-cargo marketplaces. These portals will to some extent act as a broker between the cargo owners and the shipping companies. Even though none of these spot-cargo marketplaces has yet become very important and dominant, the trend may still go in the direction of such portals. If so, the shipping companies will experience closer interaction with the market, which also has to be considered in fleet scheduling. Through these portals, the shipping companies may get access to a much larger number of potential spot cargoes than through their present brokers. All these potential spot cargoes should be tested in the shipping companies’ fleet schedules in order to bid for the ones that suit best and reduce the ballast sailing the most. This may give significant improvements in fleet scheduling. However, in order to get easy access to these potential spot cargoes and be able to test them in the fleet schedule in an efficient way, there should be an information linkage between the web portal(s) and the fleet scheduling system.

3.4
Shift from industrial to tramp shipping

If we consider the literature review on routing and scheduling within industrial and tramp shipping, presented in Sections 2.2 and 2.3, we observe that most contributions can be categorized within industrial shipping, while only a few are within the tramp market. As indicated, in industrial shipping the cargo owner also controls the fleet of ships. The purpose of an industrial operation is usually to provide the required transportation services for the organization’s cargo requests at minimum cost. The former organizational form of the companies is probably one explanation why many of the earlier studies fall into this category. Many large production companies often had their own division controlling a number of ships for the transportation of their own cargoes. However, in the last 10 – 20 years this has changed. Many such companies have now focused on their core business and have outsourced other activities like transportation to independent tramp shipping companies. Therefore, the emphasis has changed somewhat from industrial to tramp shipping. In addition, industrial shipping companies also tend to become more involved in the spot market.

If we consider this from the shipping companies’ perspective, a tramp shipping company will in contrast to an industrial shipping company serve a number of different cargo owners. Unlike an industrial operation, some cargo requests (spot cargoes) can be rejected if the ships can be used for better-paid cargoes. While the objective in industrial shipping is to minimize costs while servicing all cargo requests, the objective in tramp shipping is usually to maximize profit per time unit. While industrial shipping is to a high extent a closed system consisting of a given number of ships and cargoes, there is much more interaction with the market in tramp shipping. Despite the fact that one of the first research contributions on ship scheduling was for tramp shipping (Appelgren, 1969), one cannot say that the research and software developments within ship scheduling have reflected this change of focus from industrial to tramp shipping so far.

Shifting from industrial to tramp shipping brings new opportunities for optimization-based decision support systems for ship scheduling. When minimizing costs in ship scheduling, there are most often only the variable costs (mainly fuel and port costs) that are considered, since the fixed costs (typically capital and crew costs) will not be influenced by scheduling decisions. By optimizing fleet scheduling, a tramp shipping company can improve fleet utilization such that several additional spot cargoes can be carried. This may increase total income significantly, while the variable costs often only have a moderate increase. Therefore, while an industrial shipping company often will have limited possibilities for improving operations (i.e. the number of cargoes to be carried are fixed), a company engaged in tramp shipping will often have much more flexibility and solution space. This means that optimization in fleet scheduling will probably have greater financial impact for tramp shipping than for industrial shipping, indicating even more incentives for research within this area in the future.

3.5
Focus on supply chains

In most ship scheduling studies reported in the literature, the supply chain perspective is missing. The fleet scheduling is often performed in a ‘vacuum’, where the cargo owner dictates the requirements for the cargoes, often resulting in unnecessarily tight time windows and little or no flexibility in cargo quantities. Based on these requirements, the shipping company tries to find an optimal fleet schedule, while maximizing the profit (or minimizing costs). 

Suppose a cargo owner places two orders for 5250 units of a product to be delivered from one loading port to two discharging ports near each other and that the two cargoes’ time windows allow them to be transported simultaneously. Suppose further that the shipping company’s available vessels have a capacity of 10000 units. If the cargo quantities are fixed, the shipping company has to use two vessels to carry the two cargoes. If, however, there were some flexibility in the cargo quantities, i.e. they were specified in the range 5000 and 5500, the shipping company could use only one vessel carrying both cargoes at much less cost. Fagerholt (2002) presents a decision support system for ship scheduling handling cargo quantities given in intervals. 

Cargo time windows can be considered very much in the same way. Often, the cargo owner requires unnecessarily tight time windows often because it makes the planning situation easier (i.e. at the cargo owner’s port) or simply because it is traditional to have a given time window. These tight time windows often impose significant additional costs for the shipping company, due to reduced flexibility in the fleet scheduling. In Fagerholt (2001), the cost effect of tight time windows in a specific ship scheduling problem is discussed to some extent.

The additional costs of imposing little flexibility in time windows and cargo quantities may in the end be distributed to all participants in the supply chain. We already see trends pointing in the direction of a competition between supply chains even more than between shipping companies. Shipping companies must consider themselves as a total logistics provider (or at least as a part of a total logistics provider) instead of only a provider of sea transport services. This means that there must be some sort of collaboration and integration along the supply chain, for instance between the cargo owner and the shipping company. Because of the benefits of introducing flexibility in cargo time windows and quantities, a trend in some sectors, especially in land transport, has been the introduction of vendor managed inventory policies. This transfers inventory management and ordering responsibilities completely to the vendor or the logistics provider. The logistics provider decides both the quantity and timing of customer deliveries. The customer is guaranteed not to run out of product, and in return, the logistics provider gains a dramatic increase in flexibility that leads to more efficient use of resources. Examples of ship routing in such vendor managed inventory systems can be found in Christiansen (1999) and Miller (1987). We believe that in the future even more shipping companies will be the vendors in such logistics systems.

Not all customers or cargo owners currently using a formal ordering system will be willing or able to change to vendor managed inventory systems. Such a system requires remote monitoring of inventories in order to forecast use and determine delivery times and quantities. Even though the technology for such monitoring exists at an affordable price today, the nature of business is such that a cargo owner may be unwilling to transfer this information completely to a vendor. This can be motivated by a variety of reasons beyond a simple lack of trust in the shipping company. However, even in these situations where a formal ordering system is required, the fleet scheduling costs and hence the supply chain costs can be significantly improved. This can for instance be achieved if the cargo owner and the shipping company are able to share at least some information such that unnecessarily tight time windows and little flexibility are avoided as discussed previously. This has now become possible (at least technologically) via the Internet, for instance.

During the last few years some research has been done to investigate how ocean shipping can be integrated into a multimodal door-to-door supply chain. As an example, we can refer to Saldanha and Gray, (2002), where the potential for British coastal shipping in a multimodal chain is analyzed. A study is undertaken to investigate the standpoint of leading managers in such companies towards multimodal integration. The results of the study indicate that the managers are positive to multimodal developments.
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Figure 2: Typical ship scheduling features: yesterday, today and tomorrow

Figure 2 gives a simplified summary of important ship scheduling features yesterday, today and tomorrow, though it should be emphasized that this does not include liner shipping. From a focus on industrial shipping we have moved towards tramp shipping with much more emphasis on interaction with the market for the shipping company. Even so, sea transport is rarely integrated along the supply chain, even though we can see that some shipping segments have progressed quite far in this direction as in chemical shipping, for instance. In the future we believe that the focus on considering ship routing in a supply chain perspective will become more and more important. This will also bring new interesting challenges to the research community within routing and scheduling, such as collaboration and cost/profit sharing along the supply chain.

3.6
Strategic planning issues and market interaction

We also consider that vessel fleet sizing should be given more attention in the future. This strategic problem is extremely important as decisions concerning fleet size and composition influence the routing and scheduling. Even though there have been some studies on this type of problem (see Section 2.1), the potential for improving fleet size decisions by developing and using optimization-based decision support systems is probably significant. As already discussed, we have seen a trend from industrial to tramp shipping, with much more interaction with the market. This high degree of market interaction probably makes the fleet size issue even more important and complex, as one now has to make some assumptions on how the market will develop during the next few years in order to determine an optimal fleet. 

Contract evaluation is yet another important strategic problem arising for a tramp shipping company that has not been considered in the research literature. This is to a large extent related to the fleet size issue. Suppose a shipping company receives an offer from a cargo owner for a given Contract of Affreightment. Then, the shipping company has to evaluate whether it has sufficient fleet tonnage to fulfil the contract commitments together with its existing contract commitments, and if so, whether the contract is profitable. To check whether a contract is profitable or not, one also has to make some assumptions about how the future spot market will be for the given contract period. Typically, if a shipping company anticipates low spot rates, it will prefer to have as large contract coverage as possible or go ‘short of tonnage’ and vice versa. Since both fleet sizing and contract evaluation decisions are to a high degree dependent on the expectations of how a future market will develop, concepts of optimization under uncertainty must be considered.

4
Summary

Ship routing and scheduling is an interesting area with high potential for improvements by optimizing fleet utilization. The research described in the literature within maritime routing and scheduling has lagged far behind what is achieved in land and air transport. Despite this, we have seen a trend indicating increased interest and focus on the topic since the last review on ship routing and scheduling (Ronen, 1993). The first part of this paper has consisted of a thorough literature review, summarizing and discussing research on ship routing and scheduling with an emphasis on publications during the past decade. The review consists of approximately 80 papers, mostly from international journals found in international databases. We have divided the reviewed papers into four categories (though some papers belong to several):

· Strategic ship planning issues such as design of optimal fleets and transport systems.

· Tactical/operational ship scheduling within industrial shipping and tramp shipping, e.g. optimal assignment of cargoes to ships and hence ship schedules. This category includes the majority of research publications.

· Liner shipping, such as design of liner routes and fleet deployment.

· Other shipping issues related to routing and scheduling.

The second part of this paper has discussed some trends in the shipping industry indicating an even stronger need for research, as well as pointing to some new research directions within this area. The trends discussed can be summarized as:

· Mergers and pooling collaboration resulting in larger operational fleets.

· New generation of planners with more computer experience.

· Developments in software and hardware that facilitates rich models and intuitive GUIs.

· Shift from industrial to tramp shipping, resulting in more market interaction and new opportunities and challenges for optimization-based decision support tools.

· Focus on supply chain performance in the planning of fleet schedules.

· More focus on strategic planning issues such as fleet sizing.

The authors hope that this paper will stimulate and support future research on ship routing and scheduling as well as related topics.
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