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ABSTRACT

The vessel plan must comply with the stowage instructions provided by the ship-
ping line, but should also expedite container transport operations in the yard.
This paper presents an algorithm to generate the container ship loading plan
using the tabu search and multistart techniques. The proposed algorithm con-
siders the impact of container reshuffling, ground travel, and on-board weight
distribution to judge the quality of alternative solutions. The computational per-
formance of the algorithm is benchmarked using a MIP formulation of the
problem. Experimental results from a Spanish terminal are presented.
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INTRODUCTION

Due to the high capital requirements of owning and operating a modern con-
tainer ship (Stopford, 1997), the high cost of stevedoring services and equipment,
severe competition amongst terminals, as well as the high congestion at many major
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ports (White and Earnest, 2005), terminal operations must be carried out with the
utmost efficiency. One of the most important duties of the terminal staff is directing
the timely loading of outbound containers on to the ship, an activity known as vessel
planning. Although most modern terminals employ information systems to assist
the ship planners in the generation of the vessel plan, many of the tasks involved are
still performed manually.

The existing literature provides several exact and approximate algorithms that
permit greater automation of vessel planning (see Vis and de Koster, 2003;
Steenken, Voβ, and Stahlbock, 2004 for comprehensive literature review on contain-
er terminal operations and optimization). However, existing work has focused on
terminals that utilize either straddle carriers, rubber-tyred gantry cranes (RTGs), or
rail mounted gantry cranes (RMGs). This paper focuses on vessel planning at termi-
nals that operate based on reach-stackers.

In yards that utilize straddle carriers, containers are stacked in single rows,
three or four levels high. Adjacent rows are separated by corridors where the straddle
carriers travel. One drawback of this layout is that the travel paths take up a signifi-
cant portion of the yard’s floor space. On the other hand, an important advantage of
this layout is that any outbound container in the yard can be reached after removing
at most three containers.

Due to space limitations, some maritime terminals are laid out in a manner
that permits a more intensive use of the yard surface. In these terminals, containers
are stored in dense blocks, up to five levels high, and several dozen containers wide
by six to twelve containers deep. Straddle carriers can’t operate in such yards, as
appropriate travel paths are lacking. Consequently, reach-stackers, RTGs, or RMGs
are used instead. A drawback of the deep blocks is that access to a given container
may be blocked by other boxes. Therefore, it may be necessary to remove and then
restack the containers that block access to the target container – an activity known as
rehandling, or reshuffling.

RTGs and RMGs remove containers from above, so the potential number of
rehandles is limited. Reach-stackers, on the other hand, access containers from the
sides of the block, it may thus be necessary to rehandle several dozen containers to
reach the target container.

Container rehandling is costly to the terminal, as it reduces operational effi-
ciency and results in extended ship berthing times (a key performance indicator used
by shippers to select their preferred terminals). Clearly then, it is essential to
sequence the loading of outbound containers to reduce the number of rehandles.

Unfortunately, creating the loading plan by hand is tedious and extremely time
consuming. A great number of requirements must be taken into account, such as the
container position in the yard, compliance with the shipping line’s stowage require-
ments, allocation of work to several stevedoring teams, obstacles in the yard, and
interference between multiple reach-stackers working simultaneously, to name a few.
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The central contribution of this paper is an efficient algorithm for vessel
planning in container terminals that operate with reach-stackers. In the sections that
follow, the paper provides a detailed description of the vessel planning problem.
Then, the proposed algorithm is described along with a mixed integer formulation
of the problem at hand. Results from several benchmarking and testing exercises are
presented, followed by conclusions and directions for future work.

THE VESSEL PLANNING PROBLEM

The yard of a maritime container terminal is organized using four hierarchi-
cal levels: blocks, sections, streets, and tiers. A block has a large rectangular foot-
print, and is organized into sections (perpendicular to the longer axis of the block),
and streets (parallel to the main axis of the block). In yards operated with reach-
stackers, containers are piled up to five tiers high.

Each block in the yard is designated as either an import or export block.
Import blocks accommodate containers that have arrived at the terminal and are
awaiting pickup by a truck or train. Because the time at which each container will be
picked up is unknown, import containers are sometimes distributed randomly
amongst the import blocks. On the other hand, export containers are grouped
together by liner company and destination, as this facilitates the removal of a large
number of similar containers within a short period of time.

Prior to the arrival of the ship, the ship’s operator transmits a stowage plan to
the terminal staff. The stowage plan lists the containers that are to be removed from
the ship, as well as those that are to be loaded (exports). The stowage plan indicates
the ship slots that are to be occupied by the export containers, and the class of con-
tainers each slot can acommodate. The type, destination, IMO category, and weight
category together constitute the container class. Commonly used container types
are: DC (standard height dry cargo), HC (high cube), OT (open top), RF (refriger-
ated), HR (refrigerated high cube), and TA (tank), amongst others. Destination
ports are generally specified using six letter abbreviations: three for the country and
three for the port. IMO codes designate categories of hazardous cargo, such as flam-
mable liquids or toxic chemicals. A weight category may be given as either light,
medium or heavy. Some shippers only specify if the container is loaded or full. For
instance, a slot in the stowage plan may be marked GRCPIR-HC20-H-3, to indi-
cate that heavy twenty-foot high-cube container, with materials in IMO category 3,
and destination Pireas is to be loaded there. The yard will likely have several export
containers in that class. Therefore, the terminal’s staff must decide which specific
container will be loaded in each slot, as well as the sequence in which the containers
will be loaded.

The planning process will typically consist of the following steps. First, the
staff must decide how many stevedoring teams will work on the ship in question.
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The labor laws and agreements relating to stevedoring practice are complex and vary
between localities. The staff at each terminal must be aware of such regulations, as
they generally stipulate the number of hours that a crew can work in a shift; the
number of workers in each crew; when a crew can be assigned to work sequentially
on multiple ships; compensation to the stevedores (including charges for idling, per
TEU moved, and surcharges for night or holiday shifts); the composition of each
crew (typically a crane operator, a reach-stacker operator, one or two truck drivers, a
team coordinator, and one or more latchers on board the ship). The number of teams
assigned to the ship also depends on the size of the ship, the number of containers to
load, and the level of activity at the terminal.

Once a decision has been made on the number of teams to employ, the ship’s
holds must be allocated amongst the teams (a task known as the crane split, since
each crew is typically assigned to a single quay crane). If all teams are expected to
work for the entire shift on the particular vessel, the plan should balance the work
load amongst the teams. Alternatively, the staff may attempt to limit the work of one
team, in hopes of later reassigning it to a different ship.

After the holds have been assigned to the teams, the planner decides the direc-
tion of loading, which can be fore to aft, or vice versa. The planner must ensure that
all quay cranes are able to operate simultaneously without interfering with each other.

The quay cranes can load the containers onto the ship using one of several
regular patterns (Steenken et al. 2001). As a general rule, and to ensure adequate vis-
ibility to the crane operator, containers in a bay are loaded from the sea side towards
the land side. The containers can be loaded in vertical columns, or in horizontal lay-
ers. In either case, once the loading pattern has been chosen, the order in which the
slots of a given hold are loaded is mostly fixed (the planner will ocassionally allow
small deviations from the chosen pattern). For the remainder of this paper, it is
assumed that the stowage plan and the loading pattern employed by each crane
uniquely determine a sequence of generic containers to be loaded on to the ship. The
role of the planner from this point on is to assign a specific container to each generic
slot, which in turn determines the order in which the containers are to be retrieved
from the yard.

In sequencing the loading of containers, the planner attempts to minimize
four competing factors:

• Rehandling of containers. When the reach-stacker operator is asked to
access a container that is covered by others, he must first remove all the con-
tainers that are impeding access to the target container. After removing the
target container and loading it on to the truck that delivers it quayside, the
reach-stacker operator must, in most cases, restack the containers that were
initially removed. This task is complicated because the reach-stacker has
limited room to maneuver in the aisles between blocks. Storing containers
in the aisles, even temporarily, may not be practical.
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• Reach-stacker displacements. Movement of the reach-stacker around the
yard must be minimized, as this equipment travels at relatively low speed,
and is subject to significant wear and tear.

• Interference between reach-stackers. Multiple reach-stackers have difficulty
operating in the vicinity of each other, again due to the limited space in the
aisles that separate yard blocks. In addition to the movement of the reach-
stacker itself, one must also consider the traffic generated by the fleet of
trucks supporting each reach-stacker.

• Ship stability. Finally, the planner must also be mindful of the correct distri-
bution of weight on board, which affects the ship’s stability. Although there
is no theoretical objection to a heavier container over-stowing a lighter one
(British Marine, 2006), the planner generally strives to place heavier con-
tainers at the bottom of the holds.

The planner must also specify the “attack side” at each step in the operation. In
most cases, a container can be reached from either of the two aisles adjacent to the
block. Starting from one such side may result in a lower number of rehandles for the
current step and may reposition the reach-stacker favorably for subsequent operations.

Presently, the ship planning process is done by hand at many terminals. This
usually entails working on printed copies of the preliminary stowage plan and a list
of available containers obtained from a central database. Groups of containers are
highlighted in different colors to indicate their load sequence. Generating the plan
for a ship loading 500 containers may take between six and eight hours. There is no
uniformly accepted method to judge the goodness of a given load plan, and the
measures of disutility involved are weighted differently by different planners.

METHODOLOGY

Techniques from Operations Research (OR) have successfully addressed
large, complex planning problems in the telecommunications, airline, defense, and
manufacturing industries. The impact of OR in the maritime sector has been more
modest (Magirou,1992), and many senior managers in the sector remain unaware of
this discipline’s potential for reducing costs and increasing productivity. The heuris-
tic methods described in the OR literature are particularly well suited to the prob-
lems that arise in logistics and maritime operations. This follows from the highly
combinatorial nature of these problems and the difficulty of expressing and solving
these problems using traditional mathematical programming methods. Heuristic
methods in OR differ from exact mathematical formulations in that the former are
not guaranteed to reach an optimal solution, although they generally produce
remarkably good solutions very quickly (Glover and Kochenberger, 1997).

The algorithm proposed in this paper is based on the tabu search methodolo-
gy, a technique that has become popular due to its success in quickly obtaining good
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solutions to complex problems (Glover and Laguna, 1997). Tabu search starts by
generating an initial load plan, which although feasible, is readily improved upon.
Then, the algorithm iteratively explores alternatives to the current solution by gener-
ating “neighboring” plans. These are similar to the current plan, except for relatively
minor alterations that are expected to improve the objective value. The algorithm
selects the best neighbor, which then becomes the current solution, and begins to
explore the neighborhood of this new solution. Cycles are prevented by disallowing
the algorithm from undoing its most recent moves, which are considered “tabu”.

It is important to note that the quality of the solutions does not improve
monotonically – the search can move out of local optima even if this requires a tem-
porary deterioration of the objective value. This allows a broader exploration of plan
alternatives. In any event, the “best-yet” solution is always stored. If the search wan-
ders into less desirable alternatives, the algorithm can always return to the best-yet
plan. The algorithm terminates after a preset number of iterations, or when no
admissible neighbors can be found. The algorithm outputs the best plan it ever cre-
ated.

The proposed algorithm uses a technique known as multistart. Instead of
exploring a single initial plan, a variety of initial plans are generated and explored.
This permits a more thorough investigation of the solution space.

Before the tabu search begins, a fair amount of work needs to be done to load
the problem data, verify its consistency, and cast it into a format that is amenable to
the search procedure. The process starts with the acquisition of all the relevant data
for the problem instance, which consist of:

• Spatial layout of the container yard. Name and location of all blocks. Loca-
tion of aisles and obstacles.

• List of containers currently in the yard. Provides container ID, type (DC,
HC, RF, TA, etc.), length, destination, weight, and empty/full designation.

• Geometry of the ship and its bays. Nomenclature for all its slots. Docking
position at the quay (starboard or port).

• General stowage plan, specifying a destination, container type, length, and
IMO code for each slot to be loaded.

• Number of stevedoring crews available to load the vessel.
The algorithm checks the feasibility of the problem by ensuring that there are

enough containers in the yard for each of the different types required in the stowage
instructions. Next, the ship’s bays are allocated amongst the available stevedoring
crews, and a direction of loading for the entire ship is determined (fore to aft, or vice
versa). The slots of each group of holds allocated to a stevedoring crew are sequenced
according to the order in which they will be filled. Since each position in the sequence
can be associated with a slot in the ship, at this point the algorithm has generated one
ordered list of generic containers for each crew, as illustrated in Figure 1.
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Following Kim et al. (2004), the algorithm establishes which sections of the
yard could provide containers of the needed types, and generates a feasible “tour” of
the yard. The tour specifies the order in which the yard sections will be visited, and
the number of containers that will be collected from each section. Each initial solu-
tion uses a different tour orientation, for instance accessing blocks from East to West.

The algorithm then generates an initial plan by assigning a container from
the section indicated in the tour to each generic slot. Initial plans thus typically con-
tain sequences of adjacent containers being loaded into adjacent positions in the
ship. This method turns out to generate initial plans of good quality.

The cost of the initial plan is calculated as it is being generated. The cost of a
plan is computed as the weighted sum of four components: travel of the reach-stack-
er on the ground, number of containers rehandled in the stacks, disutility due to
interference between multiple crews, and a measure of the vertical weight distribu-
tion on the ship. The algorithm keeps track of the containers that have been loaded
on the ship at any given point, thus providing an accurate count of the number of
removal and restacking operations needed to retrieve any given container. Interfer-
ence between crews is accrued whenever two reach-stackers are scheduled to work
within a certain distance of each other. As a proxy to ship stability, the algorithm
multiplies the weight of each container by the tier number of the slot it occupies in
the vessel. This encourages plans where the lighter containers are placed in the high-
er slots.

Each iteration of the search begins with the generation of a list of “neighbors”
of the current plan. These neighbors are generated from the current plan by
exchanging two sequences of equivalent containers, as shown in Figure 2. Noting
the multiple ways in which these permutations could be generated, it becomes clear
that the number of neighbors could be extremely large. Furthermore, evaluating the
cost improvement of each neighbor is computationally expensive, because one must
recalculate the new state of the stacks and its impact on reshuffles.

In the interest of computational efficiency, the neighborhood is generated in
two steps. The first step considers a large number of neighbors, but computes only a
rough (and computationally trivial) approximation of the cost savings of each neigh-
bor. The neighbors are ranked according to this cost proxy, and only the subset at the
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top of the ranking is retained. A more thorough calculation of the cost benefits of
the selected neighbors is then performed, and the best candidate is chosen.

In forming the first list of neighbors, the algorithm avoids breaking up “least
cost” blocks, which are blocks of containers that can be removed from the stack
without any unnecessary reshuffling and without any displacement by the reach-
stacker. Clearly, these segments can’t be improved upon, and any disruption of their
continuity would increase the overall cost of the plan.

The ship load planning problem can also be formulated as a mixed integer
program (MIP). The MIP formulation is used to provide a benchmark against
which the speed and solution quality of the proposed heuristic can be compared.
The formulation uses the binary variables Ep to dictate the attack side (sea- or land-
side) at each step p. The binary variables Ag,p encode the transition of attack sides on
successive steps:

A1,p = 1  stands for a sea attacks at  p–1 and p
A2,p = 1  stands for a sea attack at  p–1 followed by a land attack at p
A3,p = 1  stands for a land attack at  p–1 followed by a sea attack at p
A4,p = 1  stands for a land attacks at  p–1 and p

The MIP presented below addresses a simplified version of the ship planning
problem, where only one stevedoring team is assigned to the ship. Therefore, in this
formulation the interference between multiple crews is not considered.

Sets 

Ξ set of all containers to be loaded 
Π set of all vessel slots to be filled. Slots are numbered according to the

order in which they must be filled 
ϒ set of all vessel slots to be filled, excepting the first slot 
Γ set of possible transitions in reach-stacker attack orientation: sea-sea,

sea-land, land-sea, land-land 
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Parameters 

wi weight of container  i
Ci class of container  i
di, j, g ground distance between yard positions of container  i and  j when

tranj sitioning type is  g
Ik, i, j, g binary: container  k initially blocks access to container  j when reach

stacker starts from container  i and transitioning type is  g
Bi, j, g number of containers initially required to remove container  i when

starting from the position of container  j and transitioning type is  g
Vi, g number of containers required to access container  i when it is the first

container in the sequence, and transitioning type is  g
Sp class of containers accepted by slot  p in vessel 
lp arm of ship slot  p for stability purposes 
αs objective function coefficient for container rehandling 
αd objective function coefficient for distance travelled on the ground 
αw objective function coefficient for vertical instability 
M suitably large number 

Variables 

Xi, p binary, container  i loads at step  p in load sequence 
Ep binary, attack side (sea=0, land=1) at step  p in load sequence 
Ag, p binary, attack transition is  g at load step  p
Rp integer, total number of boxes cleared at step  p in load sequence 
Dp ground distance traveled during loading step  p
Wp instability disutility of container placed in slot  p

Minimize

(1)

Subject to:

(2a)

(2b)Ξ∈∀∑
Π∈

iX pi
p

1=,
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Ξ∈

pX pi
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1=,
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p
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p
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p

sMIP WDRz ∑∑∑
Π∈Π∈Π∈

++ ααα=
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Constraints (2a) and (2b) require that each container be assigned to exactly
one vessel slot. Constraints (3a) and (3b) ensure the class of container assigned to
each slot corresponds to that slot’s class designation in the stowage plan. Constraint
(4) computes the number of rehandles at step  p. The constraint starts with Bi, j, g , the
number of rehandles required to reach the container being loaded in step  p when no
containers have been removed from the yard. The double summation serves to adjust
that initial rehandle count downward, according to the number of containers that
have been already loaded, and that were previously an obstacle to reaching  j, the tar-
get container. Constraint (5) computes the number of shifts at the first step in the
loading sequence, a specialized version of constraint (4). Constraints (6) and (7)
define the transition types Ag, p in terms of the attack position of the reach-stacker at
steps p and p-1. Constraint (8) computes the total ground distance traveled during
step  p. Constraint (9) computes the vertical instability disutility due to the container
in slot  p. Constraints (10a), (10b), and (10c) address the integrality and non-nega-
tivity of the decision variables.

Experimental Results and Analysis

The algorithm was tested throughout the implementation process using actu-
al data from ten ships loading a small number of containers (30-100 TEUs) at a
Spanish port. This guided the development effort by shedding light on the benefits
and computational requirements of different variants of the algorithm. Experienced
ship planners reviewed the results and offered their guidance in this respect.

Having finalized the fundamental design of the algorithm, a second set of
experimental runs was performed. This set of tests fulfilled three objectives. First, it
permitted a formal assessment of the benefits of the multistart technique. Second, it
allowed for an understanding of the trajectory of the objective function as the algo-
rithm progresses. Finally, the tests illustrated the impact of the neighborhood size on
the solution quality.

The data for these tests were based on three ships of 2,000, 4,500, and 7,000
TEU, and loading 74, 407, and 591 containers, respectively. Additional cases were
generated by bootstrapping the three base cases (by exchanging the location of no
more than 10% of the ship’s containers). The tests were run using five multistart
plans. These tests were done on an 800 MHz Pentium III computer.

All runs were completed in one to five minutes. Initial solutions of good qual-
ity were generated in less than five seconds. The results indicate that the initial plans
may be quite dissimilar, with objective values differing by up to 15%. The search
algorithm can improve an initial plan by up to 35%, but occasionally the improve-
ment is as low as 1%. The best initial plan does not always lead to the best final plan,
and the search process can transform similar initial plans into very dissimilar final
plans. These observations indicate that multistart is indeed valuable. For larger ships,
the quality of the solution would likely benefit from a larger number of initial plans.
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As is often observed with tabu search, in these experiments the objective func-
tion improves rapidly during the initial iterations, and then oscillates within a relatively
narrow range. After a small number of iterations (about 15 for the small ship and 40
for the larger ships), the algorithm has achieved most of the improvements it would
likely ever achieve (as verified by running the algorithm for a very large number of iter-
ations). This is illustrated in Figure 3. It is thus plausible to run the algorithm until
either convergence is achieved, or for a problem-specific number of iterations. The
speed of convergence will depend on the size of the neighborhoods. For this problem,
generating large neighborhoods is computationally expensive, and it is therefore
preferable to perform a larger number of iterations on smaller neighborhoods.

As mentioned previosuly, the algorithm chooses the best neighbor using a
two-phase selection process. Since the cost proxy used in the first phase is an
approximation, many low-quality neighbors are initially ranked incorrectly as cost-
improving options. If too many neighbors are generated, these ”false positives” dis-
place the truly cost-improving neighbors from the ranking, and choke the selection
process. It is therefore important to provide sufficient space in the ranking vector to
allow for this effect. Other techniques, such as stochastic selection of neighbors are
promising in this regard.
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In a third set of experiments, the MIP formulation presented above was
implemented using AMPL 9 (Fourer et al 2003), and solved using CPLEX 9.0
(ILOG 2005). These experiments were run on a 1600 MHz Pentium M computer
with 512 MB of RAM. No instance with more than 40 containers was successfully
solved. In these cases, the presolve phase consumed all the RAM in the test
machine, with which the runs were cancelled.

Two small examples with 22 and 29 containers were successfully solved. In
these cases, the MIP solutions obtained after three minutes were 20%-30% worse
than the initial solutions obtained by the proposed heuristic.

CONCLUSIONS AND DIRECTIONS FOR FURTHER RESEARCH

This paper presented an application of tabu search and multistart to the
automation of the vessel planning process in maritime terminals. The proposed algo-
rithm is specifically tailored to terminals that operate their yards with reach stackers.
The algorithm has been informally praised by experienced ship planners based on the
results obtained for a set of real-world tests. The algorithm finds good solutions very
quickly, and can solve problems with hundreds of containers in a few minutes.

There exist numerous directions for further research. First, further compari-
son of the plans produced by the algorithm against those produced manually is
desirable. A more tractable definition of what constitutes acceptable tradeoffs
between the multiple measures being minimized in the planning process must be
sought and coded into the algorithm. In this regard, it may be possible to extend the
algorithm to a true multi-objective search. This approach would allow the decision
makers to better understand the qualities of the different planning options, and
guide the algorithm towards the preferred solution space.

The findings in this research indicate that standard MIP formulations are
inadequate for solving actual instances of the ship load planning problem. The basic
MIP formulation is unable to address problems with as little as 40 containers. In
order to perform a plausible calibration of the metaheuristic against established MIP
solution software, more sophisticated modelling techniques will be necessary. In this
the combination of traditional mathematical programming methods with meta-
heuristics is a promising direction of research.

The speed of the algorithm is satisfactory, largely due to the use of cost prox-
ies in neighborhood generation. Further enhancements to the accuracy of the cost
proxy are possible. Regression testing of different proxy formulae would be a
straightforward manner of reaching this goal.

Some of the ideas presented in this paper are applicable to terminals operat-
ing with different types of stacking equipment. Most terminals in the Far East oper-
ate mixed fleets of stacking equipment, but emphasize rubber-tired gantry cranes
(M. Lambert et al., 2005). There is currently a manifest demand for algorithms to
optimize the utilization of the latter.
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