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1. Introduction  

 

(References 1,2, 3, 4, 5, 6 and 7) 

 

Maritime transportation currently represents over 80% of world freight trade. Container trade is 

estimated to have increased by a factor of 5 during the last 20 years, which is equivalent to an 

average annual growth rate of 9.8%. This trade is forecast to double by 2016 and further 

increase by 2020 to exceed 371 million TEUs (Twenty Equivalent Units) . Due to container 

trade growth, ports and terminal managers are having to increase terminal productivity and are 

trying to achieve the optimum terminal capacity. 

 

The container terminal is considered to be a system made up of four subsystems, whose 

effectiveness and productivity affect the performance of the next subsystem. These subsystems 

can be considered as independent processes but their operation is influenced by the global 

system as a whole. The four main subsystems are: ship to shore, transfer, storage, and 

delivery/reception. 

 

In a container terminal we can differentiate exports from imports and transshipped containers 

depending on the cargo’s destination. Export containers arrive by rail or road and leave the 

terminal by sea. On the other hand, import containers access the terminal through the quayside, 

where vessels are berthed, and depart from the terminal by rail or road transportation. 

The transfer between seaside and landside is not direct, and the process through the terminal 

usually involves storage until the container is retrieved. Finally, transshipped containers are 

those which are unloaded from vessels, temporarily stored in an intermediate storage yard, and 

stowed in another vessel. 

 

Researchers like Chen (1999) and Han et al. (2008) consider storage to be the dominant 

operative subsystem because of its role in determining the terminals’ efficiency and 

productivity. Stacking and storage decisions determine the amount of container storage and 

handling. These decisions can affect the processes for retrieving containers from the storage 

yard and the operating cost of yard cranes. 

 

Likewise, one of the main problems of container terminals is their lack of space for storing 

goods. The difficulty in extending the premises combined with the increase in freight volumes  
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transported by container ships makes it necessary to increase the terminals’ productivity and 

efficiency. One of the most common solutions is to apply multi-level stacking of containers, 

increasing the yard storage productivity and density, although overstacking has some negative 

effects regarding additional rehandling moves (reshuffling) of containers during the retrieval 

process, thereby increasing the turnaround time of trucks in the terminal and the operating cost. 

According to Dekker et al. (2006) a reshuffle is an unproductive move but nonetheless required 

to move a container stored beneath another one. 

 

The stacking problem is considered to be quite complex because of the uncertainty regarding 

which container will be needed first. Import container operations are especially uncertain 

because the information available on the departure time is unknown while containers are 

stacked, since trucks’ arrival time at the terminal to pick up the containers is random. 

Container stacking affects the time needed to retrieve the containers already in the yard as well 

as future container moves. 

 

In light of this, this paper focuses on the organization of import bays by evaluating several 

different stacking strategies aimed at using the storage space efficiently in order to minimize 

unproductive moves and their associated operating costs. 
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2. Problem description 

 

(References 8 and 9) 

 

The container yard is divided into areas called blocks. A block can be considered as the basic 

unit of storage space. Usually terminals divide their available storage yard into export, import 

and transshipment blocks. Each block is defined by its slots (length) and rows (width). The 

number of bays is equivalent to the number of slots and each bay has several stacks in which 

several containers can be placed one over another. At the same time, we will use the term sub-

block to refer a group of bays. Fig. 1 depicts how a typical container yard is distributed. 

Petering (2009) stated in his study that the optimal block width ranges from 6 to 12 rows, 

depending on the amount of equipment deployed in the yard, but the common actual value is 6 

and a typical block is about 40 slots long. In each stack, containers are stacked from 3 to 6 tiers 

high depending on the span of the yard crane. 

Multi-level stacking is one of the solutions most commonly used by terminal operators to 

increase the storage capacity of terminals unable to further expand without large investments. 

However, higher stacks require rehandling moves (shifting or reshuffles) and extra time to 

operate because the inbound containers arriving at the terminal (hereafter ‘‘new’’ containers) 

must be removed first in order to retrieve the containers already stored at the terminal (hereafter 

‘‘old’’ containers) when required. This is why lower stacks are recommended in storage 

planning to reduce unproductive moves (there is a direct relation between the stack height and 

the amount of rehandles). 

 

Storage and stack planning is very important in order to use the storage yard efficiently, reduce 

the turnaround time of vessels and inland transportation and, finally, reduce the handling cost of 

yard cranes during delivery. 

 

In the next section, an introduction and definition of the main strategies previously developed 

are presented along with several new strategies. These newly proposed strategies will consider 

the container arrival times at the terminal and departure probabilities from the terminal. 
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3. Import storage strategies 

 

3.1. Overview  

 

(References 10, 11  and 12) 

 

In the introduction we have seen that there are two strategies for space allocation for import 

containers: the non-segregation and segregation strategies.  

 

The non-segregation strategy consists of stacking new containers on top of old containers 

without taking into account the arrival time, the dwell time of the stored containers in the yard 

and the available information on containers at the time of placement. This strategy tends to mix 

containers from different ships in the yard, and consequently it can generate a large amount of 

extra moves per container. This type of extra move is called a rehandling move (sometimes 

known as a shifting move) and is deployed to remove the containers stored over the target 

container (requested by inland transportation). 

 

On the other hand, the segregation strategy does not allow containers from different ships to be 

mixed. The containers from each ship are located in a specific storage area or block. In that 

case, the number of extra moves per container can decrease but some sub-blocks will have to be 

moved to store new incoming containers. This extra work requires new extra operating moves to 

transfer the old containers to the area where new containers will be stored. These moves are 

called clearing moves and are carried out before a new container ship arrives at the terminal. 

Since containers are requested by inland transportation randomly, some rehandling moves will 

be also necessary. 

 

To sum up, we have seen that there are two kinds of unproductive moves depending on the 

strategy used: rehandling and clearing moves. The first type of move is related to the vertical 

position of the container within the stack, and clearing moves are used to replace old containers 

still in the sub-block. 

 

So, this study aims to determine under which conditions new containers can be stacked on top 

of old ones, based on the number of rehandling moves generated. Rehandling moves depend on  
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the container dwell time and arrival time, and on the applied strategy. The objective of this 

paper is to further refine these previous findings and define specific strategies for intermediate 

cases, that is, cases that cannot be explained using solely a non-segregation or segregation 

strategy. 

 

3.2. Strategies 

 

In the following part of the paper, more detailed storage strategies for import containers are 

introduced to try to reduce unproductive moves and minimize their associated operating costs. 

Before defining the strategy and the operating mechanism, it is necessary to mention some key 

aspects and variables associated with the proposed strategies: 

 

 The container arrival time is taken into account because it will be necessary to 

determine the probability of the container being picked up. This probability increases 

with storage duration, which allows new containers to be placed and reduces the 

number of rehandling moves. 

 

 The time between ship arrivals (hereafter interarrival time) can affect container 

departure probability, so we will avoid storing new containers on top of ones that are 

likely to be picked up sooner; otherwise, the expected number of moves per retrieval 

would increase, because the containers needed would be buried under new ones. 

 

 The average time that containers are stored in the container yard (dwell time). There are 

specific kinds of goods that are requested by road or rail to leave the terminal before 

their arrival at the terminal; but others remain stored in the terminal for long periods of 

time, thus reducing the terminal throughput. 

 

Each strategy has two stages: in the first stage, the containers from different ships are segregated 

(static strategy); and in the second stage, each strategy has its own procedure to mix the 

containers from different vessels, trying to make efficient use of the storage space by applying a 

combination of both static and dynamic strategies. 
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3.2.1. First stage 

 

As mentioned above, containers from different ships are segregated in the storage yard. As a 

consequence, the import block is divided into different sub-blocks whose size depends on the 

volume of containers unloaded from the vessel and the criteria for the maximum stacking 

height, which depend on the storage equipment. The stacking height has an upper bound limited 

by the RMG (rail-mounted gantry cranes) span but the optimal height will be prescribed by 

demand and unproductive moves. Generally, we will use the total available height. 

 

Once the containers are unloaded from the vessel and afterwards transferred to the storage yard, 

RMG cranes store inbound containers in the terminal, maximizing the available height and the 

block width. As a consequence, the number of bays used depends on the number of containers 

unloaded, the number of rows and the stacking height (eq. (1)), that is: 

 

 

 

where b is the number of bays used by cargoes unloaded from vessel Vi, n the number of 

containers unloaded from vessel Vi, r the number of rows in which width is divided, h is the 

maximum height available. 

 

The filling sequence during the first stage is defined as follows: 

 

The groups of containers will be placed in an area with dimensions r, h and b. Once goods are 

stored in the yard, the containers can be retrieved from the terminal. Thenceforth, the amount of 

containers will decrease by a specific rate according to the characteristics of the goods. 

Consequently, the bay occupancy rate will decrease as time increases. The operating movements 

for retrieving containers from the yard and loading them onto trucks or trains are carried out 

during the interarrival time of two consecutive vessels. 

 

The process described is repeated until the block is full to capacity, i.e., when a new import 

batch of containers arrives at the terminal and there is not enough space to accommodate it.  

 

Under such circumstances, the terminal operators will try to rearrange the different groups of 

bays (sub-blocks) created during the first stage to receive the new cargo. 
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The handling effort carried out during the first stage consists of the operation needed to store 

containers in the yard and to retrieve containers when requested by the transportation carriers. 

Storing the containers carried by different ships in separated bays aims to reduce the number of 

rehandling moves. We have seen that these directly depend on the stack height but they are also 

related to the configuration of the stacks. Generally, if all the containers have the same 

probability of leaving the terminal (under the same characteristics and dwell time in the 

terminal), the number of rehandling moves per container will be minimized and will just be 

related to the sequencing order for leaving the terminal, considered to be random. 

 

In those cases where the available space does not allow the segregation of containers from 

different ships because the space is scarce, the terminal operators will try to manage their 

terminal resources optimally to increase the capacity and to satisfy the clients’ demand. This is 

when storage and stacking strategies become important and useful. The alternatives suggested 

from this stage are described in the second stage. 

 

3.2.2. Second stage 

 

The second stage consists of a decision-making process, which will help the terminal operator to 

choose the best option. 

 

The decision-making process is based mainly on two criteria: 

 

 Which groups of containers should be mixed to reduce the number of unproductive 

moves (rehandles)? 

 

 Is it worth reallocating old containers to keep clear areas for new containers (clearing 

moves)? 

 

The answer to the above questions depends, for instance, on the number of old containers in 

each group, the containers’ probability of leaving the terminal and the space the new containers 

may require. 

 

The proposed strategies are: 
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3.2.3. Strategy 1 (S1) 

 

The first strategy consists in starting to fill the oldest group of sub-blocks of the storage yard 

(the one composed by the containers that have been at the storage yard for a longer time), that 

is, stacking new containers on top of the ones that are already stored in the yard and belong to 

the oldest group of containers (see Fig. 2). 

 

However, a longer time in the terminal entails a higher probability of leaving, which in turn 

entails an increase in rehandling moves. However, the amount of containers in the oldest stacks 

will be lower, so, it will be very likely that this stack will be almost filled with new containers 

from the same ship. 

 

This additional expected number of rehandling movements is due to the fact that the stacks are 

made up of containers with different times of leaving the terminal and different probabilities of 

being requested. In addition, the containers that are supposed to leave the terminal sooner (a 

longer time at the terminal) are placed under containers that have spent a shorter time in the 

terminal. The total expected number of rehandles, however, will depend on the number of 

remaining containers and the probability of leaving the terminal. 

 

3.2.4. Strategy 2 (S2) 

 

The second strategy follows the same operative as the first strategy did, although the filling 

order in the import block is just the opposite: it starts mixing those groups of containers with a 

shorter time at the terminal with those that have just arrived, in other words, the last group that 

has been stored in the terminal with the new inbound containers (see Fig. 2). 

 

The stacks in S1 contain few old containers and many new containers, which means that there 

are few containers with a high probability of leaving the terminal and, therefore, generating 

rehandling movements. The stacks in S2 contain mainly old containers and few new containers, 

so that the probability of leaving the terminal of both new and old containers is almost the same, 

i.e., the difference in probability of leaving the terminal depends on the interarrival time. 
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According to the configuration of the stacks, we can foresee a similar behavior or a higher 

chance of leaving the terminal for both kinds of containers. In other words, the stacks will be 

quite homogeneous as regards the probability of leaving the terminal (for smaller values of 

interarrival time). Under such circumstances, the increase in rehandling movements produced 

by the mixture will depend on the interarrival time between the two groups and, therefore, their 

associated probability. 

 

3.2.5. Strategy 3 (S3) 

 

The third strategy requires clearing movements and rehandles during the operational planning. It 

consists in replacing old containers that are still in the terminal when new cargo is ready to be 

unloaded in the terminal. These new containers will be 
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stored in those bays with fewer remaining containers, which in turn have the highest probability 

of leaving the terminal (Fig. 3). 

 

Once the destination sub-block is chosen, RMG cranes will move the remaining containers and 

store them on top of stacks made up of the containers that were already stored in the import 

block. These stacks, therefore, mix old containers: the containers that were stored in the target 

sub-block and the containers that have been replaced from the first sub-block. On the other 

hand, the new containers will be placed in the cleared area (first sub-block). The internal 

movements of containers are called clearing movements and are carried out between ships’ 

arrivals. 

 

The replaced containers are stored on top of the stack, thus reducing the chance of being 

rehandled again because they are supposed to leave the terminal sooner than the rest of the units 

from the same stack. 

 

The handling and operating costs in this strategy will be determined by the amount of replaced 

containers and rehandling moves. Few containers in the group of bays will entail few clearing 

moves. 
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4. Model development 

 

The previous sections have proved that the higher the stacks are, the higher the amount of 

unproductive moves or rehandles will be. The efficiency of operations will thus decrease, which 

in turn entails an increase in operating costs. 

 

The objective of the model developed is to determine the expected amount of total rehandles for 

different import storage yard strategies. This will allow us to compare the different strategies 

proposed and decide which is the most convenient depending on the most important variables. 

 

4.1. Assumptions and notations  

 

(Reference 11) 

 

The analysis in this paper is based on the following assumptions and notations. 

 

Assumptions: 

 

 Ships’ interarrival time is constant. 

 The number of containers is constant for all ships. 

 The dwell time in the storage area follows aWeibull distribution.  

 The import block is divided into K groups of bays (sub-blocks) and each sub-block has 

the same capacity. 

 The maximum stack height is limited. 

 It is not allowed to mix containers from more than two different ships in the same sub-

block. 

 It is assumed that the time-planning horizon is cyclical (Fig. 4). 
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 Secondary rehandles have not been taken into consideration in the model. 

 

When a container is rehandled, it is moved to another stack within the same bay, which may or 

may not generate more 

rehandles (secondary rehandles), depending on where the containers are moved to. According to 

the literature, it is valid to make the following assumption: 

 

 Let’s consider homogeneous stacks (composed of containers with the same departure 

probability at time t). If rehandles are generated, the rehandled containers moved to 

other stacks may in turn generate new rehandles. These additional rehandles 

(secondary) represent an insignificant percentage relative to the total number of 

rehandles. Only 4% of the total rehandles were secondary, assuming a bay width of six 

rows and a stacking height of six tiers. They concluded that the majority of rehandles is 

generated by stacking containers higher. Therefore, the basic factor determining 

rehandles is the stacking height and not the secondary rehandles. 

 

Fig. 4 shows the arrival planning during a specific period of time, which recurs cyclically 

(cyclic-time).  

 

Notation: 

 

N: overall number of vessels arriving at the terminal. 

K: number of sub-blocks in the import storage block. Each sub-block stacks containers from the 

same vessel (same capacity). 

i: index that can stand for the values covered by [1,K] (sub-blocks). 

j: index that can stand for the values covered by [K + 1,N]. 

n: volume of containers unloaded from each vessel. 

h: maximum number of containers per stack. 
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DT: ship interarrival time, which is constant. 

ti: arrival time of vessel Vi, i e [1, k]. 

tj: arrival time of vessel Vj, i e [k + 1, N]. 

Vi: label assigned to vessels whose containers are stored in the K: sub-blocks,i e [1, k]. 

Vj: label for the vessels arriving at the terminal after the specific time tj. 

dSyj : number of sub-blocks needed to accommodate the new inbound containers from vessel 

Vj, using strategy Sy, y e [1, 3]. 

CSy : set including all the container combinations for each strategy Sy, i e [1, 3]. 

S(i,j): number of stacks combining containers from vessels Vi and Vj. 

DRij: increase in the amount of rehandles relative to a homogeneous stack, expressed as a 

percentage. 

 

4.2. The model 

 

4.2.1. Dwell time in the storage area  

 

(Reference 13) 

 

Container dwell time in the yard (t), or the time containers stay in the terminal, is typically 

considered to be a non-negative continuous random variable, whose probability distribution 

function, F(t), follows a Weibull parametric distribution, and whose parameters are c and k. 

When c = 1, an exponential distribution is obtained. 

 

The survivor function, S(t), is defined as the function representing the probability that a 

container has not left the terminal by time t (it is still stored in the terminal), that is: 

 

 

 

The probability that the event of interest (a container leaving the terminal) occurs in the interval 

(t + dt], given that it has not occurred by t, is: 
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This function, h(t), is known as the hazard function and represents the instantaneous rate at 

which the event of interest will occur at time t, given that it has not occurred up to this time. It 

follows that the probability of the container leaving at time interval (t,t + dt] is approximately 

h(t)Dt for infinitesimal values of Dt. 

 

For the particular case of exponential distribution, the instantaneous rate or hazard function 

exhibits no time dependence (the hazard rate is constant), which entails that the probability of 

leaving at the following time interval does not depend on the amount of time the container has 

stayed in the yard. 

 

4.2.2. Calculation of vertical rehandles for a homogeneous stack 

 

(Reference 11) 

 

This section focuses on calculating the rehandling movements per stack made up of same-ship 

containers (therefore, these containers have the same probability of leaving the terminal by time 

t). During the first stage of the proposed strategies, while filling the first K sub-blocks, the 

containers are segregated depending on which vessel they come from. A container on top of the 

stack will entail no rehandles at all, whereas a container stored on the ground will entail (h -1) 

rehandles, h being the amount of containers stacked over it. 

 

The vertical rehandles per stack will be quantified by calculating the expected number of 

rehandles (per stack and time t), where each container requires a specific amount of rehandles 

(depending on the vertical position of the container), that is: 

 

 

 

where R is the amount of possible rehandles per container and PR(t) the probability that R 

rehandles are required at t. 

The next step, therefore, consists of defining the probability of needing R rehandles in a stack 

with h containers (PR(t), R e [1, h -1]). For instance, let’s consider a hypothetical case where a 

stack is made up of three containers and we want to calculate the probability of needing R 

rehandles, where, in this case, R = {1, 2}. 

 



 

 
CHAPTER 1. Space allocating strategies for improving import yard performance at marine terminals. 

 

   

20  

 

 

To determine the probability of R = 2 rehandles we will first need to define all the possible 

instances requiring two rehandles. 

 

This only applies to a possible instance: the container on the ground leaves the terminal at t and, 

in turn, the two containers stacked over it (tiers 2 and 3) do not leave the terminal at the same 

time. 

 

Therefore, the probability will be determined by two events: ‘‘the container on the ground 

leaves the terminal’’ and ‘‘the containers over the container on the ground remain at the 

terminal’’. It can be expressed analytically as the product between the probability of a container 

leaving the terminal f(t) at t and the probability of the two remaining containers staying at the 

terminal S(t), defined by Eq. (2). 

 

On the other hand, the probability of R = 1 in a three-container stack at t will result from 

adding: the probability of the ‘inbetween’ container (second tier) leaving the terminal f(t) 

(whereas the two other containers stay at the terminal, S(t)), and the probability that another 

container has already left the terminal F(t) and that another container f(t) (with another container 

over it) leaves the terminal at t. 

 

Considering stacks with h containers, the following expression is obtained: 

 

The probability density function, f(t), stands for the probability of a container leaving the 

terminal at a specific time, given that this container has been stored at the terminal until this 

time, which derives from the conditional probability or hazard function, h(t), (Eq. (3)), where 

the numerator, f(t), is the probability of leaving the terminal at t, whereas the denominator 

stands for the condition the container has survived until t. 
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By having defined the expected value of the number of rehandles in a stack at t and by 

combining expressions (4) and (5) we obtain an analytic expression determining the average 

number of rehandles for a stack made up of h containers from a vessel Vi (with the same 

probability of leaving the terminal) and for a specific period of time,[ti, 1], that is: 

 

 

4.2.3. Calculation of vertical rehandles for a heterogeneous stack 

 

We hereby aim to calculate the rehandles required by a stack made up of containers from 

different vessels and, therefore, with different probabilities of leaving the terminal. 

 

The starting point is the arrival of vessel VK+1, whose freight is to be stacked over the 

containers that are already stored at the terminal (old containers) at the time the vessel arrives, 

tK+1, or whenever it is necessary to replace the remaining containers in a specific sub-block to 

clear space for new inbound freight (strategy S3). 

 

Thus, first we need to know the amount of containers in each sub-block at time tj, jPK + 1, since 

the occupancy rate of the yard will determine the suitability of the strategies suggested in this 

paper. The occupancy rate is determined mainly by the container departure rates (by means of 

the parameters characterizing Weibull’s distribution, c and k) and the time elapsed between 

vessel arrivals (DT). 

 

Depending on these parameters we obtain the probability of having z containers, z e [0, h], in a 

stack at a given time t, whereas at the beginning there were h containers coming from the same 

vessel per stack (bear in mind that the segregation strategy is applied during the first stage to fill 

the first K sub-blocks). 

 

Assuming that all the containers in the stack come from the same vessel and, therefore, they 

share the same characteristics and probability of leaving the terminal, the analytic expression 

defining the probability of having z, z e [0, h], containers stored in the yard at t is: 
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Since this stack is made up exclusively of containers coming from the same vessel, the 

distribution function Fz(t)will be the same for all the containers in this stack. Therefore, Fz(t) = 

F(t)"z. Thus, the previous expressions can be synthesized as follows: 

 

 

 

Derived from equation (8), the expected value of the number of containers in a stack at t, 

E[H(t)] will be given by: 

 

 

 

Finally, by integrating the expected value of the rehandles for a period of time covered by [tj, 1], 

we obtain the number of resulting rehandles when mixing containers from vessels Vi and Vj 

from tj on, that is: 

 



 

 
CHAPTER 1. Space allocating strategies for improving import yard performance at marine terminals. 

 

   

23  

 

 

 

4.2.4. Calculation of the total number of rehandles for each strategy 

 

This section develops the model that will determine the volume of both vertical and horizontal 

(clearing moves) rehandles from the expressions developed in the previous sections and for each 

strategy. 

 

A specific implementation procedure of the model will be used for each strategy, even though 

the defined methodological scheme applies to all the strategies. 

 

One of the main variables for evaluating rehandles is the occupancy rate of the K sub-blocks at 

the time when containers from vessels Vj, j e [K + 1, N] arrive. These containers will be 

allocated to these K sub-blocks. 

 

The occupancy rate of the yard can be defined from the hollow matrix B, whose components, 

bm,i, represent the number of empty slots in the sub-block i at tj, when vessels Vj, j e [K + 1, 

N], arrive (to simplify the notation, the parameter m = j–K, m e [1,N–K], has been introduced). 

Therefore, each row in the matrix shows the occupancy rate of the yard at each tj, whereas each  
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column presents the occupancy rate of each block at tj,j e [K + 1, N]. Therefore, this matrix 

consists of K columns and (N– K) rows, that is: 

 

 

 

where the matrix components bm,i, will be given by: 

 

In the former expression (13), the term Ei[H(tj)]si represents the expected number of remaining 

containers in the sub-block I when vessel Vj arrives (tj,). Parameter si represents the number of 

stacks in the sub-block i and Ei[H(tj)] is determined by expression (9). 

 

Therefore, the matrix B and its components bm,i will be useful for allocating the new containers 

arriving at the terminal by filling the empty slots, depending on the order each strategy 

establishes. 

 

In order to compare the strategies, parameter dSy j is defined. This parameter determines the 

amount of sub-blocks necessary to accommodate the containers arriving at the terminal from 

vessels Vj, j e [K + 1, N]. This parameter will consequently show the amount of sub-blocks with 

containers from different vessels. 

 

Since the order of filling the sub-blocks differs in each strategy, the value of the parameter dSy j 

will vary from one strategy to another and, in turn, from one vessel to another, since the volume 

of slots will also change depending on time tj. This is why parameter dSy j will be specified for 

each vessel arrival and strategy specifically, dSy j being the amount of sub-blocks with 

containers from vessel Vj, j e [K + 1, N], for strategy Sy,y e [1, 3]. 
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Finally, for each strategy, dSy j will be: 

 

 

 

where bm,i is obtained from the hollow matrix B, defined by expressions (12) and (13), m = j–K 

and x = dSy 

j_1. It is worth mentioning that for j = K + 1, the auxiliary variable will be zero. 

 

For instance, let’s suppose a block is made up of 5 sub-blocks (K) with a capacity of 180 slots 

and that demand is characterized by N = 7, DT = 2 days and a departure rate defined by c = 1 

and k = 0.230. Using expressions (12) and (13), the resulting hollow matrix B is: 

 

 

 

Once the matrix components are defined, we proceed to calculate parameter dSy6 . In strategy 

S1, for instance, when containers from vessel V6 begin to be stacked in the first sub-blocks, we 

notice that in sub-block K = 1 and at the arrival time of such vessel (t6 = 12 days), there are 162 

empty slots (component b1,1). Therefore it will be necessary to occupy slots in sub-block K = 2, 

where 29 from vessel V2 (n–b1,2) will still remain. In sub-block K = 1 there will be 162 

containers from vessel V6 and 18 from vessel V1, and, in sub-block K = 2, 18 containers from 

vessel V6 and 29 containers from vessel V2. The term dS1 6 ¼ 2 indicates that all available 

slots in K = 1 are occupied as well as some empty slots in sub-block K = 2. 

 

Applying the same procedure to the other strategies results in parameter values of dS1 6 ¼ 3 

and dS3 6 ¼ 1. In the case of strategy S3, 18 containers from vessel V1 are placed with the  

remaining containers from vessel V5 within sub-block K = 5. During the interarrival time 

between V5 and V6, 67 containers (b1,5) departed from this sub-block.  

 

The next step is defining the set CS1 j , whose terms (represented as the pair (i,j)) indicate 

which containers from Vi and Vj, j e [K + 1, N], are mixed together in the same stack in each  
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strategy. The analytic expression of set (CS1 j ) depending on the strategy applied (Sy) per each 

vessel Vj, will be: 

 

 

 

Once each combination of containers Vi and Vj is obtained (CSy j ), the total set CSyper 

strategy, which represents the entire group container combination (i,j), is defined as follows: 

 

 

 

 

Continuing with the example introduced before, and based on the obtained values of dSy 6 , we 

proceed to determine the container combinations (i,j) (for strategies S1 and S2) and (i,i0) (for 

strategy S3). It is worth noting that dSyj_1 ¼ 0 in all strategies, as containers coming from that 

vessel (V5) are not mixed with other ones since they are stacked in an independent sub-block. 

The container combinations (i,j) are as indicated in Table 1: 

 

Having established the container combination ((i,j) for strategies S1 and S2 and (i,i0) for 

strategy S3) it is possible to determine the amount of stacks (Sði;jÞ or S ði;j0Þ) with containers 

from vessels Vi and Vj (strategies S1 and S2) and the combination of containers from vessels Vi 

(strategy S3). 

 

Subsequently, the resulting number of rehandles for the stacking groups within the storage area 

can be calculated as: 
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Strategy S1 

 

Strategy S1 consists mainly in stacking new containers in the sub-blocks with the oldest 

containers, i.e., the filling order starts at sub-block i = 1 and finishes at i = K, which limits the 

capacity of the import area. On the other hand, this strategy requires no clearing moves at all 

(ES1 ½Rh_), so that the expected value of rehandles for the whole block will be: 

 

 

 

where 

 

 

Strategy S2 

 

Strategy S2 is quite similar to the previous one. The difference lies in that the filling order is the 

opposite, i.e., it starts at 

i = K and finishes at the first sub-block of the storage area, i = 1. This strategy does not require 

any clearing move either; therefore, ES2 ½Rh_ ¼ 0. 

 

 

where 
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Strategy S3 

This strategy differs from the two previous ones in that it requires replacing the containers still 

stored in the sub-blocks to allow new containers to be stacked in the same sub-block. Clearing 

moves will thus be required to replace the containers from the first vessels in the rest of the sub-

blocks of the storage area. Therefore, the total amount of rehandles for strategy S3 will equal the 

total amount of vertical rehandles and clearing moves. The clearing moves will in turn equal the 

amount of containers remaining in the sub-block when a new vessel arrives at the terminal. 

 

 

 

Tthe clearing moves will be: 

 

where E[H(tj _ ti)] is the expected amount of containers in a stack at tj taking into account that 

containers arrived at the terminal at ti. 

 

It is worth noting that in the formulation defined in this section the first term (vertical rehandles 

required by strategies S1, 

S2 and S3) corresponds to the group of sub-blocks with containers from different vessels, 

whereas the second term of the formulation refers to the group of homogeneous sub-blocks, i.e., 

the sub-blocks with containers coming from the same vessel. 

 

On the other hand, the analytic expression determining the clearing moves (strategy S3) refers 

to the group of containers stacked in a sub-block in the first stage of the strategy (freight 

segregation). 

 

5. Numerical case 

 

In this section, the proposed methodology is tested using empirical data from the layout of a 

standard container terminal. 
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The results obtained after applying the proposed strategies will allow us to decide which 

strategy is the most suitable depending on the basic parameters of the problem. 

5.1. Input data  

 

(Reference 14) 

 

The import storage yard has five sub-blocks (K = 5) with the same capacity, which equals the 

number of containers per vessel. Each sub-block is divided into ten slots (length) and six rows 

(width). Containers are stacked up to three or five tiers high, where h = 3 represents a container 

terminal with moderate volume, while h = 5 represents a terminal operating close to its 

maximum capacity (congested). The terminal will be operated by rail-mounted gantry cranes 

(RMG), which have a maximum operative stacking height of six containers. 

 

The arrival time of each container hip is determined by the long-term schedule. It is assumed 

that the arrival rate of import containers follows a cyclic pattern equivalent (in terms of time) to 

seven ships arrivals (Fig. 4), that is, the capacity of the import storage yard is designed to 

accommodate, at least, the unloaded container volume from seven ships (N = 7). The amount of 

unloaded import containers per ship is 180 (n) when the stacking height is three tiers and 300 

(n) when it is five tiers high. 

 

The ship interarrival time DT is assumed to be constant. Different scenarios have been defined 

by increasing Dt from 0 to 4.5 days. We assume that the dwell time in the storage t follows a 

Weibull distribution with parameters c and k, whose values are: c = 1, k = 0.230 (scenario (a)) 

and c = 1.5 k = 0.073 (scenario (b)). 

In the case of c = 1, the dwell time, t, follows an exponential distribution. The terminal 

departure rate (k) has been calibrated so that the dwell time reaches 4 or 5 days (the normal 

values for this type of freight in these terminals). 
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5.2. Results 

 

A sensitivity analysis of rehandles depending on the vessel arrival rate and the container dwell 

time at the terminal was performed for each scenario. The ratio (DT/E[t]) presenting the relation 

between arrival and departure rates were also calculated. 

 

The terminal arrival rate is determined by the interval between consecutive vessel arrivals (DT), 

whereas the departure rate depends on the average container dwell time at the terminal (E(t)). In 

the hypothetical case where the dwell time is assumed to follow an exponential distribution 

(scenario (a)), the average time will equal  

 

 

 

In scenario (b), where the dwell time is assumed to follow aWeibull distribution, the average 

time is determined by  

 

 

 

By applying expressions (14)–(16) we obtain the values for parameter dSy j for each simulated 

scenario shown on Tables 2 and 3. We thus know which sub-blocks hold containers from vessel 

Vj (see Fig. 6). 

 

Tables 2 and 3 show two values for dSy j , one for each vessel Vj arriving at the terminal at tj, 

for j = {6, 7}. The results obtained are represented: dSy 6 /dSy 7 , where the first component 

represents the amount of sub-blocks necessary to stack the containers from the vessel V6 at t6, 

while the second component indicates the amount of sub-blocks necessary to store the 

containers from vessel V7 at t7, taking into account which sub-blocks have been used to store 

the containers from vessel V6. 

 

It is worth mentioning that in strategy S3, the first component represents the amount of sub-

blocks necessary to store the remaining containers from sub-block K = 1, from vessel V1, and 

the second the amount of sub-blocks necessary to stack the containers from vessel V2 in sub-

block K = 2, since new containers will be stacked in the sub-blocks that have just been cleared, 

K = 1 and K = 2, respectively. 
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The results shown in Tables 2 and 3 show that strategy S2 requires more sub-blocks to be 

occupied than the other strategies proposed. This is caused by the filling order of the sub-blocks, 

which consists of filling the slots of the sub-blocks with the newest containers in the terminal 

and, therefore results in fewer empty slots. 

 

 

 

 

The sub-blocks in the case where strategy S3 is applied are less occupied, since clearing moves 

are carried out once most containers have left the terminal. 

 

In some specific cases (when the interarrival time is relatively short), there are not enough 

empty slots available for placing the inbound freight and, therefore, capacity problems arise. 

This phenomenon is intensified in the case where the ratio relating the arrival and departure 

rates is low and strategy S2 is applied. 

 

By considering the particular case in which the dwell time at the terminal follows an 

exponential distribution, the vessels’ 

interarrival time equals 1.5 days and the ratio DT/E(t) equals 34.5%, we obtain the yard layout 

shown in Fig. 6. This figure depicts which sub-blocks in the storage area hold containers from  
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different vessels and also depicts the configuration of each stack after applying the strategies 

proposed in this paper. 

 

For instance, in the case where strategy S2 is applied, the standard stack in sub-block 3 is made 

up of a container from vessel V3 on the ground and two containers from vessel V6. This figure  

also shows that at t6, when containers from vessel V6 are being stored in sub-blocks 5, 4 and 3 

(in this order), there are 64 containers from vessel V3 and 37 containers from vessel V6 stacked 

in the sub-block (represented in the Fig. 6 as 64/37). 

 

Table 4 presents sets CSy , (defined according to (20)), corresponding to the values of dSyj ; j ¼ 

6; 7 and for each of the strategies proposed in this paper. 

 

Let’s now consider that there are many stacks holding containers from different vessels. We aim 

to quantify the rehandles these stacks are expected to require and compare the value obtained 

with the value we would obtain in the case where the same stack were made up of containers 

from the same vessel. To compare the two results, an indicator, DR(i,j), is defined. It determines 

the percentage increase in the amount of rehandles required for handling a stack with containers 

from vessels Vi, i e [1, K] and Vj,j e [K + 1, N] relative to a homogeneous stack (cij versus cii), 

made up only of containers from the same vessel Vi, that is: 

 

 

 

Having defined the sets (CSy ) for each strategy, the resulting container combination for the 

stack and sub-block and the indicator (DR(i,j)), we can represent the increases generated 

depending on the interarrival time (DT), as shown in Figs. 7 and 8. 

 

These (Figs. 7 and 8) show that when strategy S1 is applied and as the interarrival time 

increases, the increase in rehandles diminishes for each set. However, when strategy S2 is  
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applied, the increases are still higher until certain values of DT, but once this threshold is 

reached, the increases start diminishing. 

 

This is due to the fact that the longer the interarrival time is, the higher the probability of the 

container leaving the terminal is, i.e., there are more containers leaving the terminal when new  

inbound vessels arrive. The expected value of the number of rehandles will consequently 

decrease. This is why strategy S2, which combines containers from vessels arriving almost 

simultaneously, generates a higher amount of rehandles. 

 

Particularly, combination (5, 6) for strategy S2 is the most unfavorable container combination 

with regard to the number of rehandles, since the vessels arrive consecutively and, therefore, 

there is not enough time for most containers from vessel i = 5 to leave the terminal. For the 

specific case of h = 3, a minor increase of 7% is recorded, whereas for a higher stacking height 

(h = 5), the recorded increase may reach up to 50%. However, combinations (1, 6) and (1, 7) for 

strategies S1 and S2, respectively, are the most favorable combinations for time intervals DT > 

1 day. 

 

It is worth mentioning that the resulting combinations (mixing containers from different vessels) 

are specific to each DT, such that some situations will result in impossible combinations. For 

example, combination (3, 6) is only possible in the case that DT < 2 days (applying strategy S2), 

since all the containers from vessel V6 are allocated to sub-blocks 4 and 5. Combinations (4, 6) 

and (5, 6) can be found in the sub-blocks 4 and 5, respectively. 

 

Finally, by applying the methodology proposed in this paper and expression (28), we obtain an 

increase in the expected value of rehandles depending on DT/E(t), the strategy, the distribution 

type (exponential or Weibull) and the stacking height (three or five tiers high). The results are 

presented graphically in Figs. 9–12. 

 

From the model results, presented above, the following conclusions can be made: 

 

 For terminals with low traffic (h = 5), when the relation between the freight arrival and 

departure rates is close to unity, the total number of rehandles obtained for strategies S1 

and S3 converges to zero, i.e., the stacks’ behavior is close to that of homogeneous 

stacks, requiring the same amount of rehandles. 
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 From the previous statement we can infer that the longer the interarrival time is, the 

fewer containers will remain in the sub-blocks of the storage area and, therefore, the 

lower the increase in rehandles generated by heterogeneous stacks will be. 

Consequently, the longer the interarrival time is, the fewer clearing moves will be 

required and the more applicable strategy S3 will be. 
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 Figs. 9 and 10, in which the stacking height considered is three tiers and n = 180, show 

that when the freight arrival rate is less than 35% of the average dwell time, in scenario 

(a), and less than 30% in scenario (b), the optimum strategy is S2. On the other hand, in 

cases where the ratio is greater than 65% in scenario (a) and greater than 40% in 

scenario (b), strategy S3 proves to be the best in terms of the number of rehandles 

generated. For an intermediate scenario, S1 would be the optimum strategy. 
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 For terminals with high traffic (h = 5), Figs. 11 and 12 show that for both scenarios ((a) 

and (b)) the optimum strategy is S3 for all the situations analyzed. The peak generated 

when containers arrival rate is around 40% of the average dwell time is worth 

mentioning. Its cause resides in the fact that containers which have recently arrived at 

the terminal are stacked over ones that will not stay long at the terminal, thereby 

generating a considerable increase in the amount of rehandles(i.e., combination (1, 6) 

when DT   1.5). Once that DT threshold is exceeded, the containers that arrived 

first at the terminal will have departed and, therefore, the increase of the number of 

rehandles due to the mixture will not occur. 

 

 By comparing the different stacking heights considered and the feasibility of the 

different strategies, we can see that when the stacks are short, clearing moves take more 

importance than vertical rehandles, thus S1 and S2 become the optimum strategies. On 

the other hand, when stacks are higher, vertical rehandles increase significantly and S3 

becomes the most suitable strategy. The additional clearing moves required for S3 are 

fewer than the number of vertical rehandles. 
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 By comparing the two scenarios (a and b), we can see in the hypothetical case that time 

is distributed following a Weibull function (c = 1.5) and containers take longer to leave 

the terminal than in the case of an exponential distribution (c = 1). The most optimal 

strategy changes from one scenario to the next. 

 

5.3. Discussion   

 

(References 6, 10,11 and 15) 

 

The results obtained allow us to conclude that the optimal strategy depends on the terminal’s 

state of congestion. A distinction can be made between terminals operating below their capacity, 

which have relatively short stack heights (h = 3), and ones operating at full capacity 

(congested), making it necessary to increase stack heights (h = 5). Regarding terminals that are 

not congested (i.e., short stack height, h = 3), the following suggestions can be made: 

 

 When the interarrival time is short (low values of DT/E(t)), S2 was found to be the most 

favorable strategy, even though in some low-capacity terminals this strategy can 

converge to a freight non-segregation strategy. Both De Castilho and Daganzo (1993) 

and later Huynh (2008) recommended applying the mixed strategy when the stacks are 

not very high and the dwell time is high, which equates to low values of the DT/E(t) 

ratio. In these cases, the containers departure probabilities are very similar and the 

container arrival rate is very high. 

 

 Strategy S1 becomes the optimum strategy for intermediate values of DT/E(t) (when the 

average dwell time in the yard approximately doubles the interarrival time). This 

strategy, even though it may initially appear to be unproductive because new containers 

are stacked over containers with a high probability of leaving the terminal, can be 

widely applied when the interarrival time is high with regard to the expected container 

dwell time. Thus, some containers in the storage area are allowed to leave the terminal 

during the time interval before new freight arrives. However, the time intervals are not 

long enough to make the operating cost of the clearing moves affordable. 
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 Lastly, S3 is the optimum strategy in the case where there are few containers remaining 

in the terminal and, consequently, few clearing moves per sub-block are required. This 

strategy will apply to terminals having low arrival rates and that operate in accordance 

with a freight segregation strategy. The higher the interarrival time is, the fewer clearing 

moves will be needed, and, therefore, the more applicable this strategy will be. 

 

 Strategy S3 stands out as the most suitable strategy for all values of DT/E(t). When 

stack height increases, the overall number of vertical rehandles per stack is proportional 

to the square of the stacking height. Therefore, reducing vertical rehandles and 

increasing clearing moves allows S3 to reduce the operating costs and manage the yard 

more optimally. 

 

 In contrary, strategies like S1 and S2 based on a mixture of containers with different 

departure probabilities, offer very negative results since containers with a forecasted 

imminent departure from the terminal are located in the lower tiers of the stack. 

 

 Dynamic strategies, improve the usage of the available space in the terminals by 

virtually eliminating the wasted space between the storage areas in the yard and also 

improve terminal productivity. In a similar way, strategy S3 replaces containers 

(dynamic strategy) to make the most of the free space in the terminal and to reduce the 

number of rehandles. 

 

It is worth mentioning that these conclusions have been drawn from expected and average 

values, which are useful for deciding which strategy to apply in the yard; however, simulation 

tools would be required to capture a detailed picture of the process. 
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6. Conclusions and further research 

 

This paper has analyzed the performance of different storage strategies aiming to reduce the 

number of unproductive moves in the import container storage area. These strategies have been 

evaluated using the methodology described in this paper. The model that was developed enables 

the quantification of the expected number of rehandles (vertical rehandles and clearing moves) 

that result from combining containers with different departure probabilities in the same stack. 

 

The main contributions of this paper are the following: 

 

This model takes into account the different probabilities of leaving the terminal with regard to 

the time at which each container arrives. Therefore each container has a different probability of 

departure depending on time. This enables us to quantify the number of rehandles that result 

from having a mix of containers with different probability of departures in the same stack. This 

approach differs from previous studies which assumed that all containers have the same 

departing probability. 

Three new storage strategies were defined for inbound containers, allowing the operations to be 

analyzed more in depth than the strategies developed in previous contributions.  

 

More specifically, we can observe that strategies S1 and S2, which are comparable to the non-

segregation strategy, are recommended for terminals with a short average stacking height and a 

ship headway-to-container dwell time ratio less than 0.5, or when container dwell time is high. 

In contrary, for terminals with a small storage area and high traffic volume (when storage 

capacity must increase by way of higher container stacking), strategy S3 becomes preferable for 

inbound yard management, requiring fewer rehandling moves and thus demonstrating the 

advantage of dynamic strategies in these situations. 

 

In this study, an analytic methodology based on probabilistic distribution functions was 

developed. This allows us to evaluate each strategy in a stochastic context and avoiding 

excessive computational calculations. 

 

Future possible research lines might consist of further evaluating select variables playing a role 

in the import storage yard management process, such as considering the volume of containers as 

variable depending on the vessel or modeling the interarrival time as a random variable. 
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7. Summary 

 

7.1. Introduction 

 

The main objectives in a container terminal are increase the productivity and achieve the 

optimum capacity. In order to do that we should focus on minimize unproductive moves. If we 

act in this problem we will decrease the operating costs. 

 

We will focus on the organization of import yards. 

 

The container terminal is considered to be a system made up of four subsystems. The four main 

subsystems are: ship to shore, transfer, storage, and delivery/reception. Storage is considered the 

dominant operative subsystem. Stacking and storage decisions determine the amount of 

container storage and handling. These decisions can affect the processes for retrieving 

containers from the storage yard and the operating cost of yard cranes. 

 

7.2. Yard layout 
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As we can see in Fig.1 the container yard is divided into areas called blocks. Each block is 

defined by its slots long (40) and rows (6). In each stack, containers are stacked from 3 to 6 tiers 

high depending on the span of the yard crane. 

 

Multi-level stacking is one of the solutions to increase the storage capacity. Lower stacking is 

recommended to reduce unproductive moves. So storage and stack planning is very important. 

 

7.3. Import storage strategies. 

 

Two main strategies: 

 

 The non-segregation strategy consists of stacking new containers on top of old 

containers without taking into account the arrival time, the dwell time of the stored 

containers in the yard and the available information on containers at the time of 

placement. This strategy tends to mix containers from different ships in the yard. 

Consequently it can generate rehandling moves which are related to the vertical position 

of the container within the stack. 

 

 The segregation strategy. The containers from each ship are located in a specific storage 

area or block. Consequently it can generate clearing moves to replace old containers 

still in the sub-block. 

 

7.3.1. Variables associated with the proposed strategies. 

 

 The container arrival time. 

 The time between ship arrivals. 

 The average time that containers are stored in the container yard (dwell time). 

 

7.3.2. Stages 

 

Each strategy has two stages: in the first stage, the containers from different ships are segregated 

(static strategy); and in the second stage, each strategy has its own procedure to mix the  
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containers from different vessels, trying to make efficient use of the storage space by applying a 

combination of both static and dynamic strategies. 

 

7.3.2.1. First stage 

 

As mentioned above, containers from different ships are segregated in the storage yard. the 

number of rows and the stacking height (eq. (1)), that is: 

 

 

 

where b is the number of bays used by cargoes unloaded from vessel Vi, n the number of 

containers unloaded from vessel Vi, r the number of rows in which width is divided, h is the 

maximum height available. 

 

The filling sequence during the first stage is defined as follows: 

The groups of containers will be placed in an area with dimensions r, h and b.  

The operating movements for retrieving containers from the yard and loading them onto trucks 

or trains are carried out during the interarrival time of two consecutive vessels. The process 

described is repeated until the block is full to capacity. 

 

In those cases where the available space does not allow the segregation of containers, the 

terminal operators will try to manage their terminal resources optimally to increase the capacity 

and to satisfy the clients’ demand. The alternatives suggested from this stage are described in 

the second stage. 

7.3.2.1. Second stage 

 

The decision-making process is based mainly on two criteria: 

 

 Which groups of containers should be mixed to reduce the number of unproductive 

moves (rehandles)? 

 

 Is it worth reallocating old containers to keep clear areas for new containers (clearing 

moves)? 
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The answer to the above questions depends, for instance, on the number of old containers in 

each group, the containers’ probability of leaving the terminal and the space the new containers 

may require. 

 

The proposed strategies are: 

 

7.3.2.1.1. Strategy 1 

 

The first strategy consists stacking new containers on top of the ones that are already stored in 

the yard and belong to the oldest group of containers (see Fig. 2). 

 

7.3.2.1.2. Strategy 2 

 

It starts mixing those groups of containers with a shorter time at the terminal with those that 

have just arrived (see Fig. 2). 
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7.3.2.1.3. Strategy 3 

 

New containers will be stored in those bays with fewer remaining containers, which in turn have 

the highest probability of leaving the terminal (Fig. 3). 

RMG cranes will move the remaining containers and store them on top of stacks made up of the 

containers that were already stored in the import block. These stacks, therefore, mix old 

containers: the containers that were stored in the target sub-block and the containers that have 

been replaced from the first sub-block. On the other hand, the new containers will be placed in 

the cleared area (first sub-block). 

 

 

 

7.4. Model development 

 

The objective of the model developed is to determine the expected amount of total rehandles for 

different import storage yard strategies. This will allow us to compare the different strategies 

proposed and decide which is the most convenient depending on the most important variables. 
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7.4.1. Assumptions 

 

 Ships’ interarrival time is constant. 

 The number of containers is constant for all ships. 

 The dwell time in the storage area follows a Weibull distribution.  

  

 

 

 The import block is divided into K groups of bays (sub-blocks) and each sub-block has 

the same capacity. 

 The maximum stack height is limited. 

 It is not allowed to mix containers from more than two different ships in the same sub-

block. 

 It is assumed that the time-planning horizon is cyclical (Fig. 4). 

 

 Secondary rehandles have not been taken into consideration in the model. 

 

7.4.2. Calculation of vertical rehandles for a homogeneours stack. 

 

These containers have the same probability of leaving the terminal by time t. 

The vertical rehandles per stack will be quantified by calculating the expected number of 

rehandles (per stack and time t), where each container requires a specific amount of rehandles 

(depending on the vertical position of the container), that is: 
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where R is the amount of possible rehandles per container and PR(t) the probability that R 

rehandles are required at t. 

A stack is made up of three containers and we want to calculate the probability of needing R 

rehandles, where, in this case, R = {1, 2}. 

 

We obtain an analytic expression determining the average number of rehandles for a stack made 

up of h containers from a vessel Vi and for a specific period of time, that is: 

 

7.4.3. Calculation of vertical rehandles for a heteroogeneours stack. 

 

Containers with different probabilities of leaving the terminal. 

 

The expected value of the number of containers in a stack at t, E[H(t)] will be given by: 

 

 

 

Finally, we obtain the number of resulting rehandles when mixing containers from vessels Vi 

and Vj from tj on, that is: 

 

 

 

7.4.4. Calculation of the total number of rehandles for each strategy. 

 

We will determine the volume of both vertical and horizontal (clearing moves) rehandles from 

the expressions developed in the previous sections and for each strategy. 

 

One of the main variables for evaluating rehandles is the occupancy rate of the K sub-blocks at 

the time when containers from vessels Vj, j e [K + 1, N] arrive. These containers will be 

allocated to these K sub-blocks. 
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The occupancy rate of the yard can be defined from the hollow matrix B, whose components, 

bm,i, represent the number of empty slots in the sub-block i at tj, when vessels Vj, j e [K + 1, 

N], arrive (to simplify the notation, the parameter m = j–K, m e [1,N–K], has been introduced). 

Therefore, each row in the matrix shows the occupancy rate of the yard at each tj, whereas each 

column presents the occupancy rate of each block at tj,j e [K + 1, N]. Therefore, this matrix 

consists of K columns and (N– K) rows, that is: 

 

 

where the matrix components bm,i, will be given by: 

 

In order to compare the strategies, parameter dSy j is defined. This parameter determines the 

amount of sub-blocks necessary to accommodate the containers arriving at the terminal from 

vessels Vj, j e [K + 1, N]. This parameter will consequently show the amount of sub-blocks with 

containers from different vessels. 

 

7.5. Numerical case 

 

In this section, the proposed methodology is tested using empirical data from the layout of a 

standard container terminal. 

The results obtained after applying the proposed strategies will allow us to decide which 

strategy is the most suitable depending on the basic parameters of the problem. 

 

7.5.1. Input data 

 

The import storage yard has five sub-blocks (K = 5) with the same capacity, which equals the 

number of containers per vessel. Each sub-block is divided into ten slots (length) and six rows 

(width). Containers are stacked up to three or five tiers high, where h = 3 represents a container 

terminal with moderate volume, while h = 5 represents a terminal operating close to its  
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maximum capacity (congested). The terminal will be operated by rail-mounted gantry cranes 

(RMG), which have a maximum operative stacking height of six containers. 

 

The arrival time of each container hip is determined by the long-term schedule. It is assumed 

that the arrival rate of import containers follows a cyclic pattern equivalent (in terms of time) to 

seven ships arrivals (Fig. 4), that is, the capacity of the import storage yard is designed to 

accommodate, at least, the unloaded container volume from seven ships (N = 7). The amount of 

unloaded import containers per ship is 180 (n) when the stacking height is three tiers and 300 

(n) when it is five tiers high. 

 

The ship interarrival time DT is assumed to be constant. Different scenarios have been defined 

by increasing Dt from 0 to 4.5 days. We assume that the dwell time in the storage t follows a  

 

Weibull distribution with parameters c and k, whose values are: c = 1, k = 0.230 (scenario (a)) 

and c = 1.5 k = 0.073 (scenario (b)). 

In the case of c = 1, the dwell time, t, follows an exponential distribution. The terminal 

departure rate (k) has been calibrated so that the dwell time reaches 4 or 5 days (the normal 

values for this type of freight in these terminals). 

 

7.5.2. Results 

 

A sensitivity analysis of rehandles depending on the vessel arrival rate and the container dwell 

time at the terminal was performed for each scenario. 

 

Tables 2 and 3 

 

 The ratio (DT/E[t]) presenting the relation between arrival and departure. 

 

 The dwell time is assumed to follow an exponential distribution in scenario (a). 

 

 In scenario (b), the dwell time is assumed to follow a Weibull distribution. 

 

 The results obtained are represented: dSy 6 /dSy 7 , where the first component 

represents the amount of sub-blocks necessary to stack the containers from the vessel  
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V6 at t6, while the second component indicates the amount of sub-blocks necessary to 

store the containers from vessel V7 at t7, taking into account which sub-blocks have 

been used to store the containers from vessel V6.  

 

 

 

 

 

 

 

 

 

 The results shown in Tables 2 and 3 show that: 

 

 Strategy S2 requires more sub-blocks to be occupied than the other strategies proposed. 

This is caused by the filling order of the sub-blocks, which consists of filling the slots 

of the sub-blocks with the newest containers in the terminal and, therefore results in 

fewer empty slots. 

 

 The sub-blocks in the case where strategy S3 is applied are less occupied, since clearing 

moves are carried out once most containers have left the terminal. 

 

 

 In some specific cases (when the interarrival time is relatively short), there are not 

enough empty slots available for placing the inbound freight and, therefore, capacity 

problems arise. This phenomenon is intensified in the case where the ratio relating the 

arrival and departure rates is low and strategy S2 is applied. 
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Fig 6. 

 

We consider the particular case in which the dwell time at the terminal follows an exponential 

distribution, the vessels’ interarrival time equals 1.5 days and the ratio DT/E(t) equals 34.5%. 

 

 

This figure depicts which sub-blocks in the storage area hold containers from different vessels 

and also depicts the configuration of each stack after applying the strategies proposed in this 

paper. 

 

For instance, in the case where strategy S2 is applied, the standard stack in sub-block 3 is made 

up of a container from vessel V3 on the ground and two containers from vessel V6. This figure 

also shows that at t6, when containers from vessel V6 are being stored in sub-blocks 5, 4 and 3 

(in this order), there are 64 containers from vessel V3 and 37 containers from vessel V6 stacked 

in the sub-block (represented in the Fig. 6 as 64/37). 

 

Fig 7 and 8 

 

We can represent the increases generated depending on the interarrival time (DT), as shown in 

Figs. 7 and 8. 
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From the model results, presented above, the following conclusions can be made: 

 

 When strategy S1 is applied and as the interarrival time increases, the increase in 

rehandles diminishes for each set. 

 

 When strategy S2 is applied, the increases are still higher until certain values of DT, but 

once this threshold is reached, the increases start diminishing. 

 

 

 Particularly, combination (5, 6) for strategy S2 is the most unfavorable container 

combination with regard to the number of rehandles, since the vessels arrive 

consecutively and, therefore, there is not enough time for most containers from vessel i 

= 5 to leave the terminal. For the specific case of h = 3, a minor increase of 7% is 

recorded, whereas for a higher stacking height (h = 5), the recorded increase may reach 

up to 50%. However, combinations (1, 6) and (1, 7) for strategies S1 and S2, 

respectively, are the most favorable combinations for time intervals DT > 1 day. 

 

It is worth mentioning that the resulting combinations (mixing containers from different vessels) 

are specific to each DT, such that some situations will result in impossible combinations. 
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Fig 9, 10, 11 and 12 

 

 

We obtain an increase in the expected value of rehandles depending on DT/E(t), the strategy, 

the distribution type (exponential or Weibull) and the stacking height (three or five tiers high). 

The results are presented graphically. 
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From the model results, presented above, the following conclusions can be made: 

 

 For terminals with low traffic (h = 5), when the relation between the freight arrival and 

departure rates is close to unity, the total number of rehandles obtained for strategies S1 

and S3 converges to zero, i.e., the stacks’ behavior is close to that of homogeneous 

stacks, requiring the same amount of rehandles. 

 

 From the previous statement we can infer that the longer the interarrival time is, the 

fewer containers will remain in the sub-blocks of the storage area and, therefore, the 

lower the increase in rehandles generated by heterogeneous stacks will be. 

Consequently, the longer the interarrival time is, the fewer clearing moves will be 

required and the more applicable strategy S3 will be. 

 

 Figs. 9 and 10, in which the stacking height considered is three tiers and n = 180, show 

that when the freight arrival rate is less than 35% of the average dwell time, in scenario 

(a), and less than 30% in scenario (b), the optimum strategy is S2. On the other hand, in  
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cases where the ratio is greater than 65% in scenario (a) and greater than 40% in 

scenario (b), strategy S3 proves to be the best in terms of the number of rehandles 

generated. For an intermediate scenario, S1 would be the optimum strategy. 

 

 For terminals with high traffic (h = 5), Figs. 11 and 12 show that for both scenarios ((a) 

and (b)) the optimum strategy is S3 for all the situations analyzed. The peak generated 

when containers arrival rate is around 40% of the average dwell time is worth 

mentioning. Its cause resides in the fact that containers which have recently arrived at 

the terminal are stacked over ones that will not stay long at the terminal, thereby 

generating a considerable increase in the amount of rehandles(i.e., combination (1, 6) 

when DT   1.5). Once that DT threshold is exceeded, the containers that arrived 

first at the terminal will have departed and, therefore, the increase of the number of 

rehandles due to the mixture will not occur. 

 

 By comparing the different stacking heights considered and the feasibility of the 

different strategies, we can see that when the stacks are short, clearing moves take more 

importance than vertical rehandles, thus S1 and S2 become the optimum strategies. On 

the other hand, when stacks are higher, vertical rehandles increase significantly and S3 

becomes the most suitable strategy. The additional clearing moves required for S3 are 

fewer than the number of vertical rehandles. 

 

 By comparing the two scenarios (a and b), we can see in the hypothetical case that time 

is distributed following a Weibull function (c = 1.5) and containers take longer to leave 

the terminal than in the case of an exponential distribution (c = 1). The most optimal 

strategy changes from one scenario to the next. 

 

7.6. Suggestions. 

 

 When the interarrival time is short (low values of DT/E(t)), S2 was found to be the most 

favorable strategy, even though in some low-capacity terminals this strategy can 

converge to a freight non-segregation strategy. 

 

 Strategy S1 becomes the optimum strategy for intermediate values of DT/E(t) (when the 

average dwell time in the yard approximately doubles the interarrival time).  Can be  

 



 

 
CHAPTER 1. Space allocating strategies for improving import yard performance at marine terminals. 

 

   

57  

 

 

 

widely applied when the interarrival time is high with regard to the expected container 

dwell time. 

 

 S3 is the optimum strategy in the case where there are few containers remaining in the 

terminal. 

 

 Strategy S3 stands out as the most suitable strategy for all values of DT/E(t). When 

stack height increases, the overall number of vertical rehandles per stack is proportional 

to the square of the stacking height. Therefore, reducing vertical rehandles and 

increasing clearing moves allows S3 to reduce the operating costs and manage the yard 

more optimally. 

 

 In contrary, strategies like S1 and S2 based on a mixture of containers with different 

departure probabilities, offer very negative results since containers with a forecasted 

imminent departure from the terminal are located in the lower tiers of the stack. 

 

 Dynamic strategies, improve the usage of the available space in the terminals by 

virtually eliminating the wasted space between the storage areas in the yard and also 

improve terminal productivity. In a similar way, strategy S3 replaces containers 

(dynamic strategy) to make the most of the free space in the terminal and to reduce the 

number of rehandles. 

 

It is worth mentioning that these conclusions have been drawn from expected and average 

values, which are useful for deciding which strategy to apply in the yard; however, simulation 

tools would be required to capture a detailed picture of the process. 

7.7. Conclusions. 

 

We can observe that strategies S1 and S2, which are comparable to the non-segregation strategy, 

are recommended for terminals with a short average stacking height and a ship headway-to-

container dwell time ratio less than 0.5, or when container dwell time is high. In contrary, for 

terminals with a small storage area and high traffic volume (when storage capacity must 

increase by way of higher container stacking), strategy S3 becomes preferable for inbound yard  
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management, requiring fewer rehandling moves and thus demonstrating the advantage of 

dynamic strategies in these situations. 
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1. Introduction  

 

(References 1, 6 and 7) 

 

This paper models the seaport system with the objective of determining the 

optimal storage strategy and container-handling schedule. It presents an 

iterative search algorithm that integrates a container-transfer model with a 

container-location model in a cyclic fashion to determine both optimal 

locations and corresponding handling schedule. A genetic algorithm 

(GA), a tabu search (TS) and a tabu search/genetic algorithm hybrid are 

used to solve the problem. The implementation of these models and 

algorithms are capable of handling the very large problems that arise in 

container terminal operations. Different resource levels are analysed and a 

comparison with current practise at an Australian port is done. 

 

When a container vessel calls to port, the containers on board must be 

unloaded and stored at the port until they are transported further by rail or 

road. The containers must be stored in a manner so as to minimise the 

amount of handling needed to place a container in the storage area and to 

remove it when needed. Therefore, the problem being investigated is 

minimising the total throughput time which is the handling time for all the 

containers from ships at berth and the transferring time of the containers to 

the storage area. When dealing with export containers, the problem would be 

reversed. That is, the handling time of the containers from when it first 

arrives at the port until the ship carrying the containers departs from the port. 

 

The method of assigning containers to yard machines for loading/unloading 
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of ships most widely employed is the use of “gut  instinct” or 

heuristics. These approaches may seem to be effective but may actually 

increase the berthing time of the ships. A better assignment technique may 

involve an analytical model. Many papers have considered analytical 

models to replace “gut instinct” methods of loading and unloading 

containers. 

 

The containers that are remaining must be placed in storage areas until they 

are needed. The company does not know when or in what order the 

containers will be called for loading or unloading. Therefore, they must 

stack the containers in a manner so as to minimise the time taken to retrieve 

a container by considering the storage area constraints. In the case of 

exports, the stevedoring company usually knows when a container will 

depart as it arrives. The stevedoring company charges a fee for containers 

that are delivered too early in respect to the departure time, and after cut-off 

times, no containers are receive. 

 

After the containers have been unloaded from the container vessel and placed 

in the marshalling area, they are moved to the storage areas, Ajs, the 

multimodal terminal truck area or road intermodal terminal as seen in Fig. 1. 

The containers are moved from the storage areas to the road intermodal 

terminals by a multimodal terminal truck for transferring to the hinterland. 

For use in the model, each of the storage areas are segregated into s parts 

each, such as A11, A12, A13 …, A1s, A21, A22, A23 …,A2s 

………………,and Aj1, Aj2, Aj3, …..Ajs. 
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2. The model 

 

(Reference 2) 

 

When a container ship arrives at the port, management allocates a number 

of yard machines to service it. (i.e. transfer the import containers to storage 

or road/rail links and the export containers from the storage area to the berth). 

The problem is to determine the schedule in which to transfer the containers. 

The Container Transfer Model (CTM) is used to handle this problem. The 

objective of CTM is to minimise berthing time of the ship by considering the 

setup and travelling time for each container.  Therefore,  CTM  minimises  

the  completion  of  the  transfers from  a storage area to ship and/or ship to 

the storage area and determine the optimum schedule. 

The containers must be stored in a manner so as to minimise the amount of 

handling needed to place a container in the storage area and to remove it 

when needed. Therefore, the Container Location Model (CLM) is designed 

to determine 
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the  optimal  storage  locations  for  various  container-handling  

schedules  by minimising the total throughput time of containers. 

 

The rationale behind integrating CTM and CLM is that it is pointless 

optimising one when the other is far from optimal. While optimising the 

transfer schedule for a given storage location, assignment will reduce 

loading time; it will not provide the best solutions. Similarly, whilst 

optimising the storage location to match a particular transfer schedule will 

offer some improvement, more could be gained. This is where an integrated 

model is used. The aim of the model is to simultaneously optimise both the 

storage locations and the handling scheduling. The main advantage of using 

the integrated model over a single model is the solution space. By solving 

the models iteratively as opposed to that in a single model reduces the 

feasible search space. The high dependency of the variables and parameters 
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in the two reduced models would also lead to greater complexity of a single 

model. 

 

In essence, the container transfer and container location models are a 

decomposition of the real problem. The approach is used to solve the 

decomposed problem successively. The problem in solving the two 

subproblems independently is that the decision variables for one are 

problem parameters (input) for the other. Firstly, CTM is solved for 

container transfers using random initial storage locations. The output, 

handling schedule, is then used as input for CLM. The optimal locations of 

containers determined are then subsequently used as input to CTM. This 

continues iteratively until a stopping criterion is reached. This technique 

uses small initial improvements and gradually increases the accuracy of the 

solution as the algorithm progresses. 

 

The notation of the parameters and variables of the model are detailed 

below: 
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Both separate models, CTM and CLM, use the same mathematical model; 

however, the decision variables and input parameters change. In CLM xi, yi 

and zi,t are decision variables and maci, and ti are input parameters and vice 

versa for CTM. 

 

The objective of this model is to minimise the time ships spend at the berth. 

We will minimise time spent transferring containers from a storage area to 

ship or ship to the storage area. This transfer time is the sum of the setup and 

travelling time for each container. As the idea is to minimise the completion 

of the transfers, we want to find the minimum time for the yard machine that 

is in use the longest by adding the transfer times of the containers allocated 

to it. 

 

This equation is designed to find the maximum time any yard machine is in 

service and minimise this value. This will minimise the time the ship spends 

at the port and also minimise the total working time of all yard machines. 

 

The location constraints in Eq. 2 are used to satisfy the physical condition 

that only one container can be stored in a given storage position. The 

solution program will either move one of the containers to another position 

or store them on the top of the other. The initial storage locations are also 

checked for feasibility of the height parameter, ensuring if zi,t>0; then, there 

is, in fact, containers occupying those positions. 
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Equation  3  defines  the  machine  constraints  which  are used  to  satisfy  

the physical condition that each yard machine can only be scheduled to 

handle one container at a time. The inverse that each container is scheduled 

exactly once is covered in the definition of the neighbourhood for tabu 

search. 

 

Equation 4 is a modelling constraint used to modify the parameter, zi′,t, 

when container i is stored above i′ and is scheduled to be loaded before 

container i≠i′ at time ti. 

 

 

 

The ship constraint, Eq. 5, ensures that each ship has a time window [time 

interval (arrives, departs)] within which loading and unloading service should 

begin and end. 
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Time windows can be fixed where ships will arrive at a certain time and 

must depart at a certain time or are flexible where ships will arrive at a 

certain time but the departure date can be negotiated depending on the 

number of imports and exports amongst other factors. Generally, the time 

window is fixed because this allows the shipping company to know exactly 

what port costs are. With flexible time windows, the shipping company may 

decide to pay extra to allow their ship to be serviced (imports unloaded and 

exports loaded) quicker or to allow them to stay at port longer. 

 

While the model may seem similar to many job shop machine scheduling, it 

is greatly different in the way the setup time is determined. The setup time in 

general job shop machine scheduling problems is dependent only on the job 
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immediately preceding the job in question. In this model, the setup time is a 

dependent order of scheduling of the containers (if any) initially stored on 

the top of the container in question. For this reason, the solution is dependent 

on the order of the whole sequence, not just the immediate predecessors of 

certain jobs. 

 

The problem is known to be NP-hard; thus, its computation complexity 

increases exponentially with the number of containers in the schedule. This 

makes it difficult to solve in reasonable time with the current exact solution 

techniques, (i.e. branch and bound or tree searches). This implies that for 

large-size, real-life problems, heuristic techniques have to be used.  

 

 

 

 

 

 

 

 

 

 



CHAPTER2. Mathematical modelling of container transfers and 

storage  locations at seaport terminals 

 

 

71  

 

3. Solution techniques 

 

(Reference 3) 

 

The two separate models are integrated into a single-solution algorithm and 

are solved iteratively in an attempt to find a storage arrangement and handling 

schedule to minimise the turnaround time. This iterative approach allows 

both models to be optimised, thus, giving a better overall solution. 

 

Two iterative techniques are applied to solve the integrated models. The first 

one is the nonincreasing (normal) algorithm which has the same number of 

“generations” within each iteration, and the second one is the increasing 

algorithm which has the increasing number of “generations” within each 

iteration. The reason to use nonincreasing and increasing algorithms is to 

speed up the process. The basis behind this is that the first iteration uses a 

random initial handling schedule, and there seems  to be  a little point  in 

finding  the  best storage  locations  for this obviously suboptimal schedule 

only for it to change dramatically after the first iteration. Rather, this 

technique searches for smaller improvements that gradually 
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increase with each iteration to save needless fine-tuning of solutions in 

early iterations. This procedure is shown in the following algorithm. 

 

Algorithm 

 

Step  0   

The  distance  matrix  of  distances  from  various  storage  locations  

(in Cartesian coordinates) to the berth space is generated. The 

storage allocation is randomly generated. A random schedule for 

container handling  is input ensuring that only one container is 

scheduled for a particular yard machine at a time. In the case of 

using genetic algorithm for CTM, a number of these transfer 
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schedules (chromosomes) are generated. The iteration counter is 

initialised. 

 

Step 1 

 Run CTM for N iterations. It would be N generations if GA is used 

rather than tabu search. 

Repeat 

 

Step 2  

CLM is then run using the best handling schedule found from Step 3 

(Step 1 when i=1), Step 1 as the fixed handling schedule. This is 

run for M*I generations, where i is the iteration number. 

 

Step 3   

Run CTM for N*i iterations. (It would be N generations if GA is used 

rather than TS). This uses the best storage locations found as input 

and modifies the previously determined solutions. If using GA, then 

it uses the previous chromosomes as the starting point while TS uses 

the best solution  
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Table 3 Mean and standard deviation with varying numbers of 

chromosomes 

 

Chromosomes Mean Standard deviation CPU Time 

10 679.39 5.5976 5,283 
20 669.02 6.0675 12,751 
26 667.49 6.2084 16,887 
50 658.63 6.3207 32,751 
100 648.55 6.6755 63,321 

 

Step 4  

The generation counter (i) is incremented. 

Until either the iteration limit is reached or the successive solutions of 

CTM and CLM have converged. END 

 

The use of M*i and N*i generations in Step 2 and Step 3 is to increase the 

accuracy of the solution with further iterations while limiting the use of 

large amounts of CPU time early in the process. The use of feedback from 

previous iterations is demonstrated in Fig. 2. 

 

The reserved locations (file A), best transfer solution (file B) and all 

transfer solutions, i.e. chromosomes (file C), are saved after iteration 0. 

During the iterative procedure, CLM saves the best location solution (file 

D), and all location chromosomes (file E), and CTM saves the best transfer 

solution (file B) and all transfer chromosomes, if using GA, (file C). For 

each iteration, CLM reads and uses files A, B (as the fixed transfer 

schedule) and E (to continue with the same chromosomes after iteration 1 

and for subsequent iterations). Conversely, CTM reads and uses files A, D 
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(as the fixed storage locations) and C, if using GA (to continue with the 

same chromosomes for subsequent iterations), or B, if using TS, to 

continue with the same solution string for subsequent iterations. 

Using data supplied by the Port of Brisbane it is estimated that an average 

of 486 containers is exported with each ship. It is found that each of these 

‘average’ ships have a transfer time of 673 min. With this in mind and using 

current resources and storage practices of the port, the CTM benchmark is 

given in Table 1. 

 

 

The key to a successful application of GA or any heuristic, for that matter, is 

to ensure that the solution parameters are optimised. This means that the 

crossover rate, mutation rate, number of chromosomes and  generation 

limit need to be examined to find the best values to ensure that good 

solutions are found using a minimum CPU time. 

 

The number of chromosomes GA uses in each generation is critical. Too few 

chromosomes will not allow enough of the search space to be examined 

while too many will mean there are more initial solutions generated, 

crossover’s, repairs and objective functions calculated, all of which increase 
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the CPU time. Another consideration is that more chromosomes mean that 

each chromosome has a smaller probability of selection for reproduction. 

This is because roulette wheel selection is used where each chromosome has 

a probability inversely proportional (due to a minimisation problem) to its 

objective function value. 

The model was simulated 50 times with varying number of chromosomes 

and the results were compared. The mean of the best solutions and standard 

deviations were calculated and are tabulated in Table 2, along with the 

CPU time for a replication. 

 

As seen in Table 2, 20 chromosomes is what are best to use as it has a 

lower mean (but higher standard deviation) and requires less CPU time 

than all but ten chromosomes. It is thought, however, that ten 

chromosomes are too few, so, it is disregarded. 

 

Analysis was also performed on the number of generations required and 

demonstrated in Fig. 3. The figure shows transfer time vs number of 

generations for 20 independent replications. It is seen that the curves flatten 

out (as expected) after about 500 generations, and it is felt that the little 

improvement found after that point does not justify spending more time to 

find the solution. With this in mind, it was decided that 500 generations 

would be used as the generation limit. 

 

The crossover rate was the next parameter examined. Crossover rates were 

trialled with 0.005 increments in the range 0.05–0.99. It is clearly seen that 

a crossover rate of 0.50 provides, on average, the lowest solution. 

However, there isn’t a significant difference amongst any of the solutions. It 
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was decided, however, to use a crossover rate of 0.50. 

 

The other parameter examined is the mutation probability. The mutation 

parameter was varied in the range, 0.01–0.99. Although little overall 

difference was observed for mutation rates above 0.25, the value of 0.99 

provided the best overall average. 

 

Table 4 Mean and standard deviation with varying crossover rate 

 

Crossover rate Mea

n 

Standard deviation 

0.05 673.6

1 

5.7913 
0.10 668.9

6 

6.9172 
0.25 662.9

7 

7.0655 
0.50 658.3

8 

6.7707 
0.75 653.5

9 

7.5916 
0.90 652.6

1 

6.2084 
0.95 654.8

3 

6.0882 
0.99 654.4

8 

6.2459 

 

The CLM was run 50 times using the benchmark parameters for CLM with 

varying number of chromosomes. The average of the best solution found in 

each replication and standard deviations were calculated and are tabulated in 

Table 3, along with the CPU time for a replication. Therefore, using 100 

chromosomes is significantly better as it has a lower mean but requires 

more CPU time. 

 

Analysis was performed on the number of generations required. To 

demonstrate this, plots of transfer time vs number of generations for 20 

independent replications is shown in Fig. 4. 
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It is seen that the curves flatten out (as expected) after about 300–500 

generations. With a view to the CPU time, however, it is decided that for 

further analysis, 350 would be the generation limit for the 20 replications 

shown in Fig. 4. The mean after 350 iterations is 654.6 while after 1,000 

iterations it dropped to 649.2, but this required over 11 more hours of CPU 

time. 

 

Crossover was the next parameter to be optimised, with an examined rate 

between 0.05 and 0.99. These are tabulated in Table 4, which shows a steady 

decrease in the range, 0.05–0.75 and a flattening from 0.75–0.99. The best 

results were those with a crossover rate of 0.9, and thus, this was selected 

to be used. 

 

The final parameter examined is the mutation probability. The mutation rate 

parameter was varied in the range, 0.01–0.99 as shown in Table 5. It was 

found that there is a little difference between a mutation of 0.05 and 0.25; 

however, 0.05 gave marginally better solutions so the mutation rate was set 

at 0.05. 

4. Results 

 

This technique has been coded in C++ and is setup to use either tabu search 

or genetic algorithm to optimise CTM and genetic algorithm for the CLM. 

There is the option of inputting a file containing “reserved locations” that 

cannot be used for storage. These are locations that either currently have a 

container stored there or reserved for another incoming container that will 

not be exported on the ship under consideration. In this paper, the reserved 
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locations are randomly selected. 

 

Table 5 Mean and standard deviation with varying mutation probability 

 

Mutation probability Mea

n 

Standard deviation 

0.01 655.1

7 

7.0394 
0.05 651.4

5 

6.1557 
0.10 652.0

5 

5.9576 
0.25 652.6

1 

6.2084 
0.50 655.0

5 

5.7171 
0.75 655.7

3 

5.8564 
0.90 656.6

0 

6.2172 
0.95 657.2

7 

5.7169 
0.99 658.0

4 

5.7517 
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4.1 Genetic algorithm for CLM and CTM 

 

(Reference 4) 

 

Preliminary results indicate that about ten iterations of each of the CLM and 

CTM are needed before the solutions settles to a minimum value. Also, the 

algorithm ends with a CTM because its fitness function is higher, due to not 

including the setup time for containers “shifted” during mutation for the 

current generation. This was done to reduce CPU time by not having to shift 

down (i.e. drop containers so they are not floating) and recalculate storage 

depth as often. In effect, this gives a lower bound fitness for the solution. 

Figure 5 shows ten replications of the normal 
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and  increasing  algorithms  for  the  integrated  CLM–CTM  model  

using  the benchmark problem. 

 

It is seen that the final solution is generally in the range, 650–670 with a 

few outliers. The outliers are most likely due to using different random 

“reserved locations” for each replication. This was done to see how the 

algorithm would perform in a variety of situations. Overall, the increasing 

algorithm had a mean of 660.44 and a standard deviation of 4.871, and the 

normal algorithm had a mean of 657.80 and a standard deviation of 8.607. 
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As with the decomposed models, analysis was performed to assess changes 

to the port infrastructure on the solution time window. Firstly, a comparison 

was made varying the maximum height. The results are shown graphically in 

Fig. 6. Figure 6 shows two distinct curves. The curve for the increasing 

algorithm produced an exponential decrease as the maximum storage height 

decreased. Intuitively, this is because it reduces the chance of having to 

perform extra container moves to access the desired container. In practice, 

however, this may not be feasible, as it requires much   more  additional  

storage  area.  The  other  curve  for  the  normal  or nonincreasing 

algorithm shows three levels to be the minimum with an increased average 

for the other levels. One possible reason for this may be the possible range of 

solutions that is reduced in the two-level scenario (1,536 total storage 

positions of which 500 are reserved), so the solution strings would be more 

alike. Consequently, the solution becomes more similar faster so that it gets 

stuck in a genetic hole in early iterations and cannot escape in later 

iterations. The only method of escape is mutation, but the reduced number 

of storage spaces limits the number of feasible mutation alternatives to just 

536 (1,536—500 reserved—500 in use), many of which would be 

undesirable from an improvement point of view. The increasing algorithm 

avoids this, as it would not go as deep into the hole in the earlier iterations. 

This phenomenon would also explain the higher variation in solutions for 

the nonincreasing algorithm, as it has a greater tendency towards very good 

or very bad solutions with less mid-range solutions. 
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Sensitivity analysis was also performed to analyse what effect changing the 

number of assigned yard machines has on the loading time. Figure 7 shows, 

graphically, these results. This shows an exponential growth in the average 

loading time as the number of available yard machines is reduced. This 

figure also shows a little difference in the averages between the increasing 

and normal algorithms, but the standard deviation of the increasing 

algorithm is generally half that for the nonincreasing algorithm. 

 

4.2 Genetic algorithm for CLM and tabu search for CTM 

 

(Reference 5) 

 

This integrated model is similar to that outlined in the previous section but 

uses tabu search to solve the Container Transfer Model. Iteration 0 (see Fig. 
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2) still uses GA, however, to “seed” the initial iteration. 

 

Figure 8 plots ten replications of this integrated model for increasing and 

normal algorithms. Figure 8 shows that most of the final solutions were again 

in the range, 650–670; however, there was less variation compared to the 

technique used above. Once again, solutions were found to converge after 

ten iterations (steps 11– 20 in the graph). A typical execution would require 

around 4 h CPU time. 

 

Once more, sensitivity analysis was performed to analyse the differences due 

to the changing of the maximum storage height. The results are graphed in 

Fig. 9. This shows that for the increasing algorithm, the average solution 

time increases slightly as the maximum storage height increases. The 

nonincreasing iterative algorithm produced a curve showing that the 

averages decreased as the maximum storage height decreased until the two-

level storage that again provided a higher average. This is due to less 

storage locations, resulting in a smaller solution space for CLM and the 

algorithm zooming in too quickly in early iterations. 

 

The effect of changing the number of yard machines is shown in Fig. 10. 

This shows a polynomial increase as the number of yard machines decrease. 

Obviously the more yard machines available decreases the amount of work 

to be done by each machine, but halving the number of machines requires 

less than twice the time. 
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5 Comparison 

 

To assess the merits of the seven algorithms covered and to determine the 

best approach a comparison of the three individual (i.e. disaggregated) 

models and the four integrated methods. For the following tables, GA for 

CLM is designated as approach 1, GA for CTP as approach 2, TS for CTP 

as approach 3, increasing iterative search using GA as approach 4, normal 

iterative search using GA as approach 5, increasing iterative search using 

GA and TS as approach 6 and normal iterative search using GA and TS as 

approach 7. 

 

Table 6 provides results for the benchmark problem for the various solution 

approaches. Table 6 shows that the integrated algorithms had significantly 

less variation  (observed  by  smaller  standard  deviation)  and  all  

averaged  around 
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660 min. The GA for CLM model provided better average, but like all the 

separated models, the standard deviation was much greater. The varying of 

maximum storage height had a different effect for each of the solution 

techniques. These are tabulated in Table 7. 

 

Generally, the integrated algorithms found  better solutions than the 

single model solutions, with the exception of GA for CLM with three levels 

of storage and TS for CTM with two levels of storage. The integrated 

algorithms also had much less variation in solutions with the standard 

deviation less then 10 in all cases, while it was often over 20 for the 

separated models. 

 

This is mostly due to the integrated algorithms being able to work with a 

poor initial random location configuration and improve this to match in with 

the transfer schedule and vice versa, with a poor initial transfer schedule. In 

a sense, when the integrated methods started with bad initial solutions, they 
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were able to find more improvement than the separate models. Of the 

iterative searches for the integrated models, GA solving both CLM and 

CTM provided better solutions. 

 

 

 

 

Table 8 shows the mean and standard deviation of the seven approaches of 

solutions with varying numbers of allocated yard machines. Again, it is 

observed that the iterative searches provided more stable solutions (i.e. 

smaller standard deviations; so, it is more likely to converge to a similar 

solution for different replications) and were better than the CTM solutions. 

However, the CLM solutions were  found  to  be  better for  all  but  eight-
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yard  machines  and  in  some  cases, significantly so, and provided a 

lower bound to the solution value. The CTM fitness values are accepted 

as more accurate which is why the iterative searches concluded with a CTM 

solution. 

7 Conclusion 

 

This paper outlined a novel iterative search technique to solve an integrated 

model composed of two sub-models with dependent decision variables. An 

increasing algorithm, where the generations within each iteration increase, is 

compared with a nonincreasing approach. A genetic algorithm is also 

compared with a tabu search/ genetic algorithm hybrid. This iterative search 

was used to solve two models, CLM and CTM, using location and transfer 

feedbacks for successive iterations. The integrated iterative algorithm 

generally provided better solutions than those found using the only 

individual models, and the solutions were much more stable with less 

variation in the results. 

 

Overall, the GA technique produced better results than the TS/GA hybrid, 

and in most cases, the nonincreasing algorithm performed better than the 

increasing algorithm. It was found that reducing the maximum storage 

height resulted in a reduction in the turnaround time, although the 

nonincreasing algorithm performed worse for the two-level storage. A 

polynomial reduction in average throughput time resulted when the number 

of yard machines increased. Overall, it is recommended that the 

nonincreasing GA algorithm (approach 5) be used as it provided the best 

solutions for a wide range of infrastructure configurations. 
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7 Summary 

7.1 Introduction 

 

When a container vessel calls to port, the containers on board must be 

unloaded and stored at the port until they are transported further by rail or 

road. 

The containers that are remaining must be placed in storage areas until they 

are needed. The company does not know when or in what order the containers 

will be called for loading or unloading. Therefore, they must stack the 

containers in a manner so as to minimise the time taken to retrieve a container 

by considering the storage area constraints. 

7.2 The model 

 

The aim of the model is to simultaneously optimise both the storage locations 

(with The Container Location Model (CLM)) and the handling scheduling  

(with The Container Transfer Model (CTM)). 

The problem in solving the two subproblems independently is that the 

decision variables for one are problem parameters (input) for the other. 

Firstly, CTM is solved for container transfers using random initial storage 

locations. The output, handling schedule, is then used as input for CLM. The 

optimal locations of containers determined are then subsequently used as 

input to CTM. This continues iteratively until a stopping criterion is reached. 
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Both separate models, CTM and CLM, use the same mathematical model; 

however, the decision variables and input parameters change. In CLM xi, yi 

and zi,t are decision variables and maci, and ti are input parameters and vice 

versa for CTM. 

 

The objective of this model is to minimise the time ships spend at the berth. 

We will minimise time spent transferring containers from a storage area to 

ship or ship to the storage area. This transfer time is the sum of the setup and 

travelling time for each container. As the idea is to minimise the completion 

of the transfers, we want to find the minimum time for the yard machine that 

is in use the longest by adding the transfer times of the containers allocated 

to it. 

 

 

Only one container can be stored in a given storage position. The solution 

program will either move one of the containers to another position or store 

them on the top of the other. The initial storage locations are also checked for 

feasibility of the height parameter, ensuring if zi,t>0; then, there is, in fact, 

containers occupying those positions. 

 

each yard machine can only be scheduled to handle only one container at a 

time. 

 

when container i is stored above i′ and is scheduled to be loaded before 
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container i≠i′ at time ti. 

 

 

Eq. 5, ensures that each ship has a time window [time interval (arrives, 

departs)] within which loading and unloading service should begin and end. 
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7.3 Solution techniques 

 

Two iterative techniques are applied to solve the integrated models. The first 

one is the nonincreasing (normal) algorithm which has the same number of 

“generations” within each iteration, and the second one is the increasing 

algorithm which has the increasing number of “generations” within each 

iteration. 

Using data supplied by the Port of Brisbane it is estimated that an average of 

486 containers is exported with each ship. It is found that each of these 

‘average’ ships have a transfer time of 673 min. 

The key to a successful application of GA or any heuristic, for that matter, is 

to ensure that the solution parameters are optimised. This means that the 

crossover rate, mutation rate, number of chromosomes and  generation limit 

need to be examined to find the best values to ensure that good solutions are 

found using a minimum CPU time. 

 Chromosomes which are best to use have a lower mean (but higher 

standard deviation). 

 It was decided, however, to use a crossover rate of 0.50. 

 The mutation parameter : 0.99 provided the best overall average. 
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7.4 Results 

 

This technique has been coded in C++ and is setup to use either tabu search or 

genetic algorithm to optimise CTM and genetic algorithm for the CLM. 

There is the option of inputting a file containing “reserved locations” that 

cannot be used for storage. 

In this paper, the reserved locations are randomly selected. 

7.4.1 Genetic algorithm for CLM and CTM 

 

Preliminary results indicate that about ten iterations of each of the CLM and 

CTM are needed before the solutions settles to a minimum value. 

Firstly, a comparison was made varying the maximum height. The results are 

shown graphically in Fig. 6. Figure 6 shows two distinct curves. The curve 

for the increasing algorithm produced an exponential decrease as the 

maximum storage height decreased. 

The  other  curve  for  the  normal  or nonincreasing algorithm shows three 

levels to be the minimum with an increased average for the other levels. 
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7.4.2 Genetic algorithm for CLM and tabu search for CTM 

 

This integrated model is similar to that outlined in the previous section but 

uses tabu search to solve the Container Transfer Model. Iteration 0. 

7.5 Comparison 

 

The integrated algorithms had significantly less variation  and  all  averaged  

around 660 min. 

Generally, the integrated algorithms found  better solutions than the 

single model solutions, with the exception of GA for CLM with three levels 

of storage and TS for CTM with two levels of storage. The integrated 

algorithms also had much less variation in solutions with the standard 

deviation less then 10 in all cases, while it was often over 20 for the 

separated models. 
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It is observed that the iterative searches provided more stable solutions (i.e. 

smaller standard deviations; so, it is more likely to converge to a similar 

solution for different replications) and were better than the CTM solutions. 

However, the CLM solutions were  found  to  be  better for  all  but  eight-

yard  machines  and  in  some  cases, significantly so, and provided a lower 

bound to the solution value.. 

7.6 Conclusion 

 

This paper outlined a novel iterative search technique to solve an integrated 

model composed of two sub-models with dependent decision variables. An 

increasing algorithm, where the generations within each iteration increase, is 

compared with a nonincreasing approach. A genetic algorithm is also 

compared with a tabu search/ genetic algorithm hybrid. This iterative search 

was used to solve two models, CLM and CTM, using location and transfer 

feedbacks for successive iterations. The integrated iterative algorithm 

generally provided better solutions than those found using the only 

individual models, and the solutions were much more stable with less 

variation in the results. 

 

Overall, the GA technique produced better results than the TS/GA hybrid, 

and in most cases, the nonincreasing algorithm performed better than the 

increasing algorithm. It was found that reducing the maximum storage 

height resulted in a reduction in the turnaround time, although the 

nonincreasing algorithm performed worse for the two-level storage. A 

polynomial reduction in average throughput time resulted when the number 
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of yard machines increased. Overall, it is recommended that the 

nonincreasing GA algorithm (approach 5) be used as it provided the best 

solutions for a wide range of infrastructure configurations. 
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