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Abstract 

Due to the economy’s globalization there is an increase of import and export goods, mostly through shipping 
containers that are transported by maritime way. Ports have been suffering an increasing pressure regarding 
the quality of their operations, due to the fact that they are the main gateways for these goods. This fact 
pushes terminal operators’ companies to redesign their business processes with focus on improvement of their 
operations aiming at reducing costs and improving turnovers. In this context, this research work resulted on the 
development of a software prototype tool whose main goal is to manage the yard planning process for the 
Container Terminal of Santa Apolónia at the Port of Lisbon, which is currently explored by SOTAGUS 
company. 

Keywords: Container Stacking Problem, Container Relocation Problem, Container Relocation and Yard 
Planning. 

1. Introduction 

In the current context of port industry, characterized 
by highly competitivity due to the fast-technological 
advances, it is eminent the need to rationalize 
procedures, redesigning business processes with 
focus on reducing costs and the improvement of 
operations. 

The efficiency of containers movement is one of 
main indicators associated with the time spent on 
terminal operations. These operations can be 
summarized as container’s load and unload in 
vessels, using quay cranes to proceed the 
movement; container’s load and unload in trucks and 
trains, using reach stackers to proceed the 
movement; and the storage of containers at the yard, 
using reach stackers, terminal tractors and rubber 
tyred gantry cranes to proceed the stacking. 

The planning of these operations is necessary to 
manage terminal in an efficient way, organizing 
containers at the yard considering aspects, such as 
weight, type and destiny. These aspects have a big 
influence in the definition of a configuration that aims 
to reduce the number of container relocations at the 
yard. 

Focused on this purpose, the research was led to 
the yard container management applied to the 
YILPORT SOTAGUS’ case study, the current 
concessionaire in charge of the operations on the 
Container Terminal of Santa Apolónia (TCSA), 
enabling a more efficient way to perform the planning 
of their operations. Currently, their yard operations 
are planning with the use of Cargo e-business 
platform, an integrated management platform that 
allows management of containers and other kind of 
cargo. 

The research is focused on the development of a 
software prototype that supports the yard 
management using reasonable computational times 
to find good solutions, aiming to reduce the number 
of container relocations implied on the containers 
present (temporally) at the yard, avoiding 
unproductive movements, self-guiding on stacking 

strategies that allows the reducing of time and the 
resources dispended in containers relocation and 
following to load them on vessels, trucks or trains. 

To support the development of the software 
prototype, it was identified and selected the method 
known as heuristic beam search, to perform some 
modifications and implement on the prototype. After 
the selection, the prototype was developed aiming to 
deal automatically with the data related with the 
container terminal. Despite the fact that it was not 
possible to validate the prototype with real data or 
even get the authorization to collect them, it was 
performed some computational experiments and ten 
hypothetical cases, aiming to produce results to 
analyze and make sure that the prototype is aligned 
with the objective.   

The remainder of this paper is organized as 
follows. Section 2 describes the SOTAGUS’ problem. 
Section 3 presents a literature review. Section 4 
presents an extension of literature review with the 
definition of the approach followed. Section 5 shows 
the solutions identified for the ten hypothetical cases, 
and Section 6 concludes the paper with some final 
remarks and ideas for future work. 

2. The SOTAGUS’ problem description 

2.1 YILPORT – SOTAGUS 

The YILPORT Holding is a company from Turkey, 
whose activities started in 2004 managing container 
terminals and port operations of Gebze’s Port, 
followed by the acquisition of Alemdar Holding, Inc. 
on the next year to merge both companies and create 
the YILPORT Container Terminal and Port 
Operators, Inc. 

Since then, the company is expanding their 
operations through acquisitions and concessions 
abroad, currently the company has eight countries in 
its portfolio, with 20 ports and terminals, and over 
5,000 employees spread across Turkey, Malta, 
Sweden, Norway, Portugal, Spain, Peru, and 
Ecuador. 
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2.2 Port of Lisbon 

The Port of Lisbon is one of the main ports of 
Portugal and one of the main ports of Europe with 
Atlantic orientation. It is situated between the water’s 
meeting of the Tejo river and the Atlantic Ocean, 
facilitating a direct connection to the Iberic market. 
This port plays a key role on Portuguese economy, 
since it is located at the main center of consumption 
(Lisbon and Tagus Valley region) where the demand 
is high. 

This port is also known as the national leader on 
the cruises segment. Moreover, it is recognized by 
the movement of agri-food bulk cargo, what makes of 
it a strategic port to import and export activities of the 
agri-food industry in the Iberian Peninsula 
(Autoridade Portuária, 2018). 

The port is situated at Lisbon (38º42’N, 09º06’W). 
It is a multifunctional port with 18 terminals prepared 
to deal with all kind of cargo and cruise passengers, 
operating in full time along all year (Autoridade 
Portuária, 2018). 

However, only two of all these 18 are capable of 
dealing with containers cargo, they are the container 
terminal of Alcântara and the container terminal of 
Santa Apolónia (TCSA), which are managed by the 
concessionaire company SOTAGUS SA. 

Characterization of the Container Terminal of 
Santa Apolónia  

TCSA is a terminal fully dedicated to loading and 
unloading vessels serving various market segments. 
Due to its physical characteristics, TCSA is suitable 
for market segments such as short sea shipping, 
island cabotage, the Mediterranean and the west 
coast of Africa (SOTAGUS, 2012). 

The main features of the terminal are presented 
in Table 1. 

Table 1 – TCSA characteristics. Source: 
SOTAGUS (2012).  

Berth length 742 m 

Depth 
450 m with -11.5 m HZ and 292 

m with 8.3 m HZ * 

Total area 161,900 m² 

Reefers 
stacking 
capacity 

200 units 

Ground slots 2,743 TEUs 

Handling 
capacity 

450,000 TEU / Year 

Storage 
capacity 

10,286 TEUs 

Yard 
operational 

capacity 
9,689 TEUs 

* berth length with the depths both respectively in 
meters (m) (relative to the hydrographic zero – HZ). 

The layout used to temporarily store the 
containers in the terminal's yard is shown in the 
diagram of Figure  based on the information material 
provided by SOTAGUS. 

 

 

Figure 1 – Container yard layout of TCSA. 

Regarding terminal management, SOTAGUS 
currently manages its container cargo through the 
Cargo e-business platform, which was developed by 
COMPTA Emerging Business. However, SOTAGUS 
intends to replace the current system in order to 
improve the efficiency of terminal operations, 
including yard management. 

Operational information shared by SOTAGUS 

Currently, the TCSA yard is divided into blocks (A, 
B, C, D, G, H, I, J, K and R) as shown in Figure 1 and 
are organized as follows: 

Blocks A, B, C, D, G: blocks for stacking 
containers for export, transshipment and import; 

Block H: Block intended for the stacking of 
refrigerated containers, which in turn may have its 
capacity exceeded in seasonal seasons, with 200 
outlets available in block D to meet this possibility; 

Block I: Block for the stacking of containers 
arriving or departing by small vessels; 

Block J: Block for the stacking of hazardous 
cargo; 

Block K: block for the stacking of containers that 
will follow their destination by train and also used as 
a buffer to eventually await the vacancy of a reserved 
bay; 

Block R: Block for the stacking of containers in 
need of repair. 

Blocks A, B, C, D, G, and H have operational 
availability of 19 bays, 12 rows and 5 tiers. However, 
the blocks operate with 19 bays, 10 rows and 4 tiers, 
as the two reduced rows become private streets for 
the internal trucks and the reduced tier allows 
relocation maneuvering over the other containers, 
which is limited by the course equipment when the 
fifth tier is used. 

Blocks I, J and K have operational availability of 
24 bays, 5 rows and 5 tiers, however the blocks 
operate with 24 bays, 5 rows and 4 tiers for the same 
reasons as the blocks mentioned above. The layout 
area marked with the letter W represents the railway 
for access to the TCSA. 

SOTAGUS currently offers a free five-days 
storage period, during which time ship-owners do not 
pay for temporary storage and still ensure better 
stack planning. 

One of the major challenges in the planning 
process is dealing with information changes, which 
ultimately make yard operations very dynamic due to 
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the changes that usually occur on the eve of 
receiving or shipping cargo. 

Thus, the company currently carries out the 
planning of the stacking of export and transshipping 
containers according to the following order of criteria: 
vessel, port of discharge and weight class. Which has 
guaranteed good numbers of moves as shown in 
Table 2. 

Table 2 – Average values of number of moves 
performed by container in 2018. 

 

Note: EC – Exported containers, IC – Imported 
containers  

Although the numbers for exported containers 
reflect a good yard planning, the company needs an 
efficient computer tool in terms of speed and quality 
to assist with stacking planning, as the operations 
performed there are very dynamic and require 
adjustments constantly. 

3. Literature review 

3.1 Container terminals: operations and 
characteristics 

Container terminals are facilities that integrate the 
infrastructure of a port and may be public or private, 
with the purpose of importing or exporting 
containerized cargo from a country. These facilities 
are managed for the purpose of receiving, 
processing, and temporarily storing until the cargo 
departs to its destination. These terminals are 
physically divided into five main areas, berth, quay, 
transportation, yard, and the terminal entry and exit 
point by land. Container handling operations take 
place in these areas, which require specific 
equipment and directly affect the time that the ship 
remains at berth. In this context, although there are 
other potential problems that directly affect terminal 
efficiency and productivity, one of them is the 
container loading and unloading planning, which is a 
decision problem that directly affects the performance 
of loading and unloading operations. This planning is 
known in the scientific literature as Container 
Stacking Problem (CSP), which given its 
combinatorial nature is framed in the group of 
problems classified as NP–hard (Garey & Johnson, 
1979; Rekik et al., 2015). 

This problem can be mathematically modeled, 
which makes it possible to apply algorithms to find 
promising solutions that will reduce the number of 
relocations of containers to be stacked, given each 
container's arriving date estimate, its weight, size and 
destination. 

3.2 Container yard 

A container yard is a common area for container 
terminals, the purpose of which is to temporarily store 
containers waiting to be loaded onto vessels or 
waiting to follow their logistic routes to their owners 
by truck or train. Details of the structure of the yard, 
the recurring problem in its management and the 
approaches used to solve it are given in the next 
subsections. 

3.2.1 Structure 

The structure of the container yard interacts with 
a series of terminal operations, these operations are 
responsible for the arrival or departure of containers 
in the stack where they are stored, pending the 
import or export process. 

The layout of a yard is defined according to the 
equipment used to handle the containers in the yard 
to facilitate handling operations (Carlo, Vis, & 
Roodbergen, 2014). 

According to Liu et al. (2004) poorly defined 
layouts cause delays in container loading and 
unloading operations, as well as redundant 
congestion and handling in the yard. Therefore, the 
layout of a container yard should be defined 
considering the physical and operational aspects of 
the terminal. 

The Figure 2 presents a diagram where it is 
possible to identify the block concept and its 
elements, such as row, stack, tier and bay, as well as 
the positioning of the yard crane that can serve one 
or more blocks depending on the arrangement, 
equipment and its blocks. 

 

Figure 2 – Container stacking diagram. 
Adapted from Gheith et al. (2012). 

For non-automated ports there is a tendency to 
use the Asian layout (Figure 3, right hand side). This 
type of layout gets its name due to its widespread 
use in Asian ports, however for automated ports 
there is a tendency to adopt the European layout 
(Figure 3, left hand side), whose name is due to the 
first implementation in some large European 
container terminals (Carlo et al., 2014). 

Figure 3 allows a primary analysis of the main 
differences of both layouts. In addition to applications 
based on terminal automation and parallel or 
perpendicular arrangement to the quay, it can be 
noted that the main difference is in the way 
containers are driven to the yard, and the European 
layout appears to be more expensive due to the high 
number transfer of vehicles, in addition to the fact 
that they have longer routes for the circulation of 
vehicles (lorries and tractors) and many stopping 
points usually adjacent to the blocks for depositing or 
lifting the container. By contrast, the Asian layout has 
only entry or exit points at the ends of the blocks, 
which makes shorter routes appearing to be less 
expensive in this regard. Additionally, we can 
differentiate the Asian layout by using only one rail 
mounted gantry crane per block, which is usually 
automated, unlike the European one which 
commonly uses more than one. 
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Figure 3 – Layouts used in container yards. 
Adapted from Carlo et al. (2014). 

The choice of layout type promotes its 
advantages and disadvantages through terminal 
automation level and directly affects terminal 
productivity and efficiency, as well as the impacts of 
the load, unload or their combined occurrences (Liu 
et al., 2004). 

3.2.2 Container stacking problem 

In recent decades, the high number of scientific 
publications related to the improvement of container 
handling processes is remarkable. Among the 
different aspects approached a recurring theme is the 
container stacking problem (CSP), a problem that 
generates the interest of large companies whose 
main business focus is the development of terminal 
operating system (TOS) platforms. 

The first commercial TOS was developed in the 
1980s and has since then built the basis for data-
driven planning and automation in container terminals 
(Heilig & Voß, 2017). However, even with the 
availability of numerous TOS solutions on the market, 
CSP is still a problem that impacts container stack 
efficiency and productivity due to the operational 
aspects of each terminal. 

It is important to point out that there are two 
variations of the CSP, one aimed at minimizing the 
space occupied by temporarily stacked containers 
under storage conditions identical to those used in 
yards, and a second variation aimed at minimizing 
the number of relocations during the request process 
of a given container in a particular slot of a specific 
stack. The second variation is also referred to by 
some authors as Container Relocation Problem 
(CRP) (Rekik et al., 2015) 

Perspectives of the problem: static vs. dynamic 

The CSP can be modeled from two different 
perspectives, static and dynamic. According to Rekik 
et al. (2015) the static perspective considers the 
arrival of containers as a deterministic event to be 
stored in the yard, disregarding exogenous events in 
the development of the model. In this way, the 
problem is restricted only to prior planning that aims 
to undergo the least number of changes throughout 
the yard's operations. 

From the dynamic perspective Rekik et al. (2015)  
distinguishes the model as a variation that aims to 
define stacking positions in real time, considering the 
changes that occur in real time in terminal operations. 

Evaluating both perspectives, it is evident that the 
static model is a mere simplification of reality, due to 
the disregard of the unforeseen operations. However, 
the dynamic model seems to better fit the reality of 
operations by defining real-time planning, adjusting 
its behavior to exogenous events. 

4. Container yard 

4.1 Stacking strategies 

According to Rekik et al. (2015) the effectiveness of 
rules, strategies, or policies varies from terminal to 
terminal due to several factors. The stacking 
strategies aim to define the rules for assigning an 
appropriate block for the allocation of containers 
arriving at the yard. Among the different possible 
rules is common: the definition of dedicated areas for 
certain types of containers; setting different priorities 
in the blocks according to the type of container, 
keeping the import containers closest to the exit gate 
and the export containers closer to the quay; setting 
the maximum number of lorries and the lorries in 
each block to establish a limited number of lorries 
waiting in the block; and choosing the block through a 
set of criteria weighted by fuzzy logic. 

Another relevant strategy for stacking containers 
in the yard is related to choosing the bay for the 
allocation of a container in a pre-selected block. 
According to Rekik et al. (2015) the appropriate rules 
for this strategy include reserving some bays for a 
specific group of containers. Following the same logic 
presented in the block strategy, the nearest location 
rule is also applied, aiming to allocate import 
containers in bays near exit gates and export 
containers near the quay area.  

A final strategy is needed to cover the stacking 
rule aspects in preselected blocks and bays in the 
yard. According to Rekik et al. (2015) several rules 
for stacking assignment are presented in the 
scientific literature. One of them that stands out, is 
the leveling rule, which aims to assign containers 
entering the yard to the lowest stack in the yard to 
level the stack heights. Another rule contemplated in 
this strategy is segregation, a rule that aims to 
prevent the stacking of containers entering the yard 
on top of containers that were previously stacked in 
the yard. 

4.2 Models applied to the stacking problem 

There are numerous formulations published for the 
CSP, among which are those that have exposed 
methodologies, notations, algorithms, formulations 
and considerations relevant to the problem. Some 
formulations published in the last decade have been 
reviewed and individually evaluated to identify best 
practices that contribute to dealing with CSP more 
effectively. 

Among the different approaches evaluated, it was 
observed the use of different algorithms and their 
required computational efforts, aiming to define a 
starting point for the development of the software 
prototype. However, the publication of Akyüz & Lee 
(2014) was used as the main reference for this 
investigation, given the considerations made in the 
modeling (arrival and departure) that best reflect the 
nature of the container terminal operations, and the 
fact that this formulation is supported by references 
also used by the other authors of the evaluated 
models. 

4.3 Solving approach to the container 
stacking problem 

Because there are numerous formulations of the 
CSP, which vary according to the type and 
particularities inherent to the problem studied, 
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different approaches to resolution are presented, 
which vary between the applications of optimization 
techniques (exact, heuristic and metaheuristic) and 
artificial intelligence (centralized and decentralized 
methods) (Rekik et al., 2015). 
According to the revised literature, it has been 
observed that the problem under study is usually 
solved through heuristic approaches that produce 
promising results, so this work will focus on these 
methods. 

4.3.1 Heuristics for container relocation 

To determine the new position of relocated 
containers, the authors Tang et al. (2015) propose 
among others the reshuffle index heuristic (RI), which 
was also suggested by Akyüz & Lee (2014) and by 
Karpuzoğlu et al. (2015) as an efficient method for 
determining the number of future relocations and 
calculating the upper bound of a yard-bay composed 
of containers already stacked and subject to the 
arrival and departure events of containers being both 
previously known. 

Reshuffle index (RI) rule 

The RI rule was created by Murty et al. (2005) 
and defines the amount of relocations that must be 
made to remove containers that are preventing the 
first container from leaving within the stacked 
container group in a given bay. The RI is calculated 
for each bay stack, except for the stack in which the 
departing container is located and for stacks that 
already have all their respective tiers occupied. 
According to this rule, relocated containers must be 
stacked at the top of the stack with the lowest RI, in 
case the stacks have the same RI the tiebreaker 
must be arbitrated. 

According to Karpuzoğlu et al. (2015) when a tie 
happens, the relocated container must be stacked at 
the top of the highest stack. If a new tie eventually 
occurs, it must be randomly stacked in one of the 
stacks. However, to avoid inaccuracy in RI heuristics 
due to random stacking, the author suggests a 
modification of the last rule and proposes that 
stacking be performed in the leftmost stack between 
which they are tied. 

For a better understanding of the example that 
will be presented in Figure 5, we present in Figure 4 
the representation of a width (W) equal to 3 and 
height (H) also equal to 3 and the meaning of the 
present elements in said example. 

 

Figure 1 – Graphic elements of RI heuristic. 
 
An example of a bay (W3 x H3 sized) with 

stacked containers and identified by indexes 
indicating the respective departure order of said 
containers is shown in Figure 5. 

 

Figure 5 – Example of how to empty a bay 
based on the RI heuristic. Adapted from Wan et 
al. (2009). 

From the example shown, it can be concluded 
that at least three relocations are required to empty 
the bay. In addition to the diagrammatic 
representation as shown in Figure 5, Wu & Ting 
(2010) present another way to represent reallocations 
performed using the following R notation (source 
stack, destination stack), where reallocations are 
represented by R and the respective indexes of the 
source and destination stacks of the relocated 
container are represented by the values in 
parentheses. For the example given, the solution with 
three reallocations can be expressed by {R (3,2), R 
(2,3), R (1,3)}. It is evident the application of the 
heuristic in relocation R (1,3) where container 6 is 
stacked over 7 instead of 4, because the RI of stack 
3 is smaller than that of stack 2. 

4.3.2 Beam search heuristic (BS) 

The BS heuristic has its origin inspired by studies 
of Lowerre (1976) about speech recognition, and the 
approach used by the algorithm branch & bound (BB) 
with tree structure. The BS uses a strategy known as 
breadth first search (BFS) in a truncated BB tree 
(Akyüz & Lee, 2014). 

Beam search algorithm 

Despite the inspiration in the branch & bound 
(BB) algorithm, the beam search (BS) algorithm 
follows a different approach, considering only the N 
most promising nodes and most promising partitions 
of its state space, unlike BB which considers a 
complete search tree. In this algorithm, N is identified 
as the beam width, and the most promising nodes 
that will be explored are identified as beam denoted 
𝒩. The said beam is composed of the active nodes n 

∈ 𝒩 that are candidates for advancing to an 

additional branch, with one active node n ∈ 𝒩 being 
sequentially divided into other subproblems, and then 
the most promising subproblem replaces this active 
node n before advancing to the next instant of time 
(Akyüz & Lee, 2014). 

The BS heuristic requires that all active nodes N 
in the beam be subject to the division procedure and 
a BFS strategy, so that after completing the branch 
operation a lower bound (LB) and upper bound (UB) 
is calculated for each subproblem. However, there 
may be a high number of subproblems depending on 
the complexity of the problem. Therefore, the beam 
width N must be carefully selected taking into 
account the trade-off between better performance 
and BS heuristic efficiency (Akyüz & Lee, 2014). 

Yard-bay occupancy density 

According to Akyüz & Lee (2014), the occupancy 
density of a yard bay directly reflects how busy it is, 
and its classification can be measured through 
equation 1. 

𝛾(𝑊𝐻 − 𝐻 + 1) (1) 

According to the authors, if we consider 𝛾 = 0.5, 
and replace W and H with the values corresponding 
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to the number of stacks and tiers respectively, it is 
possible to find the number of stacked containers in 
the bay for it to be classified with medium occupancy 
density. The same reasoning applies to 𝛾 = 0.8, 
changing the classification to high occupancy density. 

To exemplify the concept presented, considering 
an initial configuration of a bay with 6 stacked 
containers, constrained by 3 stacks and 4 tiers, it can 
be stated that 𝛾 = 0.85, which implies a high 
occupancy density. For occupancy density to be 
rated as medium, approximately 4 stacked containers 
would be required instead of 6. 

These definitions allow the exploration of 
computational experiments allowing the evaluation of 
the impact caused by the occupation density of the 
bay in terms of computational effort in the search for 
reasonable solutions. 

5 Development of the solving approach  

5.1 Definition of relevant TCSA strategies 

The strategies recommended in this section aimed at 
obtaining a more efficient stacking operation aligned 
with the objectives of SOTAGUS.  

Recommended strategies for planning TCSA 
stacking operations 

Dedicated areas: This strategy consists of 
allocating dedicated areas for stacking certain types 
of containers. The yard currently includes dedicated 
blocks for refrigerated containers, dangerous cargo 
and import containers that will follow their respective 
destinations by train. (This strategy is currently 
practiced in planning TCSA stacking operations.) 

Priority of the blocks: This strategy aims to 
prioritize certain blocks of the yard to devote to 
importation, exportation and transshipment activities. 
In the case of TCSA, it is recommended to prioritize 
blocks A and B for export and trans-shipping 
containers, and C, D and G for stacking of import 
containers. 

Priority of the yard bays: This strategy applies 
to the first and last bays of each block, ensuring that 
45 ft containers are stacked in the first or last bay of 
the block, avoiding unnecessary compromise of 
another slot. (This strategy is currently practiced in 
planning stacking operations) 

It is recommended to use this same strategy to 
prioritize certain bays according to the ship intended 
for the containers stacked in this bay. This 
recommendation can be seen as good practice, as 
the equipment that will retrieve the stacked container 
to be shipped does not need to travel through several 
bays, but only through a small cluster. 

Weight distribution: This strategy has a major 
impact on ship loading and unloading. Usually the 
heaviest containers are the first to be loaded on the 
ship to control the center of gravity of the vessel. 
Loading or unloading the vessel without proper 
planning can displace the center of gravity and 
possibly cause vessel instability. Therefore, when 
planning the container yard management, the 
heaviest containers should preferably be stacked in 
slots at the top of the stacks, as these containers are 
usually the first to be loaded on the boat and thus 
would reduce the number of relocations as such 
containers are easily accessible at the tops of the 
stacks. 

Optimal vs. heuristic methods 

The mathematical formulations allow the search 
for optimal solutions for DCRP. These formulations 
are adaptable to suit the recommended strategies for 
TCSA stacking operations. However, as discussed in 
the literature review, this is a NP–hard combinatorial 
problem, which makes the search for optimal 
solutions only for short planning horizons reasonable. 

According to the literature review, it is evident that 
applying heuristics to find reasonable solutions can 
be considered good practice and therefore will be the 
method used in the prototype. 

Once the heuristic method was chosen, some 
steps of the BS heuristic algorithm are presented by 
Akyüz & Lee (2014). 

The adaptation made consisted of the removal of 
the step that generated the set of sub-nodes with all 
possible relocations to the containers that blocked 
the container that needs to start at time t, and was 
replaced by the step of creating a single sub-node 
proceeding necessary reallocations using the RI 

heuristic and accounting for them in the term 𝑍𝑅
𝑛′. 

This change reduces the computational effort by 
reducing the number of nodes and is justified by the 
efficiency of the heuristic RI, which reallocates 
misplaced containers always aiming to generate the 
minimum of future relocations. 

Another adaptation was the removal of node 
conditioning that determined through an inequality 
whether or not the current node advanced with the 
generation of sub-nodes. Conditioning has been 
replaced and greater freedom has been given to 
those who define the inputs, as sub-node generation 
is restricted only to the first N nodes that have the 

best 𝑍𝑈𝐵
𝑛′ . The freedom mentioned is in the definition 

of N, which is restricted to the condition N ≥ 1.  
For the choice of a value equal to 1, only the first 

node with the best node will be generated 𝑍𝑈𝐵
𝑛′ , if the 

value is equal to 2, the sub nodes of the first two 

nodes that have the best 𝑍𝑈𝐵
𝑛′  and so on. Choosing 

high values is recommended for cases where you 
want to better exploit the solution space, reducing the 
chances of getting stuck in a local minimum and 
increasing the chances of reaching a global 
minimum. 

The following considerations were also assumed 
for the implementation of the presented heuristic: 

• For a given bay, there will always be a yard 
crane that can move a single container per instant of 
time, except for relocation departure, where 
relocation (following the heuristic RI) and departure 
occur at the same instant t; 

• Arrival and departure events for containers 
entering or leaving the yard are known in advance; 

• Reallocations are allowed only at times that 
contemplate the departure of a particular container 
and only one move per time is allowed, except for the 
reallocated departure hypothesis, where all 
necessary reallocations and their departure will be 
performed in the target container, but all reallocations 
will be accounted for and assigned to the term 𝑍𝑅

𝑛; 

• A container that needs to be relocated can 
only be relocated to another stack belonging to the 
same bay in which it is stacked; 

• All containers are of the same type because 
the analysis from the bay perspective is not 
influenced by the size aspects of the containers. 
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These conditions were considered when the 
prototype code was written, aiming to simplify the 
search process for a reasonable solution that can 
support the stacking plan. 

5.2 Prototype 

The software prototype to support TCSA stacking 
operation planning was coded with Visual Basic for 
Applications (VBA) programming language using 
Microsoft Excel (Office 365) software tool as support. 
The prototype uses a set of information for each node 
generated, aiming at to identify the configuration of 
the time and node under analysis, as well as to 
assess the current conditions and estimate the future 
impacts that may occur if this configuration is further 
explored. Thus, the prototype allows the elaboration 
of the stacking plan based on the input of the number 
of stacks and tiers of the bay, the initial configuration 
of the bay, the events present in the planning horizon 
considered and the value N, which is directly related 
to the number of nodes with the least number of 
reallocations that will be explored as the algorithm 
progresses over time. 

5.2.1 Prototype tests 

The developed prototype was submitted to a 
series of tests to analyze the algorithm choices 
regarding the feasibility of the solutions presented by 
it. Among the several tests submitted to the 
prototype, it was observed that the results were 
reasonable within the intended logic. An important 
observation in the results is the planning that departs 
from an empty bay. In this case almost always results 
in zero relocation, except for assumptions that 
operate with the occupied bay at levels close to full 
occupancy or have an initial configuration with 
misplaced containers. 

5.3 Computational experiments 

In this section we present a series of 8 experiments 
performed from different inputs, aiming at the 
analysis of the prototype behavior for different 
hypotheses, as well as the identification of good 
practices in order to prepare the input data. 

These inputs were performed considering only 
medium and low density bays, using equation 1 
proposed by Akyüz & Lee (2014) to define the 
number of containers present in the bay, directly 
implying the bay occupation density, which in this 
case were considered for the computational 
experiments performed, whose results are presented 
in Table 3. 

Table 3 – Results of computational 
experiments. 

 

5.3.2  Analysis of results 

Given the results presented above, it is possible 
to proceed with the analysis that will allow to draw 
conclusions from the computational experiments 
performed. 

From the results produced, the initial 
configuration inputs and the planning horizons, it can 
be observed that the time required to find a feasible 
solution is not directly related to the occupation 
density of the bay, but rather to the complexity of the 
configuration and the sequence of events to be held. 

We can observe that for the configuration 10 x 4 
(W x H) with average occupancy density, presented 
the UB = 4 for all N's presented in Table 6, that is, at 
least 4 movements are required to comply with the 
events predicted in their respective planning horizon. 
However, due to the recurring value for the different 
runs of the algorithm, a test was performed with N = 
25, but the possible solutions found that UB = 4, so a 
run of the algorithm with N = 30 was performed, 
whose time required to find a viable solution UB = 3 
was 7m18s, which indicates that although the same 
value of UB = 4 was found for the different N values 
considered in the production of the results, it is a 
local minimum and the price for finding a better 
solution is directly related to the time taken, as it took 
almost twice as long to find a viable solution with N = 
20 (4 minutes). 

Another important observation is that despite the 
change from N = 15 to N = 20 and the increase of 
time spent, there was no variation in the efficiency of 
the solution found, because the results were identical 
for the two N's used, but as previously mentioned. In 
the case of N = 40, it was possible to find a better 
solution, which shows that the ranges used to 
increment N should not be linear, instead they should 
be increased according to the time that is available to 
find a better solution. 

5.4 Study of hypothetical cases applying the 
rules used by SOTAGUS 

Currently, the management system used by 
SOTAGUS makes it possible to track containers 
individually, allowing to identify in which slots each 
container has already been stacked. However, the 
current system does not allow to obtain the complete 
history of the bays (bay configuration) for each event, 
arrival or departure. Therefore, the analysis of the 
operation history becomes unfeasible due to the 
impossibility of obtaining the complete state of the 
bays for a given moment. 

The possibility of monitoring the operations to 
collect the data needed to establish a comparative 
analysis was considered, using the results obtained 
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through the software prototype and comparing them 
with the results obtained by SOTAGUS. However, 
due to the impossibility of allocating a collaborator to 
assist them in the data collection process, ten 
hypothetical cases were created applying together 
with SOTAGUS the rules that the operations teams 
use to stack the containers. This allowed to define a 
benchmark to evaluate the performance of the 
software prototype. 

5.4.1 Hypothetical cases developed with 
SOTAGUS 

The hypothetical cases developed were solved 
using the methodology employed by SOTAGUS to 
plan their container stacking. The solutions presented 
follow the same node format used in the prototype. At 
the end of each case, the results found through the 
prototype and the proposed solution with the 
SOTAGUS rules are presented. 

These rules consist of assessing whether a 
container arriving at the yard is scheduled to depart, 
if so it must be stacked in such a way that it is as 
readily available as possible without another 
container blocking it, except if the container that is 
causing the blockage has its departure scheduled 
before the container under it. 

The same rule applies for relocating containers 
that are blocking the exit of a container that needs to 
depart at a given time, you must relocate it to a slot 
that does not block the exit of a container that will 
depart before it. Another rule is that of grouping, 
which consists of stacking in stacks near the 
containers that do not have their expected departure. 

Table 4 presents the results found with these 
rules and using the developed prototype. 

Table 4 - Results of hypothetical cases 

 

5.4.2 Analysis of the results found for the 
hypothetical cases 

This section analyzes and compares the solutions 
obtained by applying the rules defined by SOTAGUS 
for TCSA (hereinafter referred to as “proposed 
solutions”) and the results obtained by the software 
prototype (hereinafter referred to as “prototype 
results”). 

The first lesson we can draw from both the 
proposed solutions and the prototype results is that 
for cases where there is an initial unoccupied bay 
configuration there are no reallocations. This is due 
to the fact that all container events to be stacked are 
known in advance within the defined planning 
horizon. 

When there are stacked containers in the initial 
configuration, it may be that according to the planning 

horizon considered there are misplaced containers 
and consequently implying inevitable relocations. 

After analyzing the ten hypothetical cases, it is 
possible to observe that the rules currently used by 
SOTAGUS have produced good solutions. When 
analyzing each case individually it is possible to 
observe that only the containers that were already 
misplaced were relocated and, therefore, their 
reallocations were inevitable. This observation 
justifies the good results produced by the company in 
2018 showing that it has a good tacit knowledge 
about the planning of container stacking operations. 

Another insight we can draw from this analysis is 
that there is no single predefined value for beam 
width N, that is, one can choose N = 1 and sub-node 
generation will advance only with the best node 
(smallest number of predicted reallocations) at each 
time point, or advance to the top fifteen for each time 
point for N = 15. This value should be increased 
according to the time available to search for a better 
solution, because the solving time increases with the 
value of N . However, for more complex cases where 
there is a need to relocate some container, it can be 
concluded that high N values produce better results, 
as can be seen in the hypothetical cases presented. 

Another relevant fact that we can observe in 
these hypothetical cases is that the occupancy 
density does not impact the solving time, as it can be 
observed in the hypothetical cases 9 and 10. Note 
that despite having a high occupancy density it was 
possible to find good solutions within a reasonable 
time. Therefore, it is evident that the required solving 
time is related to the complexity of the relocation 
movements or the possible conflicts that the arrival or 
departure events may generate, as can be observed 
in hypothetical cases 3, 6, 7 and 8. 

6 Final remarks and future work 

As discussed at the beginning of this paper, the 
behavior of the port industry specifically in the 
containerized cargo industry is under great pressure 
to constantly improve its operations to deliver a faster 
and more efficient service. This pressure motivated 
the work carried out, enabling the delivery of a 
software prototype together with a proposal of 
relevant stacking policies that aim to redefine the way 
TCSA planning management is carried out, 
specifically in the planning of stacking lots of 
containers entering the yard. 

The limitations of the work performed are 
associated with the use of heuristics to search for 
solutions, which are not guaranteed to be optimal. 
Even so, the implemented approach is considered 
adequate, as it produces reasonable results in 
relation to the intended objective and follows a logic 
that allows the stacking operation to be standardized. 

The fact that it was not possible to follow up on-
site operations, and there were no records of 
planning horizons, made it impossible to compare 
results with actual historical data. However, ten 
different hypothetical cases were developed, whose 
solutions were identified together with SOTAGUS 
applying the stacking rules currently used in TCSA. 

It is recommended as suggestion for future work 
the following tasks: perform an analysis of the results 
produced in real situations using the developed 
prototype; develop a graphical interface for the 
prototype to restrict user action fields; refine the code 
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to allow stacking prioritization based on the ship of 
departure, port of destination and container weight to 
be optional; and a feasibility analysis of the 
implementation of a container terminal scheduling 
system. 

In addition, we recommend the integration of the 
prototype with two other decision support systems: 
one that deals with quay crane scheduling (which can 
be considered one of the main bottlenecks in terminal 
operations); and a second one that handles terminal 
scheduling. 

Taking into consideration the aspects addressed 
in this work and the results obtained, it can be 
concluded that the objectives defined for this 
research were achieved. With the help of the 
prototype the company will be able to perform agile 
and standardized planning, gaining efficiency at this 
stage, as it allows automatic handling of container 
stacking data. SOTAGUS may also use the prototype 
on other terminals. Furthermore, it is noteworthy that 
the prototype allowed the company to transform its 
tacit knowledge about container stacking operations 
into explicit knowledge, because regardless of the 
person performing the planning the results will be the 
same when using the same inputs. 
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