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Abstract: The international trade of raw 
materials in bulk is deeply dependent on 
maritime transport and that is why ports have 
been induced to invest in infrastructure and 
logistics to improve the supply of ships. In 
this context, the present work addresses the 
Berth Allocation Problem (BAP): where the 
objective is to allocate ships to berths in order 
to minimize operating costs. The PAB can be 
considered as one of the main optimization 
problems in maritime terminals, due to the 
growing demand of ships that transport 
products in bulk. Thus, an algorithm that 
combines the LNS heuristic method and 
simple permutation will be proposed. The 
results of the computational tests show that 
the PAB-HE heuristic was able to produce a 
relative GAP lower than 10.66% in relation to 
the lower limit obtained by the CPLEX® solver 
for instances with speed of the cradles with a 
penalty of 25% and 17.18% GAP for instances 
with cradle speed with a 50% penalty, in a 
computational time of less than 20 seconds.
Keywords: Berth Allocation Problem, LNS 
Heuristic, Simple Permutation.

INTRODUCTION
Maritime transport is one of the 

fundamental pillars of the growth of the 
global economy throughout history. The 
increase in the demand for raw materials, the 
growth of international trade transactions 
and the advances in techniques for building 
large bulk carriers lead to an increase in the 
frequency of transport operations between 
ports and, consequently, to an increase in 
their importance. in the results of the trade 
balance of the countries.

Data from the statistical yearbook of 
the National Waterway Transport Agency 
(ANTAQ) indicate that Brazilian ports 
increased their cargo handling by 4.2% in 
fiscal year 2020 compared to 2019, reaching 
a total of 1.151 billion tons [ANTAQ, 2021]. 

Most of this volume is solid bulk, which 
accounts for about 60% of all cargo handled 
by the terminals. The advance of this segment 
in fiscal year 2020 was around 1.2%.

Low cost ceased to be a competitive 
advantage and became the rule, there was 
a sudden appearance in a large number of 
logistics operators and their hiring by most 
companies as highlighted in [Fioroni, 2008].

In this research context, this article intends 
to propose a PAB solution in solid bulk port 
terminals (iron ore, coal and grain).

LITERATURE REVIEW
The BAP consists of allocating the ships 

to the mooring positions in such a way that 
the maximum space on the pier is used, 
minimizing the service time. The decisions to 
be taken concern the position (where?) and 
the time (when?) in which the ship must dock 
[Imai et al., 2001].

In Imai et al. [1997, 2001], a PABD was 
presented, where all ships that have an 
arrival time within the planning horizon are 
considered in the model. The PABD model 
assumes that all ships can be allocated to any 
berth, which is not usual in practice. The 
authors developed a heuristic method based 
on a subgradient method with Lagrangian 
relaxation to find solutions for the DBAP. 
Nishimura et al. [2001]; Xu et al. [2012] 
expanded the dynamic version of the PABD, 
delimiting the pier where each ship can berth, 
and improved its approach considering 
different supply priorities between ships. 
Nishimura et al. [2001], proposed an 
algorithm Genetic (GA) as a solution 
method and Xu et al. [2012], modeled the 
PABD as a machine programming problem 
where assignment of ships to berths takes 
into account depth constraints and tidal 
conditions.

In research by Banos et al. [2016], they 
presented a variant of the PABD proposed 
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by [Cordeau et al., 2005]. They proposed 
a mutilmatic model and a metaheuristic 
Simuluntild Annealing (SA) for the Berth 
Allocation Problem with Multiple Loads 
(PBMC). The proposal by Cordeau et al. [2005] 
is based on the premise that the operating 
times of ships in the berths are known a priori 
and in the multi-purpose model proposed by 
the authors, the operating time is calculated 
and depends on the relationship between the 
cargo transported by the ship and the berth it 
will dock. Therefore, the operating time is not 
known a priori.

In Correcher et al. [2019], they presented 
a PABD variant, a Mixed Integer Linear 
Programming (MILP) formulation, a heuristic 
based on Iteruntild Local Search (ILS) and 
a Ruin & Recreuntil framework, which were 
able to obtain optimal solutions or almost 
optimal for this new variant of the problem.

In the PABC, the area (pier) destined 
to carry out loading and/or unloading 
operations does not have any subdivision and 
the ships can berth in any position according 
to [Bierwirth and Meisel, 2010].

And PABH has the characteristics of both 
PABD and PABC according to [Imai et al., 
2005] and [Meisel and Bierwirth, 2009]. In 
the PABH, the area (pier) destined to carry 
out loading and/or unloading operations 
is divided into a set of sections or berths; 
however, there is the possibility that a larger 
ship occupies more than one berth and, 
furthermore, that a berth is occupied by more 
than one ship.

PROBLEM DESCRIPTION
Considering the BAP formulation 

proposed by Barros [2010], modeled in 
discrete form as a transport problem in which 
N ships are seen as consumers and L berths 
and tide windows favor Tidal Time Windows 
(TTW) M, as providers. Where each ship i 
must be allocated to a berth l in a subset of 

TTW’s windows whose cardinality depends 
on the number of required tides so that the 
loading and/or unloading operation is com- 
pleted.

The input set (Table 1), decision variables 
(Table 2) and formulas of expression 1 of 
the model are presented below with a brief 
description. The phorometer hil represents 
the processing time necessary for a ship i 
to complete the loading and/or unloading 
operation at berth l [Barros, 2010].

Set Description

N set of ships

M set of ttw’s

L set of mooring positions (berths)

K set of peeled raw materials in port

ai ship arrival ttw window i

vl cradle loading / unloading speed l

ek initial stock level of bulk cargo k

ck
quantity of consumption or production of 
bulk cargo k

qik
ship's carrying capacity is in relation to the 
cargo k

Table 1: Definition of input sets.

Set Descricption

xij
1 −
0 −

if ship i is allocated to TTW j

otherwise

uil

 1 −
0 −

if ship i is allocated to berths l

otherwise

yijl
1 −
0 −

if ship i is allocated to TTW j 
and to berths l

otherwise

Table 2: Decision variables.

                                      (1)

COMPACT FORMULATION
The following Integer Linear Programming 

(ILP) formulation is the PAB in expressions 
(2) through (14).
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       (2)

Subject to:

                     (3)

      (4)

         (5)

                     (6)

 (7)

 (8)

 (9)

(10)

(11)

(12)

(13)

(14)

The set of constraints of the compact PAB 
formulation are expressed by the constraints 
(3) to (14). Constraints (3) and (4) oblige 
ships to berth after their TTW’s arrival 
windows there and remain in operation 
during the TTW’s windows to complete the 
operation. The number of ships allocated 
to a TTW window cannot exceed the total 
number of berth positions l, constraint (5). 
Constraint (6) ensures that ship i is allocated 
exactly one berth l. Constraint (7) prevents 
solutions with premature interruptions in 
ship operations. Constraint (8) ensures that 
minimum inventory levels greater than 
zero are guaranteed. Constraints (9) to (11) 
together with the objective function guarantee 
the consistency of the model. Objective is to 
obtain yijl = 1 when xij = 1 and uil = 1, and yijl = 
0 when at least one of the variables, xij or uil, is 
equal to 0. Constraints: (12) to (14) define the 
dom ion of the variables.

EXTENDED FORMULATION
Next, an extended compact model is 

presented considering the formulation 
proposed by Barros [2010] to solve the BAP 
in Bulk Ports with stock restrictions and tidal 
conditions. The objective remains to minimize 
the cumulative cost over all operations in a 
given planning horizon. Thus, the objective 
function (15) of the extended compact multi-
multimatic formulation of the PAB is given as 
follows.

(15)

Subject to: The restrictions (3) on (14)

(16)
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                (17)

The PAB in the extended formulation is 
feasible if it satisfies the following constraints 
(3) to (14). Constraint (16) guarantees that the 
sum of the TTW windows of ship i allocated 
to berth l must be less than or equal to the 
hil of ship i in relation to berth l multiplied 
by the decision variable uil. Constraint (17) 
guarantees that every berth l must receive 
at least 1 ship i allocated. The main factors 
that impact restrictions (16) and (17) are: 
tighter TTW’s time windows and restriction 
of access to terminals (berth) in relation to 
ships. Aiming at obtaining feasible solutions 
that adhere to the real operation, and that 
these can be obtained in a short period of 
time.

SOLUTION APPROACH
The Mixed Integer Linear Programming 

(MILP) model for the PAB problem studied is 
easy to understand and extremely simple, but, 
on the other hand, computationally difficult 
to solve. The large number of constraints 
and integer variables, as well as the number 
of possible solutions for the problem, 
especially the sequence of allocation of ships 
i in berths l, make the use of commercial 
solvers, such as CPLEX®, totally impracticable 
when the instances of the problem address 
real situations. On the other hand, the use 
of heuristic methods are procedures that 
deal with optimization problems without 
having theoretical guarantees or that the 
exact optimal solution will be obtained, nor 
guarantees that the obtained solution has 
any kind of proximity. - ity in relation to the 
optimal solution found according to [Cunha 
et al., 2013]. To overcome these limitations 
and obtain good solutions, an algorithm 
was developed that combines the heuristic 
method Large Neighborhood Search (LNS) 

and simple permutation.
The algorithm basically consists of 

generating an initial solution based on 
the FIFO method (where the first ship to 
arrive is the first ship to be arrived at the 
port terminal) to obtain a feasible integer 
solution, respecting constraint (3) that oblige 
ships i to berth after their arrival TTW’s 
windows and restriction (4) that guarantee 
ships i remain in operation during 1 TTW’s 
windows for completing the loading and/or 
unloading operation. For each ship i, the cost 
of allocation in each berth l is calculated. If 
there is berth l whose cardinality of the set 
of ships allocated is 0 (zero), therefore, ship 
i is allocated in berth l with the lowest cost 
(with no ship allocated) otherwise, ship i is 
allocated in berth l with the lowest cost cost. 
Then, the simple permutations of the ships 
are generated for each level of the berthing 
sequence, which will be responsible for the 
reallocation of the ships between the berths, 
as shown in Figure 1(b). Afterwards, the LNS 
heuristic method is executed, which will be 
responsible for relocating the ships within 
the berths according to Figure 1 (a). Next, 
a pseudocode of the proposed algorithm is 
presented.

(a)

Ship (1)

Ship (2)

Ship (3) Ship (6) Ship (9) Ship (12) Ship (14)

Ship (5) Ship (8) Ship (11) Ship (13)

Ship (4) Ship (7) Ship (10)



6
Journal of Engineering Research ISSN 2764-1317 DOI 10.22533/at.ed.317362316024

(a)

Figure 1: (a) Movement of ships within the 
berth and (b) Movement of ships between 

berths

COMPUTATIONAL EXPERIMENTS
All experiments were performed on a 

machine equipped with an Intel Core i7-
7700 K CPU 4.2 GHZ, virtual Oracle VM 
VirtualBox with secondary operating system 
Linux - Ubuntu 64-Bit version 20.04 LTS and 
4GB of memory. ria RAM.

The heuristics were implemented using 
the C++ programming language and 
CPLEX® solver in version 12.63. The compact 
formulation Barros [2010], proposed 
extended compact formulation, relaxed 
extended compact formulation and proposed 
heuristic method were executed 10 (ten) 
times for each instance of Tables 3 and 4 and 
a computational time limit of 2 hours (7,200 
seconds) was established.

To validuntil and carry out tests with the 
proposed mathematical models, 2 (two) sets 
of instances were generuntild according to 
Tables 3 and 4, based on real data involving the 
class of bulk carriers Handymax / Supramax, 
Panamax, Capesize, Very Large Bulk Carrier 
- VLBC and Very Large Ore Carrier - VLOC, 
with a maximum load capacity of 55,000, 
80,000, 200,000, 300,000 and 400,000 DWT 
respectively.

According to data from Vale [2020], a 
port complex has a capacity (speed) for 
loading and unloading operations of 8,300 
tons/hour on average for each berth, which 
guarantees a daily throughput. 200,000 tons 
of ore, and the values were divided by 1,000 
to facilituntil visualization. In this study, we 
reduced the maximum capacity (speed) of 
each berth to 100,000 tons per day in order 
to serve bulk carriers with a cargo capacity 
in the range of 55,000 to 400,000 tons and, 
as a consequence, we have greuntilr difficulty 
finding a solution. action for problem.

As the planning of all port operations is 
carried out for a time horizon discretized 
in TTW windows. To consider the effects 
of the tide, the TTW’s windows must have 
a time less than 12 hours. It can be noted, 
therefore, that there is a significant difference 
in the loading process between the real and 
nominal capacity of each cradle, and that 
they do not present a homogeneous behavior 
depending on the characteristics. logistical 
heuristic of each berth and which is not the 
object of our study. Where each berth has a 
maximum cargo handling capacity of about 
55,000 tons per TTW’s window. In view of 
this, we decided to apply a small penalty of 
25% and 50% in the load capacity per TTW 
window to generuntil the minimum speed of 
each berth. As an example we have: A berth 
with a penalty of 25%, its speed of operations 
(loading capacity) can vary in the range of 
41,250 to 55,000 tons per TTW window. The 
ships i and speed of each berth l are randomly 
generuntild, based on an implementation of 
a modified version of the subtractive random 
number generator algorithm of Knuth et 
al. [1986], corresponding to instances in 
possible real scenarios. The pseudocode 
presented in Algorithm 2 describes the TTW 
(M) calculation method, where M represents 
the amount of TTW’s window needed for 
ships i to complete loading and/or unloading 

Ship (1)

Ship (2)

Ship (3) Ship (6) Ship (9) Ship (12) Ship (14)

Ship (5) Ship (8) Ship (11) Ship (13)

Ship (4) Ship (7) Ship (10)
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Algorithm 1: Pseudocode PAB-HE(N, M, L, ai, hil, uil, xij, yijl, zFO)
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operations in the considered planning 
horizon.

Tables 3 and 4 below show the set of 20 
(twenty) instances. Column # represents the 
key field of the instance, column Ships(N) 
represents the number of ships, column 
TTW(M) represents the number of TTW 
windows, column Berços(L) represents the 
number of berths, The raw muntilrial column 
(K) represents the cardinality of the set of raw 
muntilrials and the column Velocity of the 
cradle (VL) represents the speed of loading 
and unloading operations of each cradle with 
their respective values.

Table 3: Details of the set of instances with 25% 
penalty.

Table 4: Details of the set of instances with 50% 
penalty.

Tables 5 and 6 show the results achieved 
by the CPLEX® solver, for instances with VL-
cradle velocity with a penalty of 25% and 50% 
for the compact formulation Barros [2010], 
proposed extended compact formulation, 
relaxed extended compact formulation 
and proposed heuristic method. Column 
# represents the instance key according to 
Tables 3 and 4.

For the compact formulation Barros 
[2010], the column LB1 Lower Bound (LB) 
provides the lower limit, the column Fo1 
(objective function) indicuntils the values 
of the obtained solutions, the column GAP1 
gives the GAP between the upper and lower 
bounds obtained and column TP1 gives the 
elapsed computational times expressed in 
seconds.

For the proposed extended compact 
formulation, column LB2 provides the 
lower limit, column Fo2 (objective function) 

Algorithm 2: Calculation Pseudocode (TTW)
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indicuntils the values of the obtained solutions, 
column GAP2 provides the GAP between the 
upper limit and lower obtained and column 
Tp2 gives the elapsed computational times, 
expressed in seconds.

For relaxed extended compact formulation 
with solution refinement by the proposed 
heuristic method, column LB4 gives the 
lower limit reached by the extended compact 
formulation, column Fo4 (func ¸ objective) 
indicuntil the values of the solutions obtained 
by refining the relaxed solution, column 
GAP4 provides the GAP between the upper 
and lower limits obtained and column Tp4 
provides the elapsed computational times 
expressed in seconds.

And finally, for the PAB-HE heuristic 
method, the column Sol.Ini. provides integer 
initial solution based on the FIFO method 
and column Tp5 provides the elapsed 
computational times, expressed in seconds, 
to generuntil the initial solution. Column LB6 
gives the lower limit obtained by proposed 
extended compact formulation found by the 
CPLEX® solver, column Fo6 provides the 
value of the best integer solution found by the 
PAB-HE heuristic, column GAP6 provides 
the relative GAP between the lower limit of 
the formulation extended action obtained 
by the CPLEX® solver and proposed PAB-

HE heuristic given by GAP6 = ((Fo6 - LB6) 
/ Fo6) 100 and column Tp6 gives the elapsed 
computational times expressed in seconds.

In Tables 5 and 6, columns Fo1, Fo2 
and Fo4 show values greuntilr than zero, 
representing that the CPLEX® solver was able 
to find a viable solution to the problems, but 
with no guarantee of being the right one. 
optimal solution.

Columns Gap1, Gap2 and Gap4 in 
Tables 5 and 6 present values that validuntil 
the behavior of the compact formulation 
Barros [2010], proposed extended compact 
formulation, relaxed extended compact 
formulation. Where it is noted that the 
CPLEX® solver can only solve instances of up 
to 10 ships within the 2 hour limit. One can 
also see the very satisfactory behavior for the 
proposed heuristic method (PAB-HE) for all 
instances.

Table 5 shows that the PAB-HE heuristic 
was able to produce (column Fo6-objective 
function) better than the initial integer 
solution (column Sol.Ini) in 75% of the 
instances (1, 3, 5 to 7, 9 to 11, 13 to 15 and 17 
to 20) of Table 3 and the most expressive GAP 
is 54.72% for instance 17. And for Table 6 they 
show that the PAB heuristic -HE managed to 
produce Fo6 (objective function) better than 
the integer initial solution (Sol.Ini column) in 

(-)  it refers to instances where the CPLEX® solver was unable to obtain a solution to the integruntild 
problem due to lack of memory.

Table 5: Results obtained for instances with VL-cradle velocity with a 25% penalty.
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85% of the instances (1 to 2, 5 to 7 and 9 to 20) 
from Table 4 and the most expressive GAP is 
65.14% for instance 17 in relation to the initial 
solution. And for 25% of the instances (2, 4, 7, 
12 and 16) of Table 3 and 15% of the instances 
(3, 4, and 8) of Table 4, show that the initial 
solution.

Still in Table 5, columns Fo4 and Fo6 show 
that in 60% of the instances (1 to 5, 8 to 11, 14, 
17 to 18) of Table 3, the PAB-HE heuristic was 
not able to to obtain superior quality limits 
and in cases where solutions were found, the 
results were superior to those presented by the 
relaxed extended compact formulation, with 
emphasis on instance 8 that present a GAP of 
10.66%. And for 25% of the instances (6, 13, 15, 
19 to 20) of Table 3, the PAB-HE heuristic was 
able to obtain superior limits of outstanding 
quality for instance 19 that present a GAP of 
3.74 %. For 5% of the instances ( 7 ) in Table 3, 
the same upper limit was found. And finally, in 
10% of the instances (12 and 16) in Table 3, in 
the relaxed extended formulation, the CPLEX® 
solver failed to produce any significant results.

And in Table 6 the columns Fo4 and Fo6 
show that in 65% of the instances (2 to 11, 
14, 17 to 18) of Table 4, the PAB-HE heuristic 
was not able to obtain superior limits of 
quality and in the cases where solutions 
were found, the results were superior to 

those presented by the formulation relaxed 
extended compact highlighting the instance 
( 6 ) of Table 4 that present a GAP of 17.18%. 
And in 10% of the instances (13 and 19) of 
Table 4, the PAB-HE heuristic was able to 
obtain superior limits of outstanding quality 
for instance 19 that present a GAP of 0.75%. 
For 5% of the instances ( 1 ) in Table 4, the 
same upper limit was found. And finally, in 
20% of the instances (12, 15 to 16 and 20) of 
Table 4, in the relaxed extended formulation 
the CPLEX® solver the CPLEX® solver failed 
to produce any significant result.

Column Fo6 in Tables 5 and 6 show that 
the PAB-HE heuristic method was able to 
obtain upper bounds for all instances in 
Tables 3 and 4. The CPLEX® solver was able 
to find results (lower bound) within the 
time limit established of 7,200 seconds for 
the extended formulation proposed in 25% 
of the instances (1 to 5) of Table 3 as shown 
in column tp2 in Table 5 and in 15% of the 
instances (1 to 2, 4) of Table 4 as shown in 
column tp2 in Table 6. On the other hand, 
we cannot stuntil that the low quality of 
the solutions generuntild by the PAB-HE 
heuristic for the other instances of the 3 and 
4 Tables as shown in Tables 5 and 6, as the 
CPLEX® solver could not find results (lower 
bound) within the established time limit.

(-)  refers to instances where the CPLEX® solver was unable to obtain a solution to the integruntild problem 
due to lack of memory.

Table 6: Results obtained for instances with VL-cradle velocity with a 50% penalty.
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CONCLUSION
In the article, a Berth Allocation Problem 

(BAP) for a bulk ore port terminal was 
studied. In this context, it seeks to contribute 
with the best way to allocuntil the ships 
that arrive at the port in order to minimize 
the waiting time for the ships. The PAB 
represent several aspects of operations in a 
port terminal: from the arrival of ships to the 
berthing sequence at the berths.

The results presented in Tables 5 and 6 
demonstruntil the potential of the presented 
approach, in which high quality solutions are 
obtained for relatively large instances and in 
very satisfactory execution times. Therefore, 
good solutions provide reductions in loading 
and/or unloading operating costs, since there 
is a reduction in the waiting time in which 
ships remain at the port terminal.

FUTURE WORKS
Future work could invest in other methods 

to generuntil the movement of ships between 
the berths and methods to evaluuntil the best 
sequence for berthing of ships within the 
berth. And yet, investiguntil the ant colony 
optimization heuristic, where the algorithm 
can direct its colonies to investiguntil 
specific solutions, or keep colonies in forllel 
investigating the entire objective space.
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