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Mathematical model for the Berth Allocation
Problem in ports with cargo operation limitations
along the pier

Modelo matematico para o Problema de Alocacao de Bercos em
portos com limitacées de operacao de carga ao longo do cais

Ivan Bridi Gimenes Rodrigues’
Rodrigo de Alvarenga Rosa'
Thiara Cezana Gomes'
Glaydston Matos Ribeiro?

Abstract: Oil exploration in Brazil is performed by platforms at sea that require several loads carried by vessels.
Thus, it is necessary to have ports to handle these vessels’ operation and, therefore, the ports assign specific
segments along the pier to operate certain type of cargo, increasing the complexity of vessels berthing. Thus, this
paper proposes a mathematical model for the Continuous Berth Allocation Problem that differs from the others
because it considers that some cargos can be operated only in specific segments of the pier. We used real data from
the Companhia Portudria de Vila Velha (CPVV) to evaluate the model. CPLEX 12.6 was used to run the model and
instances up to 147 vessels with 440 meters of pier were optimally solved. The results are presented and compared
to those achieved by the CPVV’s manual method showing that it is possible to obtain significant gains.

Keywords: Berth Allocation Problem; Port operation; Oil and gas logistics.

Resumo: 4 exploragdo de petroleo no Brasil é realizada por plataformas em alto-mar que demandam diversas
cargas levadas por navios. Os portos para atender esses navios tém de manusear varios tipos de carga e, por conta
dessa variedade, trechos para movimentar cada tipo de carga sdo determinados ao longo do cais, aumentando
a complexidade do planejamento da atracag¢do dos navios. Visando aumentar a eficiéncia na operagdo desses
portos, este artigo propée um modelo matematico para o problema de alocac¢do de ber¢os continuos que difere
das demais por apresentar restri¢oes nas operagoes de cargas ao longo do cais. Utilizaram-se dados reais da
Companhia Portuaria de Vila Velha (CPVV) para avaliar o modelo. Utilizou-se o CPLEX 12.6 para executar o
modelo e instdncias de até 147 navios com 440 metros de cais foram resolvidas de forma otima. Os resultados
sdo apresentados e comparados com os alcan¢ados pelo método manual atual, evidenciando ganhos importantes.

Palavras-chave: Problema de Alocagdo de Ber¢os; Operagdo portudria,; Logistica do petroleo e gas.

1 Introduction

Oil exploration in Brazil is based mainly on
exploration in deep waters. For this type of exploration,
offshore platforms are positioned at the sea far from
the coast, demanding resources equal to the demand
of a medium-sized city. These platforms are supplied
mainly by vessels that travel between the port and the
platforms. Thus, it is essential to reduce the operation
time at the port to avoid any shortage on any platform
and consequently the interruption of oil exploration
caused by the lack of supplies.

Thus, specialized ports to berth these vessels that
supply the platforms become important for the oil
exploration process. An important feature of these
ports is that they handle bulk materials (cement,
diesel oil and water) and general cargo (pipes, boxes,
and other equipment). Thus, because of this variety
of cargos, these ports assign segments of the pier to
handle only certain types of cargo. So, planning the
berthing of vessels in the port must take into account
the cargo that the vessel will operate (load / unload)
at the time of assigning a berth position to berth the
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vessel. This situation makes the planning process a
complex task.

To optimize the sequence of service of vessels
by the port, it was proposed in the literature the
Berth Allocation Problem (BAP) that deals with
the problem of planning the sequence of service
of a set of vessels, within a time horizon, in a pier
with a specific layout, respecting the operational
and commercial constraints of the port. The most
common objective is to minimize the total time
spent at the port by all vessels. At the ports where
the vessels can berth at any position of the pier, the
BAP is called Continuous Berth Allocation Problem
(CBAP) (Bierwirth & Meisel, 2010). Some authors
have developed extensive literature review about the
BAP, such as: Meersmans & Dekker (2001), Vis &
Koster (2003), Steenken et al. (2004), Vacca et al.
(2007), and Stahlbock & VoB (2008), Bierwirth &
Meisel (2010) and Rashidi & Tsang (2013).

In order to satisfy an operational characteristic
of the specialized ports to supply the oil platforms,
but also common to many other ports in the world,
where certain cargos can only be handled in certain
berthing positions along the pier, this paper presents
a mathematical model for the CBAP with cargo
operating limitations along the pier. The proposed
model was applied to the real problem of the port
Companhia Portuéria de Vila Velha (CPVV) to
assess the quality of the solution reached. CPVV

is the largest port specialized to logistics support
of offshore platforms of the state of Espirito Santo,
Brazil, operating per month, an average of 25 tons
of general cargo, 20,000 cubic meters of clean water,
6,000 cubic meters of diesel and 4,000 tons of cement
(CPVV, 2015).

Figure 1 shows an aerial view of CPVV that has
a mooring pier with 320.0 m. CPVV has a feature
common to many other ports where some cargos can
only be handled in specific segment along the pier.
Figure 1 presents these segments of the pier where
each cargo can be operated. Cement vessels may berth
between 0.0 m and 80.0 m due to the limitation of the
tubes that transfer the cement of ground tanks to the
vessel. General cargo vessels can berth between 0.0m
and 245.0 m position. Anchorage vessels, known as
Anchor Handling Tug (AHT), carrying flexible tubes
on reels, that berth by stern, must be berthed between
246.0 m and 265.0 m. Finally, diesel vessels can
berth between 266.0 m and 320.0 m (CPVYV, 2015).

The mathematical model was solved by the solver
CPLEX 12.6 and the solutions were compared with
CPVV results. After a literature review, no articles
were found proposing a model that treats the CBAP
with operating limitations for some cargos along the
pier extension.

The paper is organized as follows. Section 2 details
the BAP and presents a literature review. Section 3
presents the proposed mathematical model. In Section

Cargo
Diesel | | 246.0m | Cement |
320.0m 265.0m 80.0m 0.0m
General Cargo |
245 0m 0.0m

Figure 1. Aerial view of CPVV.
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4, the computational experiments and analysis of
the results are presented. In the last section, the
conclusions are presented.

2 Berth Allocation Problem (BAP)

The Berth Allocation Problem (BAP) refers to the
problem of assigning spaces to berth vessels in the
berthing areas of the port over a planning horizon.
Thus, in the BAP, the major decisions involve the
location and the time where the vessels should berth
(Cordeau et al., 2005).

In general, this type of problem deals with two
types of restrictions: 1) spatial restrictions and
2) temporal restrictions. The spatial restrictions are
related to the dimensions of the port, the size of
the vessels, the water depth and the division of the
pier. The temporal restrictions are related mainly to
the arrival date of the vessel and the berthing date
(Stahlbock & VoB3, 2008; Bierwirth & Meisel, 2010;
Cordeau et al., 2005).

Based on the spatial restrictions, the main types
of BAP are: 1) BAP with discrete layout (DBAP),
2) BAP with hybrid layout (HBAP) and 3) BAP with
continuous layout (CBAP). In DBAP the berthing
area is divided into sections called berths, where only
one vessel can be berthed in a certain period of time,
respecting the restriction that the vessel’s length cannot
be greater than the berth length. In HBAP there is
also a partitioned area in the berths, however, there
is the possibility that a larger vessel occupies more
than one berth, and also a berth can be occupied by
more than one vessel. Finally, CBAP where the pier
is not divided, i.e., vessels can berth at any position
along the pier (Bierwirth & Meisel, 2010; Imai et al.,
2005). Figure 2 shows a graphical representation of
the berthing area for different layouts.

Based on the time constraints, the BAP is classified
into: 1) Static Arrival and 2) Dynamic Arrival. In the
statistic arrival, it is considered that all vessels are
in the anchorage area ready to berth and therefore
the date of arrival of all the vessels are equal and
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Figure 2. DBAP, CBAP and HBAP representation.

can be disregarded. In contrast, in the dynamic
arrival, the vessels have different arrival dates over
aplanning horizon and therefore cannot berth before
your arrival date at the port. The BAP with dynamic
arrival represents more accurately the needs of the
port administration (Bierwirth & Meisel, 2010;
Imai et al., 2001).

Based on both spatial and time restrictions, it is
expected as a BAP result a graph representing the
sequence service of the vessels like the ones in Figure 3,
respectively, a solution for the DBAPD, CBAP and
HBAP. It is possible to observe that the space-time
graph provides the planning of berthing where the
horizontal axis represents the time horizon and the
vertical axis represents the pier length. Furthermore,
each rectangle represents a berthed vessel.

Thus, the width of this rectangle, parallel to Y axis,
represents the total length of the vessel and the length
of the rectangle, parallel to X axis, represents the
total operation time of the vessel. It should be noted
that if occur overlapping rectangles (vessels), then
the solution is considered infeasible. Moreover, such
vessels must meet the space limitations and specified
arrival time (Umang et al., 2013; Bierwirth & Meisel,
2010; Stahlbock & Vof3, 2008; Imai et al., 2005).

Different studies have highlighted different
characteristics and specificities related to the BAP.
They emphasize new mathematical formulations
that consider both the discrete and continuous cases,
in addition, they applied their models to real cases.
The most cited papers about the BAP are shown next.

Guan et al. (2002), Park & Kim (2003), Guan &
Cheung (2004) proposed solutions for BAP with the
objective to minimize the vessels total time spent in
the port. Lim (1998; 1999), Tong et al. (1999) and
Goh & Lim (2000) proposed as an objective function
the reduction of the total occupied space of the pier.
Elwany et al. (2013) proposed a solution based on
Simulated Annealing for CBAP with dynamic arrival
and draft restrictions. Tang et al. (2009) also dealt
with CBAP with dynamic arrival and they proposed
two mathematical models and a Lagrangian relaxation
heuristic.

Imai et al. (2005) and Chang et al. (2008) studied
the CBAP considering that the loading time is
dependent on the berthing position of the vessel in
the continuous berth. Park & Kim (2002) and Kim
& Moon (2003) solved the CBAP by Lagrangian
relaxation. Moon (2000), Kim & Park (2004), Kim
& Moon (2003) and Briano et al. (2005) proposed an
objective function that minimizes the vessels’ delays.
Brown et al. (1994), Brown et al. (1997) and Lee &
Chen (2008) proposed the possibility of moving the
vessels from one berth to other berth during operation.
Cordeau et al. (2005) studied the DBAP and the
CBAP, proposing a Tabu Search metaheuristic to
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Figure 3. Service sequence of the vessels: (a) DBAP; (b) HBAP e (c) CBAP.
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solve the two types of the BAP. Sabar et al. (2015)
proposed an algorithm called Differential Evolution
(DE) that is inspired by nature to solve the CBAP.
Babazadeh et al. (2015) used the Particle Swarm
Optimization (PSO) in their research, however, they
applied to the case of CBAP and reached computation
times smaller than a Genetic Algorithm (GA).

Lopes et al. (2011) implemented a Greedy
Randomized Adaptive Search Procedure (GRASP)
with Path-Relinking for the DBAP. Buhrkal et al.
(2011) proposed an exact method for the DBAP
applied to container terminals with better solutions
than the ones found by Lopes etal. (2011), Imai et al.
(2007), Imai et al. (2001) and Theofanis et al.
(2007) analyzed the DBAP with static arrival and
the objective function was the minimization of
the total time that the vessel stayed at the port and
the deviations between the sequence of arrival and
berthing of vessels sequence. Hansen & Oguz (2003)
have proposed a more compact mathematical model
for the same problem. Imai et al. (2001), Monaco &
Sammarra (2007) and Imai et al. (2003) studied the
DBAP with dynamic arrival.

Zhou & Kang (2008) and Han et al. (2010) worked
with DBAP with dynamic arrival and stochastic date of
arrival and stochastic operation time. Mauri et al. (2010)
proposed for the same problem an approach based on
Column Generation. Mauri et al. (2008) proposed a
solution using Population Training Algorithm / Linear
Programming (ATP/PL). Imai et al. (2008) proposed
a solution through Genetic Algorithm to minimize the
number of vessels rejected for not being berthed before
the maximum deadline. In the mathematical model
proposed by Golias et al. (2007) the arrival date and
the vessels operation time are considered stochastic
variables. Hansen & Oguz (2003) and Hansen et al.
(2008) proposed a Variable Neighborhood Search
(VNS) metaheuristic which showed better results than
those reported by Nishimura et al. (2001). Zhou et al.
(2006) and Han et al. (2006) considered stochastic
the arrival date and considered also a waiting time
restriction for berthing. They used Genetic Algorithm
to solve the problem.

Hu (2015) proposed a multi objective Genetic
Algorithm for the DBAP. The two objectives considered
were the preference for daytime operations and the
other was the minimization of the workloads. Ting et al.
(2014) proposed a PSO metaheuristic to the dynamic
DBAP. They obtained small computational times
when compared to other metaheuristics. Lin et al.
(2014) proposed an Iterated Greedy (IG) metaheuristic
to solve the dynamic DBAP minimizing the total
service time. Zhen (2015) proposed a stochastic
programming formulation for the DBAP that can
handle any probability distributions that represent
the vessels’ operational times. Banos et al. (2016)

proposed a mathematical model and a Simulated
Annealing metaheuristic to the DBAP that consider
the operation time dependent on the carried cargo
and also the berthing position. Vervloet & Rosa
(2016) proposed a mathematical model for the DBAP
considering similar commercial conditions as the
ones established by a Charter Party.

Chen & Hsieh (1999) proposed a Mixed Integer
Linear Programming (MILP) formulation for the
HBAP considering dynamic arrivals. Moorthy & Teo
(2006) also studied the same problem considering
that the arrival date is stochastic. Nishimura et al.
(2001) and Cheong et al. (2010) added to their
models the draft restrictions and the dynamic arrival.
Imai et al. (2007) considered that the operation time
has dependence on the berthing position of the vessel.
Dai et al. (2008) proposed a Simulated Annealing
metaheuristic to solve the HBAP. Hoffarth & Vof3
(1994), Nishimura et al. (2001), Cordeau et al. (2005),
Imai et al. (2007) and Cheong et al. (2007) studied the
HBAP with different objective function and different
restrictions. Umang et al. (2013) presented the HBAP
with dynamic arrival applied to bulk ports in order
to minimize the total service time of the vessels.
They used exact and heuristic methods. Yan et al.
(2015) proposed a space-time matrix approach to
HBAP called Dynamic Vessel Arrivals and Flexible
berth space BAP (DFBAP). Rodrigues et al. (2015)
proposed a mathematical model applied to a CBAP
with discontinuity of the pier seeking to minimize
the total stay time of the vessels at the port.

Other approaches integrating the CBAP with cranes
allocation were proposed by Bierwirth & Meisel
(2009) who analyzed the integrated CBAP with the
crane allocation problem for container terminals.
Kim & Park (2004) used the GRASP metaheuristic to
solve the CBAP considering the cranes which serve
the vessels. Wang & Lim (2007) sought to minimize
the penalty costs for rejected vessels and showed a
heuristic that can solve instances with high amount
of vessels. Ganji et al. (2010) proposed a model
where vessels have a desired position for berthing and
penalties are applied if this position is not respected.

After the literature review, as far as we know, it
was not found any paper that dealt with the CBAP
with the berth position of the vessels limited by the
cargo that the vessel carries to specific segment of
the pier. It was also not found any paper that dealt
with the CBAP applied to ports specialized in the
offshore logistics for the oil exploration logistics.

3 Proposed mathematical model

The proposed mathematical model for the CBAP
with the positioning of the vessels limited by the
cargos to specific segments of the pier formulated as
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a Mixed Integer Linear Programming (MILP) model
is based on the two-dimensional packaging problem.
This model takes into account the one proposed
by Guan & Cheung (2004) which considers the
total extension of the pier without any operational
restrictions, however, the proposed model in this
paper considers several operational restrictions and
seeks to minimize the vessels’ total stay time at the
port, calculated as the difference between the time
of unberthing and the time of arrival of the vessel at
the port. The vessels’ arrival dates are known a priori.

Figure 4 shows a schematic drawing presenting the
main parameters and decision variables of the model.
In the space-time diagram, a vessel 7 is symbolized
by a rectangle where one side is the length / and the
other one is the operation time ¢. The vessel arrives
at the port at the time e, and berths at time 5. So, it
waits to berth b, — e, time units and unberth at time

Sets

N: Set of vessels;
C: Set of cargos operated at the port; and

F: Set of draft zones of the pier.

Parameters

A: Length of the pier;

T: Planning time horizon;

u, = b, + 1. Its berthing position is p, and occupies
the pier from p, to p, + [.

The problem addressed in this paper assumes
that the pier has specific segments for the operation
of certain cargos. Thus, it is defined the concept of
cargo operating zone that can be seen in Figure 1.
To exemplify the cargo operating zone, Figure 5
shows two specific zones to operate certain types of
cargos. Zone 1 starts at the beginning of the pier, a ,
and finishes at 8. Zone 2 starts at o, and finishes at
B,. Itis important to highlight that there is an overlap
of the Zone 1 with the Zone 2, i.e., the Zone 2 starts
before the end of the Zone 1. This happens because
in this overlapping section both types of cargo can
be operated.

Considering the previous explanations, the
mathematical model is presented in five parts: sets,
parameters, decision variables, objective function
and constraints.

o : Initial position of the cargo operating zone that can handle cargo ¢ € C;

B+ Final position of the cargo operating zone that can handle cargo ¢ € C;

V4 Initial position of the draft zone f € F;
o: Final position of the draft zone f € F;

e: Arrival time of vessel i € N,

d: Draft zone of vessel i € N; and

Decision variables
b: Berthing time of vessel i € N;
p;+ Berthing position of vessel i € ;

u;: Unberthing time of vessel i € N,

t: Operation time of vessel i € N expressed in time unit (hour);

[: Length of the vessel i € N expressed in metric unit (meter) including the clearance between vessels;

c: Type of the cargo ¢ € N that each vessel i € N operates.
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o, binary variable that assumes value equal to 1 if the vessel j € N berths totally to the right of the
~ time occupied by vessel i € N in the space-time diagram, such that the two vessels do not overlap.

Otherwise, it assumes value equal to 0; and

9,./: binary variable that assumes value equal to 1 if the vessel j € N berths totally above of the space
occupied by vessel i € N in the space-time diagram, such that the two vessels do not overlap. Otherwise,

it assumes value equal to 0.

After the presentation and explanation of the main sets, parameters and decision variables, the objective
function and the constraints of the mathematical model are presented next.

Objective function
Minimize

Z(“f -¢)

ieN

Constraints

by—b—t;—(6;-1)T >0

p;—pi—h—(o;-1)420

0 +0,;+6;+0; 21

b+t =u;

e, <b <(T-t)

Ya, SPiS(0g —1)
Spig(ﬁg, =1)
e{0,1}

0, €{0,1}

+
u;,v;,c;€ R

The objective function, Equation 1, represents the
total time that the vessels stayed in the port which must
be minimized. This time is calculated by subtracting
the unberthing time by the arrival time at the port.

Constraints 2 ensure that there is no overlap of
vessels in the time dimension in the space-time
diagram. Constraints 3 ensure that there is no overlap
of vessels in the length of the pier in the same diagram.
Constraints 4 require that at least one of these variables
is equal to 1, thereby ensuring the berthing of the
vessel and that there is no overlap of vessels in both
dimensions: time and length, thus, the rectangles
representing the vessels do not overlap each other.

To illustrate Constraints (4), Figure 6a shows an
overlap of vessel 7 and . In this case, because i is not

(1)
Vi,jeN,i#j )
Vi, jeN,i+j 3)
Vi,jeN,i#j 4)
VieN (5)
Vie N (6)
Vie N (7
VieN (®)
Vi, jeN ©)
Vi,jeN (10)
VieN (11)

fully to the left of j then, 5, = 0 and j is not fully to the
left of i, then, 5, = 0. Still i in the same situation, as i is
not fully below of j j then 9 0 and also is not fully
below of 7, then Gﬂ =0. Thus o,to,+ Hy + Hﬂ =0
and therefore this solution is not feasible. However,
for the situation shown in Figure 6b, vessel i is fully
to the left of j then o, =1, and j is not fully to the
left of 7, then 0,= =0. St111 in the same situation as 7 is
fully above of j J ‘then 0,=1,and; is not totally above
of i, then 6, = 0. Thus o,to,+0 +0 =2>1and
therefore the solution 6 (b) is feasible.

Constraints (5) ensure the vessel’s unberthing time
calculation that is the sum of the vessel the berthing
time and the vessel operation time. Constraints 6
ensure that the vessel is berthed within the planning
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Figure 6. Constraints 4 (a) overlapping vessels; (b) no overlapping vessels.
horizon, i.e., after the vessel’s arrival time and before ~ Table 1. Test instances for the propose model.
the end of the planning horizon. Constraints 7 require Length of Planning  Number of
tht. the Ve§§el i € Nberthsina po§iti0n between the Instance the Pier . @ on (h)  vessels
initial position and the final position of a draft zone (m)
that is compatible with the draft zone of the vessel 1 320 360 83
i € N. Constraints 8 ensure that the vessel is berthed 2 320 408 97
at a position that is compatible with its cargo, i.c., 3 320 456 102
their berthing position is a position between the initial 4 320 480 13
position and the final position of a cargo operating 3 320 528 123
zone that operates the type of cargo ¢ € C that the 6 320 436 tol
vessel is carrying. Each vessel i € N carries one type 7 440 528 123
8 440 576 147

of cargo ¢, € C. Constraints 9-11 define the scope of
the decision variables.

4 Results and analysis

The CPVV’s planning team gave real data from the
port operations to evaluate the proposed mathematical
model. The data refer to the first six months of 2013
and besides the port planning team plans for each week,
it was decided to test the model in a bigger planning
horizon, ranging from 14 to 21 days, aiming to show
the model’s capability to solve bigger instances and
to provide the planning team a tool that facilitates the
port planning for a longer planning horizon.

Thus, eight instances were developed to test the
model, they can be seen in Table 1. For the real
instances from 1 to 6, it was raised the vessels’
estimated date of arrival, operating times and pier
characteristics. For those instances, the pier has 320.0m
(length currently available). It was always chosen
the two busiest consecutive weeks in each month of
the reporting period. The last two instances, 7 and 8,
were created to analyze a possible growth of the total
extension of the pier, from 320.0m to 440.0m, and
also a possible growth of the total number of served
vessels. For all eight instances shown in Table 1, the

cargo operating limitations were considered along
the pier as shown in Figure 1.

The Instance 1 represents the first two weeks
of January when 83 vessels were berthed and so it
was decided to establish a 15-day planning horizon
(360 hours). The Instance 2 represents the second
and third weeks of February, when 97 vessels were
berthed. Since the number of vessels in Instance 2 is
higher than in Instance 1, it was established a planning
horizon a larger than the one adopted in Instance 1
in order to allow vessels with a late arrival time to
be berthed and to be operated within the planning
horizon. Thus, the Instance 2 had its planning horizon
defined as 17 days (408 hours).

Instance 3 represents the last two weeks of March,
when 102 vessels were berthed. It was established a
period of 19 days (456 hours) for its planning horizon.
Instance 4 represents the first two weeks of April,
when 123 vessels were berthed. It was established
a period of 20 days (480 hours) for its planning
horizon. Instance 5 represents the second and third
weeks of May, when 113 vessels were berthed. It was
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established a period of 22 days (528 hours) for its
planning horizon. Instance 6 represents the last two
weeks of June when 101 vessels were berthed. It was
established a period of 19 days (456 hours) for its
planning horizon.

Instance 7 was created to analyze a project carried
by CPVV to expand its pier in 120.0 m to operate
general cargo. Instance 5 was created evaluate a larger
number of vessels to be berthed changing only the
length of the pier. Instance 8 was based on Instance
7 considering an increasing of 20% in the number of
vessels to be berthed due to the new platforms that will
work at the pre-salt exploration in the Espirito Santo
basin. Thus, Instance 8 considered 147 vessels to be
berthed and a 24-day planning horizon (576 hours).

The tests were performed on an Intel ;7 computer
with 16GB of RAM memory running the solver
CPLEX 12.6 and no runtime limit was established
for each instance. The results were compared with
the CPV'V’s planning process, that is done manually.
The CPVV’s planning process is named in this paper
as Real Case. Table 2 shows the results found with
CPLEX and with CPVV team. It also presents the
reduction in the waiting time to berth obtained by
CPLEX when compared to the Real Case.

In Table 2, the Instance column shows the name
of the instance, the GAP column shows the gap after
running the CPLEX and the Runtime column shows
the CPLEX runtime in seconds. CPLEX - Wait time
to berth column shows the waiting time to berth, in
hours, calculated as the difference between the berthing
time and the time of arrival of the vessel. Column
Real Case - CPVV - Wait time to berth shows the
wait time to berth registered by the CPVV’s planning
team. The last two columns, Reduction - Wait time
to berth (hours) and Reduction - Wait time to berth
(percentage), show the difference between the
waiting time to berth in hours and in percentage
found by CPLEX when compared to the Real Case.
For Instances 7 and 8, the last three columns are not

Table 2. CPLEX’s Results and Real Case’s Results.

fulfilled because these instances refer to test instances.
Thus, there is no way to compare the results obtained
by CPLEX with the Real Case.

CPLEX solved all instances optimally with GAP
equal to zero, in a reasonable runtime, given the size
of the instances. For Instance 1, with 14 days and
80 vessels, CPLEX reached the optimal solution in a
runtime 0f 26.41 seconds. Instance 8, the biggest one,
with 14 days of arrival of vessels and 147 vessels had
the biggest runtime, 7439.56 seconds (2 hours and
4 minutes). Still, it can be considered that 2 hours
and 4 minutes to carry out the optimal planning to
berth vessels along 24 days is an acceptable time in
practical terms.

Continuing the analysis of Table 2, it can be
noted that even with an increase of vessels in the
different instances, the wait time to berth remains
very close when one instance is compared to another.
This situation happens because there is a single port
operator in the port and this operator is also the owner
of the offshore platforms. Therefore, the logistics team
of this operator already defines the voyages of the
vessels in regular periods. Another fact that should
be emphasized was the larger difference between the
values found by CPLEX and those of the Real Case.
This difference can be seen in the graph of Figure 7.
Because of this situation, it was decided to return to
the port to present the results and to better analyze
the CPVV’s results previously provided for the study.

Thus, after a meeting with the port planning team,
it was detected that many vessels were waiting in
the anchorage area and did not berth due to the
lack of cargo at the port to be loaded. Based on
this information, for each vessel in this situation,
it was determined the total amount of hours they
were waiting in the anchorage area waiting to berth
because of the lack of cargo. Thus, the values of the
Real Case were calculated removing these times and
they can be seen in Table 3, which has exactly the
same structure of Table 2.

g CPLEX (Mathematical Model) CaseR—eélPVV Reduction CPLEX x Real Case
2 . Wait time to Wait time to Wait time to Wait time to
= GAP(%) Runtime (5) berth (h) berth (h) berth (h) berth (%)

1 0.00 26.41 5.89 7.53 —1.64 22%

2 0.00 30.03 12.32 21.32 -9.00 42%

3 0.00 997.14 14.23 19.17 -4.94 26%

4 0.00 2,718.92 15.49 27.46 -11.97 44%

5 0.00 4,345.17 16.08 45.13 -29.05 64%

6 0.00 993.45 13.56 17.32 -3.76 22%

7 0.00 6,345.78 10.34 - - -

8 0.00 7,439.56 15.45 - - -




Mathematical model for the berth allocation problem...

781

50

N N w w B B
o w o wu o wu

Wait time to bberth (h)
e

10

[ R eal Case

CPLEX

45.13

‘

--&--Reduction (h)

.56

Instances

Figure 7. Comparison of the wait time to berth (CPLEX x Real Case).

Table 3. Comparison between CPLEX’s results and CPVV’s results without the wait time to berth due to the lack of cargo.

g CPLEX (Mathematical Model) CaseR-eglPVV Reduction CPLEX x Real Case
2 . Wait time to ‘Wait time to Wait time to Wait time to
= GAP (%) Runtime (s) berth (h) berth (h) berth (h) berth (%)
1 0.00 26.41 5.89 6.43 ~0.54 8.4%

2 0.00 30.03 12.32 13.35 ~1.03 7.7%

3 0.00 997.14 14.23 14.54 031 2.1%

4 0.00 2,718.92 15.49 16.10 ~0.61 3.8%

5 0.00 4345.17 16.08 18.12 2.04 11.3%

6 0.00 993.45 13.56 13.67 ~0.11 0.8%

7 0.00 6,345.78 10.34 . - -

8 0.00 7,439.56 15.45 - - -

Table 3 shows the reductions achieved by CPLEX
after removing the wait time to berth at the anchorage
area due to the lack of cargo. It can be noted that there
was a decrease in the difference of the values found
by CPLEX and the ones found by CPVV, Real Case.
However, CPLEX still produces effective reductions in
the wait time to berth, reaching a minimum reduction
0f0.8% (0.11 hours) in Instance 6, and a maximum
reduction of 11.3% (2.04 hours) in Instance 5. This can
be seen analyzing the graph of Figure § that shows
that CPLEX reached better results for the wait time
to berth in all instances.

CPLEX has gained 4.64 hours in the wait time
to berth in the 12 weeks analyzed when compared

with the actual manual plan of CPVV. It can be said
that the port would reduce 9.28 hours to berth more
vessels in the 24 weeks of one semester. It can also be
made a projection knowing that the year has 48 weeks
that the port would have gain 18.56 hours per year to
berth more vessels. The average price of the vessel
that berth at CPVV is about US$ 50,000.00 per day
which gives a cost of US$ 2,085.00 per hour. Then,
the owner of CPVYV, that is the same owner of the
offshore platforms, would have saved approximately
USS$ 38,697.60 per year if the planning team had
used the proposed mathematical model in this paper.
This gain in time would also reflect in the number
of trips done by the vessels, because since they stay
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less time at the port, then they can make more trips
and so the owner of the offshore platforms can rent
less vessels, making the offshore logistics cheaper.

Analyzing Instance 7, Table 3, it can be noted that
increasing the pier length from 320.0m to 440.0m
led to a higher CPLEX runtime, 6.345,78s versus
4,345.17s, i.e., an increase of 46.0%. But CPLEX
runtime is still an acceptable value considering that
it is a 22-day port operation plan. CPLEX reached
an optimal solution and the result of the waiting time
to berth was reduced from 16.08 hours in Instance
5 to 10.34 hours in Instance 7. This was expected,
since Instance 7 has a greater availability of pier to
berth. It is important to emphasize that Instance 7
cannot be compared with the real case (it is a test
instance).

CPLEX reached the optimal solution for Instance
8 although it took a long runtime due to the growth
in the number of vessels to be berthed, the increase
of the planning horizon and the expansion of the
pier’s length. In terms of the mathematical model,
there is an increase in the area where the rectangles,
that represent the vessels, can be placed leading to
an increase in the complexity of Instance 8. Thus,
despite the increase in the runtime, CPLEX was able
to solve the Instance 8 in 2 hours and 4 minutes,
which is still an acceptable time to make a 24-days
port operation plan.

Aiming to contribute to a more effective planning
of the port, an application was developed in Matlab
language to read the results from CPLEX and present
these results in a graphical form. A partial view of
the output of this application can be seen in Figure 9.

It is known through interviews with the port planners
that the oil and gas sector has a very dynamic operation
where several unplanned vessels require berthing at
the port in order to take or bring a not scheduled cargo
by the oil platforms. With the developed application,
that shows the result graphically, Figure 9, the port
planner can verify what are the periods that the pier
has no scheduled vessel, i.e., when it is empty and so
can receive new vessels. Thus, this graphical view of
the scheduled vessels, may help the port planner to
adjust the berthing of the unplanned vessel without
changing the optimal planning calculated by CPLEX
or, at least, reducing as little as possible the impact
in the CPLEX’s optimal plan.

Finally, it can be seen by the results achieved by
CPLEX running the proposed model that the results
are better than the ones achieved by the actual manual
process to plan the port operation. Thus, it can be said
that the mathematical model is a reliable tool that
can be used for planning the berthing of vessels for
all the ports which are characterized by the condition
that certain cargos can only be operated in certain



Mathematical model for the berth allocation problem... 783
Pier (m) Aot
300 3 11 237
=0 5 20| | 30 )
200
150 10 lL_l e 31
100 =ppefo] Jis Thosl 125
- 14 17 24 29 21
0 g ‘. BN W N W7
0 50 100 150 200
Time (hours)

Figure 9. Matlab application with a partial graphical view of CPLEX results.

segments of the pier and that it may eventually bring
possible operational and financial gains to the ports.

5 Conclusions

This paper proposed a mathematical model for
the CBAP with cargo operating limitations along
the pier to meet the operational characteristic of
specialized ports to support the offshore oil platforms
where certain cargos can only be operated in certain
berthing positions along the pier. It is important to
mention that the proposed model in this paper can
be applied to the planning of the vessels’ berthing
sequence in any port that has operating restrictions
of certain cargos in specific segments of the pier.

CPLEX was used to solve the mathematical model
and real data from CPVV were obtained to test the
model. The solutions were compared with the actual
data from CPV'V. Analyzing the results achieved by
CPLEX running the proposed mathematical model, it
can be noted that CPLEX found good solutions when
compared to the actual results achieved by CPVV
planning team. These gains were observed in all the
real instances tested. Summing all these reductions
achieved by CPLEX, the vessels stayed less time at
the port, reducing 4.64 hours in the 12 weeks analyzed.
Thus, it would be possible to the vessels to perform
more trips to the platforms with a possible annual
gain for the CPVV of US$ 38,697.60.

A test instance was created to evaluate the model
considering a future expansion of the pier. Another
test instance was created considering a forecast of
growth of vessels’ berthing considering the new
demands from the pre-salt exploration. CPLEX
found good solutions for both of them proving to
be also a good solution tool for the new expansion
scenarios of the port.

Thus, CPLEX solving the mathematical model
achieves good solutions for planning the vessels’
berthing, including a 24-day planning horizon, bigger
than the usual, which is 7 days. The mathematical
model is also useful as an operational procedure for
the port as it respects operating constraints like the
limitations to operate some cargos in some segments
of the pier and also the vessel’s draft.

Finally, it is suggested as a future work, the
development of a metaheuristic for the proposed
mathematical model to solve larger instances. Also, it is
suggested to consider uncertainty in the mathematical
model, treating the operating times and arrival times
at the port as stochastic.
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