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Abstract

In this study, we deal with a real-world problem on oil & gas upstream
logistics, comprehending the transport of goods from ports to mar-
itime units, through vessels called Platform Supply Vessels (PSVs). We
present an integrated methodology to define the routes of these ves-
sels and port schedules in a three-phase framework. In the first phase,
we decompose the problem using a clustering heuristic and then solve
periodic supply vessel routing problems for each cluster. The second
phase employs a mixed-integer programming model for port scheduling
and berth allocation. Finally, in the third phase, given port departure
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times, the routes are re-sequenced to respect opening time constraints
at installations, aiming to reduce waiting times and to balance the
intervals between successive services. The framework was validated
and evaluated considering a real scenario from an industrial partner
located in Rio de Janeiro, Brazil. The experiments’ results revealed
that the framework could consistently and significantly outperform
the solution adopted by the company in terms of economic costs.

Keywords: Offshore logistics; supply vessel planning; berth allocation
problem; mixed-integer programming; periodic vessel routing problem

1 Introduction

Owing to high costs and production values, the oil and gas industry cannot
afford interruptions of activities due to cargo delays. Therefore, exploration
and production operations should be supported by complex logistics systems.
Specifically, high-quality transportation is critical to ensure the efficient and
timely flow of products while maintaining reduced total logistics costs.

In this study, we analyze a real-world logistics problem faced by an indus-
trial partner in an offshore oil and gas exploration and production area
in Southeast Brazil. We focus on the problem’s upstream logistics, that is,
activities designed to supply facilities with necessary materials [1|. This is
accomplished by platform supply vessels (PSVs), which transport supplies from
ports to maritime (offshore) units (MUs). Figure 1 shows an outline of the
logistical network.

Supply

Suppliers
Offshore Units/Rigs

Fig. 1: Offshore supply chain network

Offshore logistics are complex and challenging. In the future, this scenario
may be even more arduous, as technological developments and the depletion
of mature oil fields have led to the development of fields farther away from the
coastline. This highlights the demand for enhanced logistical coordination for
the successful implementation of supply operations.
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The logistical planning studied in this paper considers multiple aspects,
including the weekly routes of PSVs to satisfy each maritime unit’s demand.
The number of routes and the occupation level of each PSV determine the
loading and backloading times at the port; therefore, new or altered routes
require a review of port scheduling activities. Furthermore, the interdepen-
dence of routing and port scheduling outlines the need for integrated planning
of port and PSV activities.

However, due to the combinatorial nature of both problems, an integrated
model comprising port operations and PSV routing becomes impractical since
a comprehensive analysis of the entire supply chain network may demand
extensive computational time, making impossible to incorporate the tool on
the periodic planning. In addition, in real operations, it is not desirable to
have frequent changes on the entire logistical operation due to administrative
issues, hence small weekly changes can be limited to only parts of operation,
such as a new port scheduling or eventual routes re-sequencing, for example.

To circumvent this, we developed an innovative methodology through
which a solution is found collaboratively within a three-phase framework: PSV
routing, port scheduling, and maritime units re-sequencing for time windows
adequacy. The methodology introduces gains both in computational time and
in flexibility, as it permits both complete decision making procedures or single
runs of specific parts of the framework.

In the first step of the framework, we divide the problem into smaller ones
using a clustering heuristic, and then we solve a routing problem, considering
capacity, maximum port berth time and maximum service time constraints.
Note that, in this phase, we do not know port departure times, so it is impos-
sible to forecast arrival times at maritime units and, although important,
maritime unit’s opening time constraints are not considered. Then, knowing
each route’s sequence of visits, one can find the loading time on port and in
second step of the framework we schedule the activities at the onshore base
though a berth allocation problem (BAP). Finally, the third step of the frame-
work uses the port departure times to reformulate the routes and minimize
waiting times under opening time constraints. With this strategy, we could deal
with both methodological challenges related to obtaining good enough feasi-
ble solutions, and practical challenges related to obtaining a solution quickly
enough for periodical planning during real operations.

We aim to contribute by proposing an innovative tool that automate the
decision-making process in offshore logistics, whilst maintaining the significant
characteristics of the real-world problem in the formulation. For instance, we
consider vessel’s capacity, opening time and total travel time constraints; we
also strive to maintain visits to the maritime units well distributed along the
time horizon. Although each of these considerations may individually appear
in the literature, as far as we know, there is no single modelling framework
combining all these these particularities.

Another innovation is the strategy to integrate both port and routing deci-
sions in a single decision support tool. Although working with a comprehensive



Springer Nature 2021 IMTEX template

4 Supply vessel planning and port scheduling in O&G supply logistics

model, we resort to a solution strategy designed to save computational time,
with the decision-making process being made in three steps. Furthermore, in
PSV routing, we also resort to a hybrid strategy comprehending a clustering
heuristic associated to mathematical programming solved by a solver, further
reducing the computational time and enhancing the capacity of handling bigger
instances.

The remainder of this paper is organized as follows. Section 2 introduces
the problem, followed by a literature review in Section 3. Section 4 presents
the proposed framework, while Section 5 validates and evaluates the proposed
methodology in light of a real-world example from offshore Brazil. Finally,
Section 6 concludes the paper.

2 Problem Definition

Two main types of maritime units provide support for offshore exploration
and production of oil and gas, namely oil rigs and production units. While
the latter is employed in the production phase, the former supports prospec-
tive drilling and work-over operations. Both types of units have a continuous
demand for general cargo, fluids, diesel, and food, but their demand profiles
differ. Whereas production units feature a relatively stable demand over time,
the demand for oil rigs tends to be more variable and prone to emergency
deliveries. These distinctions necessitate that each type of installation has its
own delivery process, even though the procurement process is integrated.

All demanded items are shipped from a single port to the corresponding
maritime units. To manage the loading and unloading operations, each ves-
sel is assigned a time slot in one of the compatible berths at the port. This
scheduling should satisfy safety constraints, guarantee maneuverability in and
out of the harbor, and incorporate idle times to absorb possible variations in
the loading and unloading times. Furthermore, there should also be additional
compatibility and operational constraints. For example, some types of cargo
may be restricted to certain berths due to weight or equipment limitations,
and local environmental regulations prevent the loading of diesel and other
fluids on berths facing the beach.

Platform supply vessels (PSVs) traverse specific routes to deliver supplies
to maritime units and transport their backloads back to the coast. Operational
constraints and contractual obligations impose an upper bound on the duration
of each voyage, as well as inferior and superior bounds on the number of stops.
In addition, because backloading must precede loading in the space-constrained
maritime units, each vessel should depart with sufficient spare room for the
backload of the route’s first unit. From business specialists knowledge, we know
that the backload is always less than or equal to the load, as many products
are consumables, such as fluids, cement and others. Likewise, stops with only
backload requests are rare. As a consequence, we do not consider it necessary
reserve space for backloads on subsequent stops after first unit of the route,
since the natural tendency is for the vessel to become increasingly empty.
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Fig. 2: PSV routes Fig. 3: Conjugate routes

However, if an improbable excessive backload scenario occurs, the remaining
cargo can be picked up on the next trip or by an emergency vessel with pre-
scheduled loading times at port.

Predicting the availability of individual vessels is very challenging owing to
uncertain loading, unloading, and travel times, as well as maintenance require-
ments. Hence, for planning purposes, the fleet is assumed to be homogeneous
with a given deck capacity in square meters equal to the smallest capacity of the
fleet and there is no prior commitment between individual vessels and routes.
The first reason for making this simplification is that this makes the expected
utilization rate of the fleet higher, since the allocation is done dynamically and
as soon as a vessel arrives at the port it can be immediately allocated to a
new route. In addition, we avoid last minute changes in the vessels assigned
routes, since if at the start of loading the assigned vessel were not available,
the alternative would be to use whichever one was already available to avoid
delays in loading and deliveries. From a practical standpoint, the loss is small
because the contracted fleet although not identical, has very similar deck areas.
It is also worth mentioning that route planning must also consider demand
variation over time to guarantee a prescribed service level.

As illustrated in Figure 2, a route is a sequence of maritime units that
start and finish at the port. Every route is traversed twice or thrice a week,
attending the same maritime units due to operational constraints. When a
maritime unit requires more weekly visits than its counterparts, it is allocated
to a pair of so-called conjugate routes, both of which include visits to the unit
in question. Figure 3 illustrates this route configuration. The planning also
considers upper limits for the service (loading and unloading) times, which are
estimated according to the expected number of crane movements necessary
to complete both backloading and loading. Finally, the visits should respect
the operating hours of the maritime units, given that some of these close for
loading and unloading at certain times. Typically, the units open for visits
either during the day (7 am to 7pm) or at night (7pm to 7am).

It is also important to guarantee balanced intervals between successive vis-
its according to the number of weekly visits to the maritime unit. To illustrate
this need, we consider the schedule proposed in Figure 4. It can be observed
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that the interval between Monday’s and Wednesday’s visits (48 hours) is con-
siderably reduced compared to the 120 hours between Wednesday’s visit and
the subsequent visit next Monday. One would expect the demand for Wednes-
day’s visits to be considerably reduced when compared to that of Monday’s
visits because of such an imbalance. Hence, to keep the demands balanced,
we aim to keep the intervals as close as possible to 84 hours for units visited
twice a week and 56 hours for units visited three times a week. In this sense,
the model may need to support activities that start in one week and finish in
the subsequent week. Therefore, we deal with periodic planning, which is the
ability to plan for multiple periods of a fixed length.

TIME BETWEEN VISITS: 2 days 5 days 2 days

N NN

Monday Wednesday Monday Wednesday
CarD— - C

First service Second service First service Second service

WEEK 1 WEEK 2

Fig. 4: Example of an unbalanced weekly cycle for two visits a week

The objective of the present work is to provide a methodology to help deci-
sion making within the supply chain network from port to maritime units in
oil & gas upstream logistics, comprehending both the definition of the PSV’s
routes and the schedule of the port from where they depart. More specifically,
we deal with both a periodic capacitated vehicle routing problem with time
windows and homogeneous fleet (PCVRPTW), and a berth allocation problem
(BAP). These problems are interconnected: port scheduling affects the tim-
ing of the routes, and the composition of the routes affects the requirements,
constraints, loading and unloading times at the berth. Aiming a lower com-
putational time and the opportunity of handling bigger instances, we propose
a methodology to solve this problem separately in a three-phase framework,
which consists of, besides PSV routing, a port scheduling, and an additional
route re-sequencing phase to deal with opening time constraints. In addition,
before PSV routing, a clustering heuristic divides the problem into smaller
ones, to avoid bigger computational times.

PSV routing consists of defining which maritime units should be visited on
each route, as well as the order of visits and the amount of supplies to be loaded
on each vessel, with the objective of minimizing distance traveled. The main
constraints of the problem are the capacities of the vessels and the maximum
service, berthing and travel times. The available inputs of the problem are
expected demands for each maritime unit (for both load and backload cargoes),
quantity of crane movements performed on each maritime unit, the capacity of
vessels and maximum service, travel and berthing times. The intended output
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is a list of routes, each one containing the order of maritime units that should
be visited.

When performing the port scheduling, it is necessary to define the time
slots and berths for the loading of PSVs assigned to each route and for other
port activities, such as berth maintenance, emergency vessel activities, load-
ing of vessels carrying other products outside the scope of this study and crew
changes. The planning objective is to minimize the deviation between inter-
val of departures of a route, ensuring visits to the same maritime units with
uniform time spacing throughout the week. In relation to problem constraints,
besides other usual restrictions related to the berth allocation problems, we
also deal with the compatibility between task and berth. The available inputs
are the time necessary to execute tasks on berth, slack/maneuver times,
the ideal time between departures of a determined route, and compatibility
between task and berth. The intended output should contain the time each
task should begin on port.

Finally, route re-sequencing consists of reordering previously defined routes
which contain any maritime unit with opening constraints. The objective is
the minimization of waiting times as well as traveled distance. Compared to
PSV routing, there are additional constraints related to the maximum and
minimum times between services to ensure that visits to maritime units are
well spaced. The available inputs are the opening times on maritime units and
the port departure time defined previously. The intended output is, again, a
list of routes, each one containing the order of maritime units that should be
visited.

3 Literature review

Several planning problems arise in the petroleum industry, which have been
studied in the literature. For instance, [2] studied the design of production and
transportation network in a gas field and, in contrast, [3] proposed a method-
ology to support decisions within steel catenary riser design. [4] studied the
schedule of resources for well construction, comprehending both drilling and
completion activities, and proposed a model similar to the job shop scheduling
problem, which was solved through a GRASP metaheuristic. In addition, [5]
dealt with the strategic planning of oil supply chains under uncertainty, propos-
ing three mathematical models, each aiming to maximize or minimize different
elements of operation: a two-stage stochastic model with fixed recourse, a
robust min—max regret model, and a max—min model.

Some years later, [6] proposed a decision support system based on a mixed-
integer linear programming model to evaluate different investment alternatives
in petroleum downstream logistics, assisting on the selection of the option
with costs minimization. [7] proposed methodology based on a capacitance-
resistance model to optimize reservoir operations. [8] discussed the problem
of offshore oil & gas infrastructure planning and compared the performance
of several models. Furthermore, [9] presented a fuzzy stochastic mathematical
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model to deal with the crude oil scheduling problem by analyzing both ves-
sel transportation to the shore and some other activities related to refining.
[10] worked with an integrated planning problem considering both reservoir
and surface decisions, dealing with both non-linear mathematical program-
ming aspects and two-stage stochastic models to incorporate uncertainties in
oil prices and productivity. [11] dealt with unconventional fields, proposing
a methodology based on a mixed-integer linear programming formulation to
schedule drilling and hydraulic fracturing of wells. [12] proposed a method-
ology to support large scale oil field development, in a two phase framework
solved by particle swarm optimization-mesh adaptive direct search.

In essence, this work addresses the integration of two principal problems,
namely, periodic supply vessel planning problem and berth allocation (PSVPP-
BAP). Sections 3.1 and 3.2 discuss the literature related to each topic.

3.1 Periodic supply vessel planning problem

Periodic supply vessel planning problems are related to vessel routing and
scheduling. They share some similarities with specific vehicle routing prob-
lems, such as the existence of time windows for individual visits [13]. However,
despite the similarities with other types of vehicle routing problems, the par-
ticularities of maritime transportation demand specific decision support tools
[14].

The studied problem is a type of periodic vehicle routing problem (PVRP),
which comprises a planning period of many days containing multiple visits to
each individual customer [15]. [16] introduced this problem class while striving
to assign compactor trucks for waste collection. Later, [17] employed a series
of heuristics to solve a similar problem while enforcing the prescribed service
levels. The first integer programming formulation is based on [18], who assigned
customers to schedules and routes to vehicles daily.

[19] and [20] introduce PVRP problems applied to offshore logistics with
similar characteristics, namely the existence of time windows for the visits to
maritime units and upper bound on route times. Specifically, [19] used the
traveling salesman problem to define routes, and in the second step, they used
integer programming to solve the scheduling problem. In contrast, the two-
phase approach by [20] establishes a list of voyages in the first phase and then
solves a voyage-based formulation. In a different line of research, [21] discussed
the role of supply vessels as well as relevant logistical trade-offs. In addition,
[22] dealt with the problem of scheduling cargo supplies to maritime units
with time windows at base and clients, with a solution found in a two-step
approach: first a heuristic was used to obtain an initial feasible solution, which
is them use initialize solver to obtain final optimal schedule.

Related problems were discussed in [23-32]. [23] proposed a methodology
to determine optimal fleet on the liner shipping problem, using a multi-trip
vehicle routing model with time constraints. [24] dealt with the scheduling of
crude oil from maritime units to refineries, proposing several mathematical for-
mulations to solve this problem. [25] proposed a methodology to determine the
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annual delivery program of a liquefied natural gas (LNG) producer and distrib-
utor, dealing with, besides routing and scheduling, also berth and inventory
management. [26] combined routing decisions with the disposition of the cargo
on deck, [27] modelled selective pickups and [28] considered selective pickups
and deliveries. [29] and [30] dealt with both inventory management and rout-
ing decisions in maritime applications. A nonlinear model combined onshore
and offshore location and routing decisions was presented on the work of [31].
Finally, [32] proposed a methodology integrating a simulation framework of
PSV activities with an embedded optimization model to evaluate different fleet
management policies and loading strategies on port.

Owing to the complexity of the problem, incorporating uncertainties is
challenging. Notwithstanding, the literature contains some level of uncertainty
treatment, as observed in the works of [33-35]. In the work of [33], simulation
was combined with a recourse optimization procedure to address uncertainties
in sailing times and daily production rates within a routing and scheduling
problem with time windows. Conversely, [34] employed simulation optimization
to account for variations in service time. Finally, [35] prescribed idle times
between successive trips to offset unpredictable weather variations.

Considering that mathematical models are limited to small- and medium-
sized instances, heuristics are often presented as alternatives to find good
solutions with reasonable computational times. In the work of [36], a large
neighborhood search (LNS) strategy was used to solve a periodic supply vessel
planning problem while also considering fleet composition. By contrast, [37]
proposed an adaptation of the genetic search-based heuristic for the PVRP,
whereas [38] used arc-flow models to address the same problem. [39] com-
bined their voyage-based approach with an adaptive large neighborhood search
(ALNS) heuristic to allow for flexible departure times at the port. [40] stud-
ied the problem of transporting crude oil from maritime units, proposing a
multi-start heuristic combined with a local search procedure to solve larger
instances of the multiship routing and scheduling problem with inventory con-
straints and pickup-delivery operations. Finally, [41] worked on the problem
of rescheduling operations of pipe-laying support vessels (PLSV) after disrup-
tions, which was modeled as an identical parallel machine scheduling problem
and solved with an iterated local search (ILS) metaheuristic.

On Table 1, we summarize the similar works presenting alternatives to
schedule PSV operations. We highlight objectives, characteristics of the used
instances and the gaps which were fulfilled by our work.

3.2 Port scheduling problems

The berth allocation problem (BAP) refers to the allocation of a specific ves-
sel to a physical location in a port for handling operations conducted over a
certain period. In addition to quay layout and planning horizon, attributes
such as vessel length and depth, vessel arrival time, and handling time should
be considered [44]. It is worth noting that the BAP has been proven to be a
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non-deterministic polynomial-time hard (NP-hard) problem related to the set
partitioning problem [45] and the bi-dimensional cut problem [46].

Several constraints may exist, which yield considerable variety in BAP
problem formulations [44]. For example, [44] presented three problem classes
regarding the berth layout:

(a) Discrete layout: The quay has discrete partitions (berths), and only one
vessel can be served at each berth at a given time.

(b) Continuous layout: There is no quay partitioning, which may facilitate
improved space utilization. However, on the other hand, the planning problem
becomes more complex compared to the discrete version.

(c¢) Hybrid layout: Analogous to the discrete layout in which the quay is
partitioned. However, despite that, smaller vessels can share the same berth,
thus configuring partitioned continuous layouts.

[47] considered the dynamic BAP with vessel service priorities. The model
proposed in that study was solved using a subgradient method, as proposed
by [48]. The relaxed model yielded a quadratic assignment problem, which
led the authors to implement a solution method based on genetic algorithms.
[49] also presented a Lagrangian relaxation algorithm to solve the problem of
dynamically scheduling ships to multiple continuous berth spaces. Some prop-
erties of the problem structure were used to update the multipliers and obtain
feasible solutions. Further, [50] solved the BAP problem for bulk cargo using a
branch-and-price algorithm, while [51] used a set partitioning formulation with
a squeaky wheel heuristic for feasible solution construction and optimization.
[52] also proposed a tool for the berth allocation problem in maritime container
terminals, with the tactical level objective of obtaining a weekly plan, which
could have its allocation decisions adjusted by a simulation procedure at the
operational level. In addition, [53] presented a methodology for determining
the container handling schedule and storage policy at multimodal terminals,
obtaining a solution with branch-and-bound techniques or genetic algorithms
for larger instances.

[54] focused on the comparison of a set of competing formulations, as well
as tabu search, with the objective of minimizing waiting times for both con-
tinuous and discrete berth layouts. Among the competing solution procedures,
we found genetic algorithms [47, 48, 55] and a hybrid heuristic that combined
simulated annealing and clustering [56]. Finally, a multi-objective formulation
was addressed via genetic algorithms in [57].

[58] introduced a BAP formulation considering tidal movements, water
depths, and vessel drafts, as well as time windows. To solve this problem, they
employed two different parallel machine scheduling formulations along with a
heuristic procedure. A distinct space-time network formulation has also been
advocated [59]. [60] introduced involved meta-heuristic procedures that incor-
porate an existing mathematical programming formulation. More recently, [42]
simultaneously integrated berth allocation decisions with the determination of
heterogeneous fleet composition and vessel schedules, considering continuous
and flexible departures from the base and historical data to model the berth
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allocations and departures. [43] also dealt with the same problem, although
with innovative solution strategies, comprehending a branch-and-cut algorithm
and an adaptive large neighborhood search (ALNS) heuristic.

Perhaps due to the difficulty in solving deterministic formulations, stochas-
tic formulations of BAP are scarce. Regardless, many sources of randomness
exist, such as lead times for acquired supplies, failures and unavailability of
resources, and varying loading and offloading times. Previously, [61] consid-
ered stochastic loading and offloading times within a bi-objective optimization
framework that contrasted waiting times with schedule deviations. Another
study incorporated random arrival times and uncertain loading and offloading
within a chance constraint formulation [62], whereas [63] opted for a robust
programming formulation to tackle the same uncertainties. Finally, [64] pro-
posed a stochastic dynamic programming approach to characterize optimal
policies under stochastic arrival and loading and offloading times for different
vessel types.

On Table 2, we summarize the similar works presenting alternatives for
berth allocation. Again, we highlight objectives, characteristics of the used
instances and the gaps which were fulfilled by our work.

3.3 Our Contributions

In relation to the strategy to build routes, the main contribution of our work is
the incorporation of several characteristics of real operations in the model. In
this context, the model presents some real-life-related constraints, such as total
travel time, preservation of spare room for the backload of the first maritime
unit on route, opening hours of maritime units, and cycle time constraints.
In addition, the strategy of dividing the procedure of building routes into two
models — routing and route re-sequencing models — can also be considered as
an innovative approach.

In addition, to the best of our knowledge, there are no berth allocation opti-
mization methods with the same level of detail or generality in the literature.
For example, some studies addressed the management of a discrete quay layout
using integer programming [47, 48, 57, 58]. Others have focused on schedul-
ing aspects [41, 65-67]. This study combines all these aspects and presents
additional innovations to the literature. This includes a flexible model that
guarantees moorings at fixed times, considers precedence relations between
moorings, and tackles periodic mooring planning. Then, it allows to keep the
assignment of the routes even with small changes in the port schedule or in
the time windows.

Finally, regarding the strategy of dealing with port scheduling and periodic
routing in an integrated way, as far as we know, considering all real operation
particularities as ours. For instance, the most similar works, [42] and [43], did
not consider time windows constraints. In addition, their strategy to have a
good spread of the visits along the week consists on using tolerance parameters,
which do not guarantee the best balanced intervals between successive visits
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compared to our strategy, which solution is reached through the minimization
of the deviations from the ideal interval between consecutive trips of a route.

4 Framework

This section introduces a three-phase framework for PSV routing and port
scheduling that considers the limited availability of vessels to load and offload
cargo by means of prescribed time windows. Figure 5 illustrates the three
phases of the framework. The first step of Phase 1 is a clustering procedure
designed to divide the original problem into smaller, more manageable prob-
lems. For each cluster, Phase 1 solves a capacitated vehicle routing problem
(CVRP) to construct the routes that platform supply vessels should follow.
According to the newly constructed routes, it is possible to know the expected
occupation of the vessel assigned to each route, as well as the expected load-
ing and unloading times at the port and maritime units. Then, in Phase 2,
the newly acquired data is used as an input to the berth allocation problem
(BAP) that produces a full schedule for the port. Finally, Phase 3 uses the
vessel departure times from Phase 2 to reformulate the routes when necessary,
to minimize costs while respecting the actual operating time constraints (time
windows) of each maritime unit. Sections 4.1, 4.2, and 4.3 discuss each phase
in detail.

. v
Phase 1 v Phase 2 L Phase 3
i Vo
Clustering heuristic: CVRP: ' ' BAP: : H Routes re-sequencing:
Divide problem in smaller —»| Obtain PSV routes ) . : L Adapt routes to respect
a Obtain new port schedule [ L L
ones (Repeated for each cluster) installations' opening times

Fig. 5: Framework steps.

4.1 Phase 1: clustering and routing

In this phase, we model the CVRP as a mixed-integer linear programming
(MILP) problem. It is well known that the CVRP is NP-hard [68]; there-
fore, large real-world instances rapidly become computationally intractable.
For instance, the studied case deals with up to 60 maritime units on the same
planning, which could lead to big computational times if solved at once. As
we need an agile tool to use repeatedly every time a new weekly plan is per-
formed or any change require a planning review, we start by clustering the
maritime units into smaller subsets that produce manageable instances that
could be solved within a reasonable time frame from an operational standpoint.
Then, by aggregating the solutions of the smaller instances, we can find a near-
optimal solution to the original problem while maintaining the computational
time within reasonable bounds.
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4.1.1 Clustering heuristic

The objective of the clustering heuristic is to divide the maritime uni