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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.



Springer Nature 2021 IMTEX template

Supply vessel planning and port scheduling in O&G supply logistics 3

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
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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 units into
smaller subsets that are processed separately in subsequent vessel routing. In
this sense, the objective is to obtain sequenced lists of maritime units repre-
senting each cluster. The objective function to be minimized consists of the
sum of the hypothetical distances required to travel between all maritime units,
considering the clusters as routes.

The heuristic proposed in this work is based on that of [69], but it incor-
porates some modifications. To improve the solution, a two-step iterative
improvement step was performed until the stopping criterion was satisfied.

The process starts with an initial solution that can be chosen randomly or
based on previously operated routes. The first step improves the solution by
analyzing all possible pairwise swaps between two maritime units, encompass-
ing units from the same or different clusters. The process is repeated, along
what we define as inner iterations, with newly obtained solutions until no fur-
ther improvement is verified or a maximum number of iterations is attained.
This procedure is illustrated in Figure Al on Appendix.

The second step, illustrated in Figure A2 on Appendix, aims to further
improve the current solution by reconfiguring the clusters. First, we set the
geometric center of each current cluster as a seed. Then, we rebuild the clusters
around the seeds using the regret function in (1). Let C € N be the set of
maritime units, and S, ||S|| < ||C|| be the set of seeds, where S and C denote the
number of elements in sets S and C', respectively. Let d;; denote the distance
between maritime unit i € C and seed j € S, and define

. 1 . ) .
Regret(i) = djj2 — d;jn, j = arg Ijréléldij, it = argjeg};r;jl dij. (1)

Hence, Regret(i), i € C can be deemed as a penalty for assigning maritime
unit ¢ to the second nearest seed instead of the nearest one.

To reallocate the maritime units to the newly constructed clusters, we sort
them out from the highest to the lowest value of the regret function, allocat-
ing the ones with the highest values first. Therefore, we expect to prioritize
maritime units that are more isolated, and which allocation to more distant
clusters can result in the poorest solutions.

This process is repeated for all maritime units. When the maximum quan-
tity of elements in the cluster is reached, the maritime unit is assigned to
increasingly distant clusters. We also use Tabu Search to prevent cycles and
improve the efficiency of the algorithm [70].

The algorithm repeats Steps 1 and 2 along what we define as outer iter-
ations, until a maximum number of iterations is reached. The process is
performed as follows:
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Algorithm 1 Clustering heuristic

1: Generate initial solution, randomly or based on actual routes

2: Best Solution:=Initial solution

3: while Max number of outer iterations not reached do

4: Evaluated solution := Best Solution

5: while Max number of inner iterations not reached and new solution being found do
6: for All 2-position changes in evaluated solution do

7 Calculate the objective function

8: if New Best solution is found then

9: Best Solution:=Current solution

10: end if

11: end for

12: end while

13: Define the geometric center of the current clusters as seeds

14: for All maritime units, ordered according to the Regret function value do
15: if Nearest seed’s cluster did not reach capacity then

16: Allocate maritime units to clusters originating from the nearest seed
17: else

18: Try to allocate to increasingly distant clusters.

19: end if
20: end for
21: if Solution already visited according to Tabu Search then
22: Generate new random solution

23: end if
24: end while

4.1.2 Capacitated routing

The main objective of this step is to obtain the maritime units attended on each
route, and consequently demands and load times on each route. Indirectly, it is
possible to obtain the berth loading times, which are important for calculations
in the subsequent port scheduling phase.

Consequently, after assigning maritime units to clusters, we solve a capac-
itated vehicle routing problem (CVRP) with total travel time constraints for
each cluster to create routes that respect the capacity constraint of the demand
flow, and the total travel and berthing time. Note that opening time con-
straints are not considered at this stage. This happens because it is not yet
possible to predict the departure and arrival times on the ports and, conse-
quently, arrival times at maritime units. These times would only be available
a posteriori because, to define the port schedule, it is necessary to know the
loading times of the vessel, which depends on its occupancy according to the
maritime units served on each route.

In our problem, the maritime units require two or three services per week,
but in this phase we need only to solve the problem for a single visit, as the
same sequence of visits would occur on all repetitions of the route through-
out the week. From a practical standpoint, maintaining the same sequence of
visits on all trips leads to a better distribution of visits to the maritime units
throughout a week and facilitates the company’s management of the weekly
operations. Indeed, keeping the sequence of visits unaltered on all trips was a
strong recommendation of the company.

Formally, the problem is defined as a graph G = (V, A), where V represents
the set of nodes and A represents the set of arcs. Set V is defined as ¥V = {0}UC,
where node 0 represents the port and C represents the subset of maritime units.



Springer Nature 2021 IMTEX template

Supply vessel planning and port scheduling in O&G supply logistics 17

The arc set A contains all pairs of nodes (4,75),¢ # 4,4, € V. The problem is
defined over a finite time horizon, typically one week.

Each unit ¢ € C has associated: a service time s; , lifts z; , demand k;,
and backload pi. The distance from node i to node j is represented by d;j,
(i,j) € A. R is a maximum travel time, H represents the maximum berthing
time, a and [ are coefficients of the regression used to determine berthing
time, and M is a big number. The maximum capacity of the vessels is denoted
Omam'

Eight types of variables are used in the mathematical model: z;;, i,j € V
is a binary variable taking value 1 if the arc between nodes 7 and j is part of a
route, zero otherwise; f;; and g;; are non-negative real variables representing
demand flows expressed in square meters and crane movements respectively,
passing through arc (4, 7) for i € V and j € C; and finally, h; is a non-negative

real variable that indicate the arrival times at node i € C.

s.t.

Parameters:

s; — Service time on maritime
unit ¢;

z; — Number of crane move-
ments performed for loading and
unloading at maritime unit ¢;

k; — Demand on maritime unit ;
pt — Backload on maritime unit
i;

d;; — Distance from node ¢ to
node j;

Decision Variables:

z;; — Binary variable, equals to
1 when arc (4, ) belongs to some
trip, and 0 otherwise;

fi; — Demand flow (expressed in
square meters) through arc (i, j)
related to the vessels’ loading
space;

The mathematical model is:

min Z Z dijdiij

i€V jev

t;j — Travel time from node 4 to
VE

R — Maximum travel time;
Cinaer — Maximum capacity of
vessels;

H — Maximum berthing time;

a — Average loading/unloading
craning time on port;

B — Average loading/unloading
setup time on port.

gij — Demand flow (expressed in
crane movements) through arc
(i,7) related to the loading and
unloading times on the maritime
units;

h; — Arrival time in maritime
unit <.
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Zl‘ijzl .]GC (3)

ieC

inj =1 ieC (4)
jec

>0 = Yr 0
jec ieC

Zfij_iji:kj jecC (6)
=y icy

Zgij_zgjizzj jec (1N
=y =y

foj < (Craz — pj)To; i,j €V, (8)
fij < Cmaatij i,j€C (9)
9ij < Mxz;; i,j €V (10)
agoi + B8 < H ieC (11)
hi+si+ti; — M1 —x;) < h;j i,j €C (12)
hyj+s;+t0 — M(1—2;0) < R i,jec, (13)
zi; € {0,1} i,jeVv (14)
hi, fij,9i5 > 0 i,j €V (15)

The objective function (2) minimizes the total distance traversed by all
vessels. The single assignment constraints (3) and (4) ensure that there is only
one incoming arc and one outgoing arc for each maritime unit. Constraint (5)
guarantees that the quantity of arcs leaving and entering the port must be the
same. Constraint (8) ensures that vessel departs with sufficient space available
for the backload of the first maritime unit attended, as the backload must be
done before loading the platform. Note that the flow variable fo; to the first
chosen unit j will be limited to at most the capacity of the vessel discounting
the backload p; of the unit (Crmaz — pj), and this constraint is only activated
when the network variable xg; is 1.

The demand flow must be expressed and limited in two formats: the occu-
pied surface and the amount of crane movements necessary to load the vessel.
Then, the constraints (6) and (7) define the demand flows in each arc, area,
and crane movements, respectively, whereas the constraints (9) and (10) are
the upper bounds for these demands. Constraint (11) limits the berthing time
according to the coefficients set by the company to transform the crane move-
ment in loading hours. Constraint (12) defines the relationship between the
arrival time from a maritime unit to its successor. Constraint (13) limits the
sum of travel time, aiming to balance the interval between visits.

Finally, constraints (14) and (15) enforce the integrality and non-negativity
conditions on the variables.
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4.2 Phase 2: Port scheduling via Berth Assignment
Problem

After defining the routes performed by the PSVs, it is now possible to know
quantity of cargo transported by the vessel and, consequently, the necessary
loading time on port. Since we are dealing with a periodic behavior problem
with opening time constraints, it is necessary to have an estimation of the
arrival time at the maritime units. For this reason, the port departure times
must be defined through a berth allocation modeling. The objective of Phase
2 is to allocate tasks, that is, PSV loading activities, to port berths. The berth
and task sets are denoted by B and R, respectively. A set O of integer numbers
denotes the possible positions of a task in the berth. Following is a description
of the sets, parameters, and decision variables:

Sets:

B — Set of berths;

R — Set of tasks to be allocated;
O — Set of position orders for a
task;

Parameters:

Bincomp; j — Equal to 1 if berth
1 is compatible with task j;
PREC;, — Equal to 1 if task j
precedes task r;

Tmax — Planning horizon;

D; — Time needed to execute
task j at port

LW; - Time window Lower
bound of task j;

Decision Variables:

yf; € {0,1} - Binary variable
equals to 1 if mooring j is the k-
th task handled at berth 7, and
0 otherwise;

s; € IR — time at which task j
begins.

dpjfr, dp;, € IR — Slack times in
relation to the ideal time inter-
val between the pair of trips
7,7 € R;

C C R x R — Set of conjugate
pairs;

UW; - Time window upper
bound of task j;

SK; — Slack/maneuver times
after task j;

L;, — Ideal time interval
between trips in the same route;
LC;, — Ideal time interval
between conjugate routes;

T; — Fixed start time of task j;

dc;fr, dc;, € IR — Slack times in
relation to the ideal time inter-
val between trips for conjugate
routes.

li; € {0,1} — Binary variable
equals to 1 if task j is assigned
before r at berth ¢, and 0 other-
wise;

z;; € {0,1} - Binary variable
equals to 1 if task j is assigned
to berth ¢, and 0 otherwise;
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The mathematical model is:

min Z (dp, +dp;,) + Z (dcf, +dc;,), (16)
(Gm)|PREC;,, (4,r)eC

s.t.

S omi=1 Vj e R (17)
i€B

sy 2 sj+ Dj+ SK; — Tmax(1 -1} ;) Vie B,j,re R|j#r (18)
I +lfr_;(z”+:cw) VieBjreR|j<r (19)
0o+, <zij+m,—1, Vie B,j,re R|j<r (20)
Z Z Bincomp; j - x; ; = 0. (21)
i€BjeR

sr=8; + Ly +dpl, — dpj,, Vi, r € R| PREC] - (22)
sr = 8; + LCj, + dcf, — de;,, V(j,r) e C (23)
s; =T, v]eR\T >0(24)
s; > LW, Vi€ R|LW; >0 (25)
sj +D; < UW,, VieR|UW,; >0 (26)
sj +Tmax(1 17 ;) > s, + Dy + SK; — Tmax, Vi€ B,j,r€ R|j#r (27)
zi 4,1 ; €{0,1}, Vi€ B,j € R (28)
dp;rr, dp;, € Ry, Vj,r € R| PREC;, (29)
dc}, dc;, € Ry, V(j,r) € C. (30)

The objective function (16) minimizes the sum of the deviations from the
ideal interval between consecutive trips over a set of routes. Constraint (17)
ensures that only one berth is allocated for a given task. Inequalities (18)
forbid task overlap. Constraints (19) and (20) ensure non-anticipativity of the
task order on each berth such that, for a given pair of tasks (j,r), only one
can precede the other if both are performed on the same berth. Equation
(21) concerns the berth and task compatibility. Constraints (22) and (23)
calculate the slack variables necessary for feasibility. Equation (24) guarantees
that the fixed start time of a task will be respected. Constraints (25) and (26)
correspond to the time window limits for task realization.

Inequalities (27) facilitate periodic scheduling. Assume that tasks j and r
were performed on the same berth 4. If j was performed before r, then [j ; was
equal to one. Suppose also that task r had a duration longer than the remaining
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Fig. 6: Non Periodic Planning vs. Periodical Planning

Periodic
Planning

time before the end of the planning horizon (e.g., s, = 160 and D,. = 10). Thus,
for a feasible schedule, s; must be greater than the remaining time for task r
after the start of the new week plus its slack times (s, + D, + SK; — Tmax).
This situation is illustrated in Figure 6, where the overlaps in the bottom
illustrate this flexibility, whereas the top part depicts a hard weekly plan.
Finally, constraints (28)—(30) establish the variable domains.

4.3 Phase 3: Maritime units re-sequencing for time
windows adequacy

After determining the port scheduling and departure times, phase 3 is per-
formed. In this phase, the model only deals with routes with at least one
maritime unit with opening time constraints. We aimed to make no changes
to the maritime units visited on each route; however, changes in the order of
visits may be made to respect these constraints. Contrary to Phase 1, now we
consider that different repetitions of the same route along a week may have
different order of visits to the maritime units.

If a maritime unit is reached before its opening time, the vessel should
wait to start loading. Therefore, the objective of the model is to minimize
these waiting times while maintaining the cycle time of each unit around 3.5
days (for the case with two visits per week). For instance, consider the case
of Figure 7, in which we considered a maritime unit with two visits per week.
If the PSV arrives on Monday night, it needs to perform a long wait time of
8 h because of the opening hours constraint. Then, after the re-sequence, the
result in Figure 8 shows a better solution without waiting times.

Phase 3 uses the same flow model from Phase 1, but with some changes in
the sets and additional constraints. In summary, now we solve the PVRPTW
considering departure times previously defined in the Phase 2. The set
C = P U B represents the maritime units that are artificially duplicated and
partitioned into two sets: P = { units visited at the first travel} and B = {the
same units served at the second travel}. We also define T C C as the set of
units with opening time constraints in such a way that 7 = D U N, where
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Travel 1
Port um1i um2 um3 UM5 uUMe um7 Port
Tuesday | Wednesday | Wednesday | Thrusday Thrusday Friday Friday Sunday
20h 7h 19h 8h 18h 1h 8h 14h
Travel 2
Port umi um2 umM3 uUMs uMe um7 Port
Sunday Sunday Monday Monday Monday | Monday | Tuesday | Tuesday
6h 17h Sh 18h 13h 20h 3h 17h

. Arrival + waiting times

Fig. 7: Routes without re-sequencing, with bigger wait times

Travel 1
Port UMé6 um1 um2 ums um3 um7 Port
Tuesday | Wednesday | Wednesday | Thrusday | Thrusday | Friday Friday Saturday
20h 4h 15h 3h 15h Sh 22h 17h
Travel 2
Port umMe um1 um2 uUMs um7 um3 Port
Saturday | Saturday Monday Monday | Monday | Monday | Tuesday Wednesday
6h 14h 1h 13h 1h 17h 8h 1h

- Arrival times within opening hours DTime between visits in 3,5 days

Fig. 8: Routes after re-sequencing, without wait times

D = { represents the set of units to be served in daytime} and N = {the set
of units to be served at night time}. Finally, to allow different departure times
from port 0, we created a set S of auxiliary nodes such that S = S' U 82,
where S! contained the nodes corresponding to the first travel and S? con-
tained the nodes corresponding to the second travel. The problem is defined
over a finite time horizon, typically a week, on the set J of days.

Additional Parameters:

[Pmin, Pmaz] — Cycle time inter-
val;

© — Weight that vary according
to the magnitude of the sum of
the distances.

[ad,b%] — Opening hours in mar-
itime unit i € T;

'yfl — Port departure times for
unit ¢ € S, in a day d € J;

Additional Decision Variables:

w; — Walit times to server the
maritime unit ¢ € 7.

yd — Binary variable, equal to 1
if the day d is chosen for the ser-
vice on maritime unit ¢ € 7 and
zero otherwise;
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The objective function (31) minimizes the weighted sum of the traveled

and waiting times.
i€V jEV €T

Assignment and flow constraints were maintained in this model (constraints
(3), (4), (6), and (7) with ¢« € CUS). Constraint (12) turned into the new
constraints (32), which define the relation between arrival time from a maritime
unit to his successor, including the wait times when opening hours must be
respected. Constraint (13) turned into the new constraint (33), as the first
maritime unit became the auxiliary node that represents the port departure
time.

hi+’wi+$i+tij*M(lfl’ij)§hj Z,jEC(?)Q)
hj-i-Sj—l-tjo—hi—M(l—xjo)SR 1€8,j€C. (33)
In addition, there are constraints that are not on the Phase 1 routing model,

as they ensure the opening times in the installations and the maximum and
minimum time between services:

zij =0 i€C,jeS (34)
25 =0 i€P,jeB (35)
doul=1 ieD (36)
deJ

doul=1 ieN (37)
deJ

hi =~ i€S,deJ (38)
Nmin < hi —hj < Nipag i=j,i€P,jeB. (39)
aly < h; ieT,deJ, (40)
hi 4+ s; < blyd + M(1 —y?) ieT,de J, (41)
w; =0 i ¢ T (42)
yi € {0,1} iev,deJ (43)
hi,w; > 0 i,jey (44)

Equations (34) guarantee that the artificial departure nodes are attended
first. Equation (35) ensures that active arcs only exist between the maritime
units from the same travel. The choice of a day of the week to serve daytime
and nighttime only maritime units are ensured by Equations (36) and (37),
respectively. Equation (38) ensures that the arrival time to the auxiliary nodes
should be equal to the beginning of the time window given by the port schedule.
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Constraint (39) guarantees that the cycle time between the first and second
travels must lie within a given interval.

Constraints (40) and (41) ensure that the service must be realized within
the day or night operation period. Constraints (32), (33), and (40) were lin-
earized by introducing a sufficiently large number M. Equations (42) define the
null waiting times for nodes that do not belong to the set of units with opening
hours constraints. Finally, constraint (44) establishes the variable domains.

5 Realistic Case Study

Experiments based on operational data from an offshore area in Brazil’s South-
east between 2014 and 2017 were conducted to evaluate the effectiveness of the
proposed methodology. The instances contained maritime units to be serviced
divided into two operational areas: Area A and Area B. We also considered a
scenario integrating these operational areas which we name as I. Description
of instances is on Table 3.

Table 3: Instances description

Instance Number of installations

>
=
N
=

W e
WN - W
=
o

—
W N =
(=2}
=}

Among these installations, two had opening time constraints: one of them
opened only during the day, and the other opened only at night. The oper-
ation occurred from a single port with six berths, and the PSV fleet had a
homogeneous capacity of 600 m? of the deck area.

The clustering heuristic was coded in C++, and mathematical models were
solved using GUROBI in platform Aimms version 3.13. Data communication
was conducted using Microsoft Excel spreadsheets using VBA macros. For
clustering, routing, and maritime unit re-sequencing, the computer used in
the experiments had the following configuration: Intel(M) Core i7 processor
running at 3.0 GHz, with 8 GB of RAM and Windows 8 operating system.
For port scheduling, the computer used in the experiments had the following
configuration: Xeon E5-2620 processor, with 160 GB RAM and a Windows
server. In Sections 5.1, 5.2, and 5.3, we discuss the results for each of the steps
of the proposed framework.
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5.1 Phase 1: Supply vessel routing

There were two important parameters to be determined in the clustering
heuristic: the number of heuristic iterations (I H) and the number of clusters
(NG). To determine these values, we performed several experiments.

In Figure 9, we show the average, worst, and best solutions achieved by
the heuristic along the outer iterations, after 10 replications. Note that results
may vary positively and negatively depending on the number of iterations, as
we performed separate experiments concerning different decisions related to
the number of iterations. We concluded that after IH = 200 outer iterations,
the objective began to stabilize. However, it was also possible to observe some
small decreases until /H = 1000 iterations.

Heuristic parameters also impact the routing solution. Therefore, we eval-
uated how the routing objective function changed according to the number
of heuristic parameter settings. The variation coefficient (coef) for the values
found was lower than coef < 0,001, indicating that the heuristic had generated
good results for routing with 200 outer iterations.
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Fig. 9: Calibration to decide number of outer iterations of clustering heuristic

To define the number of groups that maritime units should be divided (NG)
into, we evaluated the routing solution and computational time considering
different numbers of clusters, considering scenarios with 1-4 maritime unit
clusters. The results of these experiments are listed in Table 4. We note that
dividing installations into 2-3 groups produces good solutions. To reduce the
computational time, three clusters were sufficient for instances B-1, B-2, and
B-3 and four clusters were sufficient for instances A-1 and A-3, respectively.
However, it is important to note that an excessive number of clusters may lead
to poorer routing objective function values.

In addition, the strategy of using a clustering heuristic proved to bring
better results also to routing itself. Dividing the problem into smaller ones
helped reduce the computational time required or the gap, in case of reaching
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Table 4: Results for phase 1 — PSV routing

Division in one cluster Division in two clusters
Instance  Objective GAP(%) Time(s) | Objective ~GAP(%) Time(s)
A-1 3269.70 40.59 3600 2431.44 5.7 3600
A-2 2790.48 43.31 3600 2602.40 19.96 3600
A-3 2682.46 21 3600 2681.6 3.5 3600
B-1 1474.27 2.84 1800 1511.28 0 5.5
B-2 1607.02 24.25 1800 1623.35 0 25
B-3 1653.81 3.4 1800 1965.23 0 35
I-1 4867.71 39.83 3600 3694.47 6.1 3600
1-2 5176.92 51.46 3600 4231.48 35.7 3600
1-3 18996.3 81.96 3600 4386.65 19.6 3600
Division in three clusters Division in four clusters

Instance  Objective ~GAP(%) Time(s) | Objective GAP(%) Time(s)
A-1 2413.44 1.4 1800 2708.19 0 5
A-2 2641.19 30.05 1800 2918.30 39.8 1800
A-3 2668.75 28 1800 3031.8 0 5
B-1 1962.39 0 1.5 - - -
B-2 1933.89 0 5 - - -
B-3 1964.18 0 5 - - -
I-1 3709.51 8.1 3600 4022.19 1.5 3600
1-2 4262.11 23.3 3600 4459.78 24.9 3600
1-3 4525.68 25.1 3600 4851.64 0 3600

maximum computational time. Observe that, as instances I-1, I-2 and I-3 con-
sider an integrated operation of areas A and B, the number of maritime units
is significantly larger than in the other experiments. Hence, a larger gap was
expected. Nevertheless, it is still possible to observe a gap reduction when the
problem is divided into more clusters. Note that the large gap in the instance
A-2 even if the installations are divided into four clusters happens due to
the bigger size of the instance with respect to the others, and because of the
presence of maritime units with opening time constraints.

5.2 Phase 2: Port scheduling

We considered four realistic cases, as listed in Table B1. The first column con-
tains the task name, followed by its duration. In the third and fourth columuns,
we specify slack times to absorb handling time uncertainties and maneuver
times. The fifth column shows the number of trips or the frequency of the task,
if the operation must occur on a specific day of the week and the specific time
of the day. The eighth column states the task time windows, and finally, the
last columns give the berth compatibility of each task. Concerning the tasks,
we have

(i) One reserved time for maintenance at berths 1 and 2, beginning at 09:00

on Wednesday;

(ii) Thirteen production unit routes (P1 - P13);

(iii) Three oil rig routes (R1 - R3);
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Table 5: Results for phase 2 — port scheduling

Scenario  Obj. Func.  Maximum deviation = CPU (s)  Variables  Constraints
WC 106 4.75 18000 22890 45285
ocC 50 4 18000 22874 45261
EWC 0 0 30.95 28222 55848
EOC 0 0 5.24 28206 55824

(iv) Seven periods reserved for emergency vessels (Extra0l-Extra07), begin-
ning every day at 02:00;

(v) Four periods of 8 h reserved for crew-changing operations (Crew01-
Crew04) on Mondays, Tuesdays, Wednesdays, and Thursdays with a time
window of 07:00 to 18:00;

(vi) Exclusive reservation of berth 3 for pumping and fluid operations due to
operational and equipment constraints;

(vii) Onme route of pipe deliveries.

The data listed in Table B1 were evaluated for the conjugate pairs listed
as those marked with the same symbol (f, f, ¥) and for the following four
scenarios (Table 5):

1) With conjugate routes (WC);

2) Without conjugates (OC);

3) Capacity expansion with conjugates (EWC); we suppose that fluid and
pumping operations can be transferred and that berth 3 is released for
the performance of all other tasks;

4) Capacity expansion without conjugates (EOC).

Table 5 demonstrates that the obtained solutions are very satisfactory,
despite the fact that we could not find a proven optimal solution for the WC
and OC scenarios. The deviation variables were no larger than 5 h (Maximum
Deviation column). As expected, the problem was easier to solve without con-
jugate routes. The most impressive aspect was the decrease in processing time
obtained by adding only a single additional berth. In response, the processing
time for this problem decreased from the time limit of 5 h to only a few sec-
onds. Note that the problem size grew significantly with this extra berth, once
again, demonstrating the importance of port idleness to facilitate finding the
optimal solution.

5.3 Phase 3: Route re-sequencing for time windows
adequacy

Considering the port scheduling solution with conjugate routes and no expan-
sion scenario, we evaluated the results for route re-sequencing. Table 6 shows
the value of the objective function (OF) before and after re-sequencing, as well
as the computational time and improvement rate compared to the company’s
solution. The table also depicts the computational time and improvement rate
compared to the company’s solution. In general, the results are good, with
lower costs compared with company routes. The new values of the objective
function (OF) highlight improvements in both travel times and wait times after
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Table 6: Results for phase 3 — route re-sequencing

Company Three-phase method

Instance travel wait travel wait CPU(s) Improvement (%)
A-1 460.62 68.61 364.45 11.3 1800 2.89
A-2 445.51 40.14 472.47 5.65 1800 1.55
A-3 471.96 13.41 337.98 3.67 1800 29.61
B-1 298.76 26.78 236.17 2.33 3600 20.17
B-2 238.06 20.64 188.37 7.65 3600 24.26
B-3 239.63 24.57 222.95 5.34 3600 13.59
I-1 759.38 95.39 712.92 22.43 3600 13.97
I-2 683.57 60.78 593.73 9.11 3600 19.01
I-3 711.59 37.98 583.42 12.78 3600 20.46

Average 478.78  43.14 420.65 8.64 3000 16.16

Table 7: Comparison of the number of routes per instance

Number of trips
Instance Company  three-phases method

A-1 9 7
A-2 9 7
A-3 9 8
B-1 4 4
B-2 4 4
B-3 6 5
I-1 13 10
I-2 13 11
1-3 13 12
Total 80 68

re-sequencing the maritime units. The improvement in route times is around
13%, while the wait times for new routes are on average 5 times shorter than
the company’s. Such savings reduce the use of vessels and have a direct influ-
ence on the reduction of the number of routes, since the vessel can serve more
installations within the maximum allowed travel time.

In Table 7, we introduce a new metric to account for the number of routes,
comparing company’s strategy and the new planning formulated by our three-
phases method. Our final solutions require fewer routes than the company’s
to service all maritime units, with a reduction of one to three itineraries.
Considering the instances from area I, which are equivalent to the integration of
areas A and B, we also conclude that the company can also save one more extra
route if they change the current administrative rule that separate the operation
of these two areas. This is extremely important, as these vessels rent can cost
several million dollars, and fewer routes mean fewer necessary vessels, leading
the company to significant savings, or even allowing the company to grow
and expand its operations without large investments in new vessels. Therefore,
these results show that the company should evaluate its way of administratively
grouping the MUs.

Finally, we show a graphical representation of the routes along the coast of
Brazil for the I-3 instance. In Figure 10, we show the routes of the company’s
solution, in Figure 11 the routes formed by the clustering-routing method. We
note that the change in the shape of the solution is significant, reinforcing
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Fig. 10: Routes according to com- Fig. 11: Routes according to
pany solution framework methodology

again the idea that our solution has improved not only the appearance of the
routes,but also in the grouping and sequence of UMs in each route.

6 Conclusions

In this study, we provided an integrated framework to help in the decision-
making process of offshore logistics. The tool encompasses three main prob-
lems, for which we presented mathematical formulations: PSV routing, berth
allocation, and route re-sequencing. The proposed method proved to be a pow-
erful alternative for practical use, as it can replace many hours or even days
of manual work, providing good-quality solutions.

Another goal of this study was to introduce a new type of berth allo-
cation problem. Traditional literature has primarily focused on methods to
solve dynamic berth allocation problems for commercial port operators. In
this study, we considered a different paradigm, that is, a dedicated terminal in
which the vessel waiting times are irrelevant to the offshore unit service levels.

In relation to the routing part of our problem, although the biggest chal-
lenge has been already overcome, as the characteristics of the problem may
lead to difficulties even to find a feasible solution, there are still several possi-
ble directions for future works. There may be a strengthening the polytope of
the exact model or the inclusion of new valid cuts, since it was found that the
the generation of good dual bounds may represent a challenge. It would also
be interesting to test an approach via heuristics and/or metaheuristics such as
the LNS, ALNS, and ILS to solve the problem.

In relation to the berth allocation model, there are plans to enhance the
objective function, approximate solutions to operational goals, and accelerate
optimization. In addition, other optimization techniques can be used, such as
the Lagrangian relaxation method with column generation or metaheuristics
for the construction of an initial solution.

Finally, stochasticity is an important area to be studied. Several param-
eters, such as vessel capacity, are defined considering safety margins. For
example, in port, we considered a security gap of two hours before differ-
ent loading operations. These numbers were defined arbitrarily, according to
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specialists’ experience, but studying the operation’s stochasticity can help in
selecting better operation parameters.

We accomplished to develop a framework that contemplates the issues that
the company faces on its daily operation. Although the intermediate solu-
tions of each model are not proven optimal, they are obtained in reasonable
times and provide satisfactory results with improvement over the company’s
practice. In addition, due to the large number of operational constraints that
need to be considered, one of the hardest challenges was to obtain a feasible
solution, something that was rarely achieved manually by the decision mak-
ers. Therefore, we consider that the objectives have been satisfactorily met.
Our framework provides not only planning alternatives that respect business
constraints, but also promote efficiency gains.
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Appendix A Clustering heuristic flowcharts
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Fig. A1l: Clustering heuristic — step 1.
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Appendix B Berth allocation problem instance

Table B1: Realistic case instance
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