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Abstract: This paper presents a novel weather-routing system based on a multi-criteria setup.
The set of 3 conflicting criteria is: travel time, ship navigation added resistance (caused by wind
and waves), and navigation risk/safety. To this aim, the International Maritime Organization
(IMO) safety guidelines are exploited for the design of navigation risk criterion as a function of the
METeorological and OCeanographic (METOC) and sailing conditions. This risk is directly integrated
into the multi-criteria setup, as an innovative alternative to the systems proposed in the open
literature. The proposed methodology is tested in a real operational scenario in the Mediterranean
Sea. The obtained results show how the proposed system provides alternative routes with minimum
risk to the decision-makers, as well as other different alternative routes minimizing the other criteria.

Keywords: weather routing; decision support; maritime risk assessment; maritime safety;
pareto front; METOC

1. Introduction

In the last decade, the research field of weather routing has gained attention within naval operations
as a decision-making tool to increase safety at sea, operational endurance, and reduce greenhouse gas
(GHG) emissions [1]. A proper operational planning and decision-making methodology can achieve
2–4% in reduction of GHG emissions and therefore savings in fuel consumption [1]. To this aim,
the development of a weather-routing system facilitates the efficient planning of the route toward a
selected destination. This is achieved by taking into account METOC forecasts, the derived sailing
conditions based on the vessel type and the selected ship operational state (speed, heading, loading
conditions, etc.). Given the nature of the problem, the weather-routing problem is usually addressed
in an optimization setup. The effectiveness of the provided route not only depends on the quality
and accuracy of the METOC forecasts or ship hydrodynamic model but also on the modeling of the
optimization problem and the selected methodology to solve it. Several approaches were developed
to model the weather-routing problem. They go from methods in optimal control theory [2], dynamic
programming to constrained graph problems [3,4], constrained nonlinear optimization problem [5]
to a combination of them [6]. These mathematical methods are used either in a single-objective or
multi-objective optimization setup.

Depending on the requirements of the ship’s operator or the operational scenario, the objective
of the weather routing can shift from one metric to another. The main objectives are usually focused
on optimizing the voyage based on energy efficiency or travel time while providing solutions to the
decision-makers as fast as possible. This kind of setup may also include a set of requirements to be
satisfied as a minimum, including flexible or fixed arrival time. Besides time constraints, additional
restrictions could also be considered. As an example, the significant wave height operational limits or
critical encounter periods for avoiding dangerous situations could also be introduced.
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Reference systems in the open literature [3,4,7] use the navigation safety guidelines [8] for the
definition of navigation constraints, which limit the areas where the navigation is allowed and not
allowed based on the METOC conditions and the derived navigation conditions. In contrast to these
reference systems [3,4,7] and similar to the approach discussed in [9,10], the focus of our paper is on
the translation of the navigation safety guidelines [8] into a safety criterion to be minimized within a
multi-criteria optimization setup. This design choice is based on the fact that the navigation safety
of a route is usually determined by the vessel operator during the decisional stage. For this reason,
we consider a conservative and limiting approach the removal of areas where the navigation may be
too risky or not safe based on ad-hoc constraints which may produce a reduced solution space. For the
above-mentioned considerations, this paper proposes a weather-routing system where the navigation
safety represents a criterion to be minimized together with other additional criteria, such as the travel
time and the added resistance caused by the interaction of the ship with the marine environment
(e.g., winds and sea waves).

The proposed system tries to overcome the limitations faced by the operator during decisional
stage. In contrast to reference systems [7,9] where a multi-criteria ranking method is applied to sort
the set of routes according to operator preferences and select the most suitable route, the proposed
weather-routing system presents an alternative in the way it provides the results to the operator.
The results are presented in the form of a reduced set of Pareto optimal routes. These are identified
through a novel methodology exploiting the Hyper Radial Visualization (HRV) approach to explore
the decision space by the introduced safety navigation criterion. This allows: first, the clustering of
the routes based on predetermined navigation safety threshold, and second, the identification of the
most suitable route in terms of travel time and added resistance for each navigation safety threshold.
The availability of a reduced set of Pareto optimal routes allows the operator to avoid the analysis and
the selection of a solution (route) among all the ones available. Therefore, compared with the reference
systems, the proposed solution presents the advantage of untying the operator from the use of the only
route provided as output. Finally, the availability of the reduced set of Pareto optimal routes allows the
integration of the operator experience in the post analysis of the results e.g., selection of the candidate
route based on additional requirements as the timing constraints or the operational scenario.

The paper is organized as follows. Section 2 presents the architecture of the proposed
weather-routing system, including details about the proposed implementation. Section 3 presents the
real scenario and the results for finding the best trade-off route between the two selected locations.
Finally, the summary of the main findings and some ideas for future work are given in Section 4.

2. Multi-Criteria Weather-Routing Framework

Most of the available weather-routing systems are defined by an underlying common architecture
of 4 interconnected components [1,4]: Environmental layer, Ship modeling, Planning layer and Decision
layer. Each component provides a set of functionalities and data required for the complete setup of
a weather-routing problem. An overview of the common architecture and its 4 components in the
proposed system are depicted in Figure 1.

The Environmental layer provides the METOC information for the required Area of Interest (AOI)
based on the defined time-frame (operator input requirements). To this aim, this component interfaces
with remote data providers [11] or local databases to retrieve the required information. The Ship
modeling describes the static and dynamic behavior with the aim of modeling and predicting the
navigation status of the selected ship. Based on the data provided by the above-mentioned components,
the Planning layer searches for the optimal route or the set of Pareto optimal solutions in the selected
scenario. Finally, at the Decision layer, the decision-maker interacts with the system to select the final
route. In the following subsections, each component of the underlying architecture is detailed.
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Operator Input Requirements
Ship Input Parameters
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Figure 1. Underlying common architecture characterizing most of the available weather-routing systems.

2.1. Environmental Layer

The environmental layer is the system component managing the access to METOC data for the
selected AOI. The data come in the form of field measurements (e.g., from satellites, sensor buoys,
etc.) or as METOC forecasts. The availability and exploitation of these data provide knowledge of the
current and predicted environmental state. Recalling the application domain of ship weather routing,
the environmental layer considers the METOC variables/parameters having a direct impact on the
navigation behavior and safety of a selected ship [8,12]. These METOC parameters are the ones able
to characterize the waves of an irregular sea: significant wave height (HS [m]), peak wave period
(T [s]), wavelength (λ [m]) and wave direction (α [◦] respect to North direction - in this paper, we refer
to the Geographic true North direction), as well as the wind through the mean wind direction (φ ◦

respect to North direction) and the wind intensity/speed (U10 [m s−1], measured at 10 m above the
sea-surface). These METOC variables are used in the proposed system. Finally, the bathymetry or
depth profile (d [m]) over the selected AOI is also used in the proposed system to identify the areas
where ship navigation and maneuverability are limited or not allowed (due to the shallow water
effect [13] or not enough under keel clearance). The availability of high-resolution bathymetry data
allows us the estimation of more accurate λ when this is not available from the local or remote provider.
The deep-water approximation (λ = g

2π T2, where g is the standard gravitational acceleration) tends
to overestimate the wavelength λ in shallow water areas. The proposed framework uses the Hunt’s
method [14] characterized by an approximation error of the order of 0.1% in the entire range of depth
values. Furthermore, the bathymetry represents an important parameter for the identification of the
shallow water areas characterized by reduced maneuverability [13].

Starting from the operator requirements (AOI limits and selected time-frame), the environmental
layer provides all the data to the underlying components (Ship modeling and Planning layer).
The 7 environmental variables are all collected in a multi-dimensional grid M(t) as shown in
Equation (1),

M(t) = [HS(t), T(t), λ(t), α(t), U10(t), φ(t), d] ∈ R7×GLon×GLat (1)

where t is a given time step, and GLon and GLat are the grid dimensions in the longitudinal and
latitudinal directions, respectively.
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2.2. Ship Modeling

The Ship modeling is the system component in charge of the computation of the set of
quantities/parameters describing the ship behavior while navigating. This component supports the
Planning layer in the estimation of the optimal route or the set of routes toward a defined destination.
The required parameters allow the identification of the sailing conditions for the selected ship based
on the faced METOC conditions (provided by the environmental layer) and the estimated actual ship
course (speed and heading) for a given [Lat, Lon] location at the time step t.

In this component, the shape of the ship and its hull is determined through a set of static
parameters. These are the ship length, draft, beam width, metacentric height, and displacement.
The navigation state is determined from the parameters defining the desired course. In this component,
the navigation state is defined by the commanded speed u [kn] and heading ψ [◦ respect to North
direction]. The complete set of parameters used in the proposed system is listed in Table 1, with typical
values for a multi-role patrol frigate.

Table 1. Ship and navigation parameters used in the ship-modeling component and values for a typical
multi-role patrol frigate.

Property Symbol Units Value

Ship parameters

Length LS m 134.0
Beam width B m 16.0
Draft TS m 5.0
Max Speed ū kn 35.0
Metacentric height GM m 1.6
Displacement ∆ kg 4650× 103

Navigation parameters Speed u kn [0, ū]
Heading ψ ◦ respect to N [−π, π]

The desired accuracy determines the modeling aspects that may be included to estimate and
predict the performance of the ship, such as hydrodynamic resistance, ship motions, comfort
assessment, or engine performance prediction. Based on the requirement of providing solutions
to decision-makers as fast as possible, a simplified model [15] of a ship is selected, limiting the number
of parameters as shown in Table 1.

In the proposed system, the ship-modeling component represents a computational capability
available to the Planning layer. This system component estimates the ship’s capabilities due to the
various METOC conditions: displacements, velocities, and accelerations are predicted considering
the case of a ship sailing at constant speed, given a desired heading (determined by the selected
e ∈ ω, as discussed in the Section 2.3). These data are the result of a query from the Planning
layer to the ship-modeling component. Each query specifies to the ship-modeling component
the desired speed (u) and heading (ψ) for the selected ship at the location (Lat, Lon) in the time
t. Then, the ship-modeling component computes the sailing conditions vector ν(t) (due to impact of
the environment) computes the actual speed, û(t), heading, ψ̂(t) and the wave encounter period, TE(t)
(the wave period experienced by the ship [15] determined considering the environmental data M(t) in
the queried location).

2.3. Planning Layer

The planning layer represents the computational core of the proposed weather-routing system.
Based on the data provided by the environmental layer and ship-modeling components, the waypoints
composing the optimal route (or set of routes) is (are) computed. In its process, the route is optimized
based on the designed cost(s) by taking into account the METOC information, ship properties, and route
specification. A wide range of modeling approaches have been developed with linked mathematical
methods. Approaches to the problem include methods based on isochrones [16], optimal control
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theory [17] and dynamic programming [18]. Furthermore, constrained graph methods, such as the
Dijkstra algorithm, have been applied to ship routing in the Mediterranean Sea [3], Baltic sea [19] and
Indian Ocean [20]. More recently, an increasing number of multi-objective weather-routing solutions
have been proposed. Among them, the evolutionary algorithms have been used [5–7,9]. A complete
review of the above-mentioned single and multi-objective weather-routing approaches has been
presented in [21].

In the proposed implementation the weather-routing problem is addressed and solved as a
multi-objective optimization problem through the Martins labeling algorithm [22]. This algorithm
represents a generalization of the well-known Dijkstra algorithm [23] to support a multi-objective
setup. In our implementation, the Martins algorithm is implemented in MATLAB, with additional
libraries developed in JAVA to improve the performance of the whole system. The selected method
requires the building of a navigation graph based on the route specification (departure and destination
locations and a nominal route provided by the operator as input) and the definition of the costs
associated with each edge (seaway between two nodes) of the graph.

Navigation Graph

The navigation graph defines the domain of available routes from which determining the route
representing the solution of the weather-routing problem. The navigation graph is defined as an
ordered pair

G = (N , E) N = {1, . . . , n} the finite set of location nodes [Lon, Lat]

E ⊆ N ×N the finite set of linking edges
(2)

Each edge e ∈ E represents the unique great-circle route (or shortest route) between the two
linked nodes. The navigation graph is built around a provided nominal route connecting the departure
and destination locations. The nominal route represents the shortest seaway between the selected
locations, considering additional factors such as existing shipping lanes and specific traffic separation
scheme. In this implementation, we refer as the nominal route the one provided by the web-service
in [24]. From this, the possible alternative routes between the two locations are explored.

The navigation graph is built through the definition of the set

S =
m⋃

i=0

Si (3)

where each Si is the so-called stage, a set of nodes with ad-hoc spatial properties. Defined S0 and Sm

as the elementary sets composed of only the departure and destination nodes, respectively, the stages
Si 6=0,m are added to the navigation graph as follows. From the departure node (S0) toward the
destination node (Sm), a new stage every z nmi along the nominal route is added (i.e., z is the spatial
resolution along the nominal route). Each stage Si 6=0,m is a set of q equidistant nodes ([Lon, Lat]) placed
over the perpendicular direction of the nominal route. Defined b the stage length, the stage spacing b

q
represents the minimum distance between 2 nodes belonging to the same stage Si 6=0,m. Each node of a
stage Si is linked to each node of the next stage Si+1 through a directed edge. New stages and related
edges are added to the navigation graph until the final stage Sm (or destination node) is reached.
Finally, the resulting navigation graph is cleaned of the nodes and edges where the navigation is not
allowed or not possible (e.g., reduced maneuverability in shallow waters, edge crossing land, etc.).
Figure 2 illustrates the process for the construction of the navigation graph spatial grid around the
nominal route (in blue color) with m = 3 stages and q = 5 nodes per stage.
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Figure 2. Example of navigation graph built around the nominal route in blue. This navigation graph
is defined by m = 3 stages with q = 5 nodes per stage. The stages S0 and S3 are composed by only the
departure and destination nodes, respectively.

The navigation graph requires the definition of the weight/s or cost/s associated with each edge
for the computation of the optimal path between the departure and destination locations. In the
proposed implementation, each edge e ∈ E has associated a set of 3 costs defining the costs for sailing
through the selected edge. The 3 costs are collected in the vector

c(e, t) = [tr(e, t), r(e, t), n(e, t)] (4)

and detailed in the following paragraphs.

Cost 1—Travel time

The travel time tr(e, t) represents the estimate of the time required for traversing the edge e ∈ E
based on the actual sailing conditions for the time step t. As defined in Equation (5), the travel time is
computed based on the empirical model fully described in [25].

tr(e, t) = ftr (e, t, M(t), ν(t)) (5)

This takes into account the average METOC conditions, M(t), and the estimated ship sailing
conditions, ν(t), during the crossing of the edge e to estimate the travel time tr(e, t). The implemented
approach [25] assumes the ship moving between the consecutive node locations (or waypoints) with
constant speed.

Cost 2—Added resistance

The ship total resistance, RT , quantifies the ship losses (e.g., speed reduction) caused by the
interaction of the ship with the waves for a given course. Several methodologies to estimate the
resistance suffered by the ship characterized are available; each of these are characterized by different
levels of accuracy [26]. In this paper, because high accuracy is not required, the estimation of ship total
resistance is performed in two main steps following the approach defined in [27]:

• Estimate of the still/calm water resistance, RSW , at the speed of interest.
• Estimate of the added resistance caused by the interaction of the ship with the waves, RAW , at the

speed of interest.

Following the approach developed in [27], the implemented criterion estimates the added
resistance caused by the waves as the average percentage of speed loss r(e, t) experienced by the



ship on the edge e ∈ E at the time step t. This is done by considering the estimated sailing conditions,
ν(t), for the selected ship as defined in Equation (6):

r(e, t) = fr (e, t, M(t), ν(t)) (6)

where fr is the empirical function defined in [27] estimating the contribution of added resistance.
This criterion enables the user to investigate the relationship between fuel consumption and the
various sea states and directions that the ship may encounter during the voyage [27]. The analysis of
the fuel consumption and therefore the travel cost will be addressed in future works.

Cost 3—Navigation risk

The navigation risk criterion, n(e, t), measures the average distance between the safe sailing
conditions and the estimated sailing conditions faced by the selected ship when traveling through the
edge e ∈ E at the time step t. This criterion is determined as function of the METOC state, as well as
the ship parameters (e.g., length, beam width, displacement, etc. defined in Table 1), as follows in
Equation (7).

n(e, t) = f IMO (e, t, M(t), ν(t)) (7)

The function f IMO is derived from the guidelines for navigators provided by the IMO [8].
This publication comprises a set of remarks and advices for the avoidance of dangerous states at
sea. The dangerous phenomena considered in this work are:

• surf-riding and broaching-to;
• successive high-wave attack;
• synchronous rolling;
• reduction of intact-stability when riding a wave crest amidships.

Recalling the methodology proposed in [9,10], the dangerous zones can be highlighted in the polar
plot representation of Figure 3 for an exemplary case. This identifies the dangerous configurations of
speed and course for a selected vessel: surf-riding and broaching-to in blue, synchronous rolling and
parametric rolling in red and successive high-wave attack in green. Based on this representation the
navigation risk criterion, n(e, t), is related to the norm of the distance vector connecting the actual ship
course (represented by the yellow marker in Figure 3) with the closest IMO dangerous phenomena,
as shown in Figure 3 by the vector f . Defined as DIMO(t) the set of ship course configurations within
the IMO dangerous zones, the criterion is defined in Equation (9):

f = arg min
p∈DIMO(t)

||ν(t)− p||
u

(8)

n(e, t) = f IMO (e, t, M(t), ν(t)) =

{
1− f f < 1

0 otherwise
(9)

where f in Equation (8) represents the normalized distance. The criterion n(e, t) has values in the range
[0, 1], where 0 represents high distance from the dangerous phenomena (low risk) and 1 represents the
state of high risk.

To complete the mathematical formalization of the weather-routing problem within the Planning
layer, it is necessary to introduce the definition of a mathematical representation of a route between
two end locations or nodes of the graph (graph walk). A walk ω in the graph G = (N , E) is an ordered
sequence of nodes and edges as follows
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ω = [n0, e1, n1, . . . , eτ , nτ ] (10)

where each edge ei = (ni−1, ni) [28]. The length of the walk ω is τ. It is worth pointing out that given
the structure of the navigation graph composed by m stages, the walks ω ∈ ΩSD connecting the
departure S and destination D nodes are all characterized by the same length τ = m.

0◦

90◦

180◦

270◦

45◦

135◦225◦

315◦

10 kn

15 kn

20 kn

f

Figure 3. Representation of the dangerous zones according to the guidelines IMO [8]: surf-riding and
broaching-to in blue, synchronous rolling and parametric rolling in red and successive high-wave
attack in green.

Defined the navigation graph, G = (N , E), and the vector of costs, c(e, t), associated with the
each edge e at given time t, the aim of the weather-routing problem is to determine the optimal walk
ω∗SD(tS) ∈ ΩSD connecting the departure node S and the destination node D considering a predefined
departure time step tS. This is achieved by solving a multi-objective optimization problem through the
Martins algorithm [22] evaluating the cumulative costs of ω ∈ ΩSD as follows:

ω∗SD(tS) = arg min
ω∈ΩSD

⎡
⎢⎣T(ω, tS)

R(ω, tS)

N(ω, tS)

⎤
⎥⎦ = arg min

ω∈ΩSD

⎡
⎢⎢⎢⎢⎣

∑
ei∈ω

tr(ei, t)

∑
ei∈ω

r(ei, t)

∑
ei∈ω

n(ei, t)

⎤
⎥⎥⎥⎥⎦

subject to

tr(ei, t) ≥ 0 r(ei, t) ≥ 0 n(ei, t) ≥ 0

(11)

where T(ω, tS), R(ω, tS) and N(ω, tS) represent the cumulative travel time, added resistance,
and navigation risk, respectively, for the selected route/walk ω ∈ ΩSD with predefined departure time
tS. It is worth mentioning that the environmental conditions change over time and space, therefore
even if the structure of the graph G = (N , E) is kept constant in terms of connection edges (or
waterways), the costs of each edge (c(e, t)) vary on time, as highlighted through the dependency of the
time variable t ∈ [tS, tD] (tD representing the upper bound of the arrival time) of the selected costs.
As output, the planning layer produces a subset of ΩSD of the dominant walks in terms of the defined
costs i.e., ω∗SD(tS) (as shown in Figure 1). Finally, this set is analyzed at the decision layer.

2.4. Decision Layer

The Decision layer represents the component of the proposed weather-routing system where the
decision-maker interacts with the system to select the final route. In the proposed system, the planning



layer produces a set of Pareto dominant solutions as a result of the multi-objective optimization
problem characterized by the 3 conflicting criteria (costs). The introduction of the navigation safety
rules in the form of minimization criterion allows deeper analysis of the Pareto front, compared to
other methodologies [5].

The idea proposed in this paper is to group the Pareto solutions based on the value of the
cumulative navigation risk, N(ω, tS), associated with each route. To this aim, a set of navigation
risk limits or thresholds must be empirically identified. These thresholds represent for how long the
dangerous phenomena persist during the transit. In general, the more the IMO dangerous phenomena
persist during the transit, the more the route will be characterized by high navigation risk. Based on
these thresholds, the Pareto solutions are divided into disjoint sets. Then, for each set defined by
different navigation risk thresholds or limits, the route representing the trade-off solution with respect
to the remaining criteria (travel time T(ω, tS), added resistance R(ω, tS)) is selected. This produces
a subset of routes from the set of Pareto dominant solutions (i.e., one for each group defined by
different navigation risk thresholds) as an output to the decision-maker. This analysis is produced and
visualized through the HRV method [29].

Finally, the operator interacts with the system to select the route from the obtained subset
representing the best trade-off based on his/her own navigation experience and additional
requirements. This design choice allows a good understanding and comparison of the available
solutions as discussed in the next section where the proposed system is tested in a real scenario.

3. Results: Testing the Proposed System in a Real Scenario

3.1. Scenario Setup

The proposed system is tested in the scenario of planning a route from La Spezia port (ITA) to
Gibraltar port (UK) in the west part of the Mediterranean Sea. The selected AOI and time-frame
provided through the Estimated Time of Departure (ETD) are:

• AOI longitude range: from 6.5◦ W to 10.5◦ E.
• AOI latitude range: from 35.0◦ N to 45.0◦ N.
• ETD: 10 October 2018 22:00 UTC.

The selected AOI and time-frame represents a good test case for evaluating the performance
of the proposed system due to the presence of a storm crossing the AOI, as depicted in Section 3.3.
The scenario considers the multi-role frigate defined in Table 1.

3.2. Environmental Layer Setup

In this scenario, the Environmental layer is interfaced with the data provider
DICCA-MeteOcean [11,30] constantly access to newly updated forecasts. The forecasts are
generated through the Wavewatch III model [31]. The forecasts are provided on a standard spatial
grid of 10 km (5.39 nmi) resolution and 1 h temporal resolution. The forecast covers a temporal
window of 120 h and is computed daily at 00:00 UTC. The uncertainty associated with the METOC
variables is not available. In the selected scenario, recalling that ETD is scheduled for 10 October
2018 22:00 UTC, the most recent up to date forecast is used. This was computed 10 October
2018 00:00 UTC. The bathymetry/depth profiles are provided by the EMODNet Network [32]
allowing the identification of the available routes and the areas where the navigation is not possible.
For completeness, Table 2 reports the complete set of environmental variables retrieved from the
selected providers in the proposed setup. As shown in the METOC snapshots in Figure 4 for the
temporal window 10 October 2018 22:00 UTC–12 October 2018 16:00 UTC, the AOI is crossed by a
storm characterized by HS > 3 m. This represents an environmental risk that may produce dangerous
navigation conditions according to IMO [8].
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(a) 10-10-2018 22:00 UTC (b) 10-11-2018 04:00 UTC (c) 10-11-2018 10:00 UTC (d) 10-11-2018 16:00 UTC

(e) 10-11-2018 22:00 UTC (f) 10-12-2018 04:00 UTC (g) 10-12-2018 10:00 UTC (h) 10-12-2018 16:00 UTC

Figure 4. Evolution of the significant wave height (HS) in the AOI, with snapshots (Figures 14.a–14.h)
every 6 h in the selected temporal window (10 October 2018 22:00 UTC–12 October 2018 16:00 UTC).

3.3. Planning Layer Setup: Navigation Graph Construction

The nominal route (provided by searoutes.com [24]) is used for the generation of the navigation
graph as depicted in Figure 5.

Figure 5. Nominal route between La Spezia (ITA) and Gibraltar (UK) ports provided by searoutes.
com [24]. Navigation graph with nodes plotted as black point markers.

The route is plotted in blue color and the nodes composing the navigation graph as black point
markers. In this scenario, the navigation graph is generated through m = 20 stages. Each stage
(perpendicular to the nominal route) measures b = 107.99 nmi and collects q = 31 equidistant nodes,
presenting a stage spatial resolution of b

q = 3.48 nmi. After the removal of the edges and nodes where
the navigation is not allowed (e.g., reduced maneuverability of the ship due to shallow water, etc.) the
resulting navigation graph G = (N , E) is characterized by 388 valid nodes and 7589 valid edges in
total, with an average edge length of 79.91 nmi, as reported in Table 3. The nominal route represents
the shortest seaway connection between departure and destination ports.

searoutes.com
searoutes.com
searoutes.com


Table 2. Environmental variables retrieved by the Environmental layer from the selected providers.

Parameter Symbol Units Data Provider

Significant wave height HS m DICCA-MeteOcean [11]
Wave period T s DICCA-MeteOcean [11]
Wavelength λ m Hunt’s method [33] function of T and d.
Wave direction α ◦ respect to North DICCA-MeteOcean [11]

Wind speed U10 m s−1 DICCA-MeteOcean [11]
Wind direction φ ◦ respect to North DICCA-MeteOcean [11]

Depth d m EMODNet [32]

Table 3. Navigation graph main properties and associated values for the selected scenario.

Property Symbol Value Units

Number of stages m 20 -
Stage length b 107.99 nmi
Number of nodes per stage q 31 -
Number of valid nodes |N | 388 -
Number of valid edges |E | 7589 -
Average edge length 79.91 nmi

The spatial and temporal resolution of the data provided by the Environmental layer has a direct
impact on the navigation graph, and consequently in the Planning layer. As matter of fact, the costs
associated with each edge of the navigation graph are computed based on the average METOC values
of the grid cells crossed by the ship sailing on the edge under consideration. This is depicted in Figure 6,
where the costs of the edge e connecting the node i with j are computed based on the grid cells touched
by the edge e, highlighted in grey color. In the used setup, based on the navigation graph, each edge
(average edge length 79.91 nmi) collects on average the METOC values of 14 grid cells (METOC model
resolution 10 km (5.39 nmi)).

i

j

Figure 6. Schematic representation of the METOC grid cells touched by an edge (highlighted in grey
color) connecting two nodes of the spatial graph grid.

In general, the navigation graph determines the domain of the available routes connecting the
departure and destination ports, as well as the subset of the environmental data processed within
the AOI. Due to the dynamic nature of the navigation graph (dependency of the edge costs with the
time), it is required a trade-off analysis of the computation time, the size of the domain solutions and
the ship operator requirements for the determination of the most convenient property values of the
navigation graph. The configuration reached for this scenario is the result of various tests estimating
the computational time to reach the final solution, based on the ship operator requirements. A deeper
investigation of the size of the navigation graph will be addressed in future works. In the selected
scenario the nominal travel time to transit from La Spezia port to Gibraltar port is 44 h.



3.4. Output of Planning Layer

The output produced by the Planning layer is depicted in Figure 7. It shows the set of Pareto
efficient routes connecting the departure and destination ports. Each route represents a different
trade-off among the selected criteria (or costs). The usage of the Martins algorithm [22] (at the
Planning layer) allows the computation of the complete set of Pareto solutions and not a subset of
the Pareto routes as provided by other solving methods (e.g., genetic algorithms [21]). Furthermore,
the incorporation of the navigation risk in the proposed multi-criteria setup allows the estimation of
the total risk associated with each Pareto optimal route.

Figure 7. Set of Pareto efficient routes generated through the weather-routing process in the selected
scenario.

Figure 8 allows deeper analysis of the set of Pareto solutions in a 4-dimensional plot, where each
axis represents a different minimization criterion: (cost 1: x axis—travel time, cost 2: y axis—navigation
added resistance and cost 3: z axis—navigation risk). To simplify the analysis, the navigation risk
is also associated with a color map (fourth dimension): the solutions in purple and blue colors are
associated with the routes characterized by a low risk; the solutions in lighter colors (green, yellow)
are characterized by medium to high risk.

An analysis of the results of Figure 8 shows that the solutions characterized by low travel time are
the ones characterized by high navigation added resistance (therefore travel cost). The medium-high
navigation risk routes are more concentrated in the group of the routes with low travel time. Instead,
the low-risk routes span most of the Pareto frontier on the x-y plane (travel time and navigation
added resistance). Finally, the proposed system must identify the solution representing the candidate
trade-off solution. This is identified through the Decision layer, which is provided in Section 3.5.



Figure 8. Set of Pareto efficient solutions at the output of the planning layer for the selected scenario.
Each axis represents a different criterion: x axis—travel time, y axis—navigation added resistance and
z axis—navigation risk. The solutions are also grouped by navigation risk color, with dark (purple,
blue) and light (green, yellow) colors for low and medium-high risks, respectively. The blue triangular
marker identifies the costs associated with the nominal route [24].

One way to identify the route representing the best trade-off solution is through the HRV [29]
methodology: One way to define a meaningful representation of the Pareto set is through the HRV [29].
According to this method to represent multiple objectives having different values, it is required to
normalize each objective function. In this work, a linear normalization is applied. The 3 objectives are
normalized as follows in Equation (12):

T(ω, tS) =
T(ω,tS)

maxω∈ω∗(tS) T(ω,tS)

R(ω, tS) =
R(ω,tS)

maxω∈ω∗(tS) R(ω,tS)

N(ω, tS) =
N(ω,tS)

maxω∈ω∗(tS) N(ω,tS)

(12)

Figure 9 presents the Pareto solution set in a 3-dimension space, where: x axis = normalized travel
time; y axis = the normalized navigation added resistance; and the color domain represents the routes
by the normalized risk. As above-mentioned, the values in this representation are now associated
with the range [0, 1]. The most desirable solution from the Pareto set is identified by evaluating the
distance of each solution from the Utopia point (point (0, 0, 0)—the hypothetical point that corresponds
to the minimum value of each individual criteria [34]). This allows the navigator to have a clear and
intuitive reference-point during the decision-making process. It is worth pointing out that the front
of low-risk routes (purple color) are characterized by higher travel time (T(ω, lS)) for a given added
resistance value (R(ω, lS)) than for the high-risk routes (green, yellow routes). This fact suggests that
the routes with low travel time are the ones with high risk of the scenario under study. Following the
HRV methodology [29], the route representing the best trade-off (the closest solution to the Utopia
point) is depicted with a red triangular marker in Figure 9.



Figure 9. Set of Pareto efficient solutions at the output of the planning layer for the selected scenario.
The solutions are plotted in the 3-dimension space: x axis—travel time, y axis—navigation added
resistance and the color domain to identify the routes by risk. The red triangular marker identifies the
route representing the best trade-off solution respect to the Utopia point. The blue triangular marker
identifies the costs associated with the nominal route [24].

3.5. Output of Decision Layer

The decision layer performs the important task of extrapolating the most informative data from
the output of the planning layer (ω∗SD), to drive the operator in the selection of the final route. This is
achieved through the identification of a subset of the Pareto dominant solutions with ad hoc properties.
This design choice improves the situational awareness of the scenario and facilitates the interaction of
the operator with the system.

The decision layer exploits the navigation risk criterion to group the routes characterized by
cumulative navigation risk N(ω, tS) within the same range of values, or threshold δN . Consequently,
the routes are grouped in parallel x-y planes with different z navigation risk thresholds, δN , as depicted
in Figure 8. Then, for each navigation risk threshold δN (or x-y plane), the route representing
the candidate trade-off solution with respect to the remaining criteria (travel time T(ω, lS)), added
resistance R(ω, lS)) is selected. For the selected scenario, the 4 levels of navigation risk are identified as
from Equation (13). The 4 levels specify the closeness and the persistence of dangerous phenomena for
the selected transit. More precisely, the high risk level (N(ω, tS) ≥ 1.25) means that for more than one
edge e ∈ ω the dangerous phenomena persists; in the medium-high risk level (0.75 ≤ N(ω, tS) < 1.25)
the dangerous phenomena persist at least for one edge e ∈ ω or the route is characterized by protracted
closeness to dangerous phenomena. In the medium-low risk level (0.25 ≤ N(ω, tS) < 0.75) at least one
edge is characterized by protracted closeness to the dangerous phenomena. Finally, in the low-risk level
(0 ≤ N(ω, tS) < 0.25) the route is safe. The routes associated with each navigation risk threshold δN
and its cumulative cost values are reported in Table 4. For completeness of the analysis, the produced
routes are compared with the nominal route (used for the generation of the navigation graph) [24].

δN =

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

High risk N(ω, tS) ≥ 1.25

Medium-High risk 0.75 ≤ N(ω, tS) < 1.25

Medium-Low risk 0.25 ≤ N(ω, tS) < 0.75

Low risk 0 ≤ N(ω, tS) < 0.25

(13)

The nominal (ID = 0) and selected routes (IDs = 1, 2, 3, 4) are depicted in Figure 10. The routes
identified by high navigation risk (N(ω, lS) = 1.5) plotted in blue (ID = 0) and orange (ID = 1)



colors, including the nominal route, are the ones pushed in the northern side of the Balearic Islands,
which provide lower travel-times. Furthermore, the nominal route (ID = 0, in blue) presents a
considerable high added resistance (and consequential travel cost) for traveling on the shortest
route toward the destination port due to the adverse weather conditions in the northern side of
the Balearic Islands.

Table 4. Costs value for the nominal route (ID = 0) and the trade-off routes (IDs = 1–4).

ID Travel Time T(ω, tS) [h] Added Resistance R(ω, tS) Navigation Risk N(ω, tS)

0 41.52 8.92 1.5
1 43.08 2.81 1.5
2 43.13 2.67 1.0
3 43.35 2.67 0.5
4 43.75 3.26 0.0

Figure 10. Set of Pareto routes representing the candidate trade-off solution for each navigation risk
threshold compared with the nominal route in blue color (provided by the web-service searoutes.
com [24]).

The remaining 3 routes, ID = 2, 3, 4, are pushed to the southern side of the Balearic Islands.
This maneuver moves the ship away from the perturbation affecting the coastlines of France and
Italy (HS ≥ 3 m) in the time window under analysis (see Figure 4). This provides safer navigation
conditions (N(ω, tS) < 1.5). At this stage, the operator can select the final route from the provided
subset. This process not only considers the evaluation of the different trade-offs associated with
each route, but also considers the gained experience of the operator, as well as any other additional
requirements. The data provided in Table 4 suggests as output route the one characterized by the
lowest navigation risk (ID = 4, purple color in Figure 10). As matter of fact, this route presents values in
terms of travel time comparable to the ones of the nominal route, but with a reduced added resistance
and with minimum navigation risks that may cause damages to the cargo or dangerous situations for
the ship crew.

4. Conclusions and Future Work

A weather-routing system based on a multi-criteria optimization setup characterized by a set
of 3 conflicting criteria (travel time, ship navigation added resistance and navigation safety/risk) is
presented in this paper. The proposed system supports decision-making while planning navigation

searoutes.com
searoutes.com


routes by providing to the decision-makers a set of optimal routes with different criteria instead of one
optimal route. This allows operators making their decisions for route planning based on their personal
criteria and experience.

The main contributions of the paper are four. First, the proposed weather-routing system can
identify the routes characterized by safe METOC conditions from a navigation point of view. This is
supported by the results obtained for the real scenario under study. This allows mitigating dangerous
sailing conditions. Second, the exploitation of the IMO guidelines [8] in the form of optimization
criterion allows the identification of the best trade-off route for a desired navigation risk threshold.
Third, it is demonstrated how the proposed system facilitates the interaction between the operator and
the system at the decision layer. Instead of providing just one route to the operator (representing the
optimal trade-off combining the 3 criteria), the reduced set of trade-off routes ranked by navigation
risk allows a deeper comparison and understanding of the scenario. And fourth, the set of proposed
routes are all characterized by a 3–5% of increase in the travel time and route length compared to the
nominal route. At the same time, the navigation risk is reduced up to almost no risk of navigation in
one of the proposed solutions.

Future developments could be focused on the increase of the computational performance of the
weather-routing process. This could be done by introducing a novel navigation graph based on the
partitioning of the AOI in convex sections, characterized by uniform weather and risk conditions.
This allows the reduction of the size of the navigation graph and consequently a reduction of the
computation time, providing proposed solutions in a faster way.
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