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Abstract. When a vessel sails in a seaway, wind and current can influence the ship’s 
speed, the comfort on board and the fuel consumption. Maritime trades are strictly 
dependent on the environmental conditions that the ships encounter during their 
sailing, safe navigation and energy efficiency are the key factors to improve the 
competitiveness and sustainability of ship operations. Optimization algorithms 
provide a significant support to the decision-making process and allow selecting the 
best route in sight of one or more objectives. The weather routing problem has been 
addressed by many authors and different approaches have been proposed. The new 
route optimization procedure will be developed on the shortest path algorithm in 
order to maximize the ship seakeeping performances and to minimize the added 
resistance caused by sea conditions. The optimization will be performed in 
accordance with two objective functions, the best routing solution is thus selected 
by the Dijkstra algorithm modified to take into account dynamically changing of 
ship’s position and weather conditions. The minimization of a Seakeeping 
Performance Index, containing all the operability limiting criteria for induced 
vertical motions in rough sea, and of an Added Resistance Index, are the objectives 
to be achieved. The first for safe and comfortable navigation, the second for fuel 
saving, reducing the added resistance the engine power required to overcome the 
resistance and, as a result, the fuel consumptions decrease. The data of wind and 
swell waves are derived, for each route segment, from global-WAM (GWAM) 
model. Results and discussion of the proposed method will be presented for a 
containership ship in a test case voyage through the Pacific Ocean, for ocean-going 
ships the voyage and sailing time are long and the weather conditions in the sea area 
around the route vary widely. The code can be integrated in an On-Board Decision 
Support System. 
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1. Introduction 

In recent years the availability of reliable weather forecast data has improved the safety 
of the ship voyages, helping the operators to select suitable routes. The weather 
conditions, indeed, can strongly influence fuel consumption, energy efficiency, ship and 
human life safety, crew and passengers comfort, voyage time management. In this 
framework, even if the route selection is entrusted to the ship master, the adaptive 
weather routing optimization algorithms can provide a significant support to the 
decision-making process in order to select the best choice in sight of one or more 
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objectives. The weather routing problem was addressed by many authors, utilizing 
different approaches. Zoppoli [1], James [2], Papadakis and Perakis [3] are the 
pioneering works, the first generation of weather routing criteria was aimed to minimize 
the voyage duration and, consequently, the fuel consumption, neglecting the impact of 
the ship response behaviour in rough sea. Nevertheless, in the last years the voyage 
optimization problem was approached also considering the ship seakeeping performance. 
The second-generation algorithms are generally categorized into: dynamic programming, 
genetic algorithms and pathfinding methods. In [4], an overview of weather routing and 
safe ship handling approaches is presented. The most used techniques include multi-
objective genetic algorithms [5-7] that stochastically solve a discretized nonlinear 
optimization problem. Zaccone et al. [8] developed a 3D Dynamic Programming 
optimization aiming to find the minimum fuel consumption voyage. The path-finding 
method is used also by Padhy et al. [9] and Sen et al. [10] trough the Dijkstra [11] 
algorithm. In [12] a modified version of Dijkstra’s algorithm has been recursively 
applied until an optimal route is obtained assessing fuel oil consumption over alternative 
routes. Most of the existing weather routing optimization methods generate the optimal 
route from an economic point of view to minimize the fuel oil consumption, instead, in 
Pennino et al. [13] a new adaptive weather routing model, based on the Dijkstra shortest 
path algorithm, aiming to select the optimal route that maximizes the ship performances 
in a seaway has been presented. The reference route has fallen in the North Atlantic Sea, 
the effect on the optimum route assessment of both wave and combined wind/swell wave 
conditions have been investigated as well as the incidence of the vessel speed. The results 
clearly showed the possibility to achieve appreciable improvements, up to 50% of the 
ship seakeeping performance, without excessively increasing the route length and the 
voyage duration. Starting from [13] in the present paper a different oceanic route is 
adopted to test the algorithm and confirm the results, in addition, another objective 
function has been considered, namely the minimization of the added resistance, due to 
the speed loss, caused by sea conditions. 

2. Shortest path detection 

The route optimization procedure, developed in this Section, is based on the Dijkstra 
algorithm, that allows to find the shortest path between two known points by minimizing 
a non-negative cost-function. The Dijkstra algorithm is based on solving two problems: 
the construction of the tree of minimum total length between n nodes and the research of 
the best path of minimum total cost between a start and an end node. In the current 
analysis two cost functions are considered: the complement to 1 of the Seakeeping 
Performance Index (SPI), provided by equation (1), and the Added Resistance Index 
(ARI), defined in equation (9). Before evaluating the ship performances in a seaway, a 
network of nodes, between the start and the end points of the scheduled route, needs to 
be provided to delineate a region that restricts the ship route. The network, which is a 
special form of a graph, is generated as described by Lee et al [14]. After seeking the 
great circle (blu line) centre point (red dot), a set of centre points (blu dots), with a chosen 
step distance, belonging to the rhumb-line perpendicular to the great circle. Connecting 
departure point and the point in the set of centre points a half great circle route is 
composed, similarly, connecting the point in the set of centre points and arrival point the 
other half great circle route is generated. After providing the network of nodes, a set of 
arcs, connecting two adjacent grid points, is generated, the arcs are divided into straight 



arcs, right arcs and left arcs, for a node inside the network, i.e. excluding the start and 
end node, it has possibility of going to two or three different nodes. An example of the 
grid network between a start and an end point is shown in Figure 1. 

  
Figure 1. Network for routing 

Each node contains a set of static information, such as the geographic coordinates, and a 
dynamic grid with the weather data, namely the significant wave height, the mean wave 
period and the prevailing wave direction, which are systematically updated once a new 
data set is available. Each segment of the optimal route corresponds to the minimum cost 
function among the set of possible values referenced to the calculation point, the Dijkstra 
algorithm is not applied statically but is updated, changing the started point, based on the 
time elapsed and the path already travelled by the ship. 

2.1. Ship Seakeeping Index  

The ship seakeeping performance are determined, according to equation (1), on the basis 
of five reference criteria: the amplitude of the pitch motion, 𝑟𝑚𝑠! is its RMS, the relative 
vertical acceleration at the ship forward perpendicular, 𝑟𝑚𝑠" is its RMS, the probability 
of slamming occurrence, 𝑝#$, the probability of green water on deck, 𝑝%&, and the Motion 
Sickness Incidence,	𝑀𝑆𝐼.	The denominators, in equation (1), represent the relevant limit 
values. The considered criteria can be modified and adapted to the ship type and service. 
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When any seakeeping index is greater than the limit value, the 𝑆𝑃𝐼 is null, so satisfying 
the non-negative condition required to apply the Dijkstra method. The limit values of the 
pitch amplitude and the Motion Sickness Incidence are based on the NATO STANAG 
4154 criteria, while the remaining ones comply with the NORDFORSK seakeeping 
criteria. The RMS of the pitch motion and relative vertical acceleration are evaluated 
according to the equations (2) and (3), where: 𝐻'	and 𝐻) are the heave and pitch motion 
transfer functions; 𝑆* is the wave spectrum, 𝜔+	is the encounter wave frequency, �̅� is the 
forward perpendicular longitudinal distance from the centre of gravity, 𝑘is the wave 
number in deep water condition and 𝜇 denotes the ship’s heading with respect to the 
waves. The modulus of heave and pitch motion transfer functions are derived solving the 
heave and pitch equations, as detailed in Pennino et al. [13]. The Motion Sickness Index 
is determined according to the formulation developed by O’Hanlon and McCauley [15] 
and modified by Colwell [16], reported in equation (4), where: Φ is the standard normal 
cumulative distribution, while 𝑧" and 𝑧,-  are functions of the exposure time, the RMS 
and the mean frequency of the ship vertical acceleration. The slamming occurrence is 
assessed using the equation (5) proposed by Faltinsen [17], where: 𝑣./ = 0.0938𝑔𝐿 is 
the threshold velocity, 𝐶# is the swell up coefficient, 𝑑 is the ship draught at the forward 
perpendicular, 𝑚0,/  and 𝑚2,/  are the 0th and 2nd order spectral moments of the ship 
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relative motion considering the sea surface. Finally, the probability of green water on 
deck is evaluated using equation (6), 𝑓3 is the freeboard at the ship forward perpendicular. 
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2.2. Added resistance  

As regards the added resistance, which is a second order quantity with respect to wave 
height, there are several relations available for its determination. These formulae do not 
always produce consistent results and therefore some uncertainties exist in the 
determination of added resistance. This is still a matter of research. It the present work, 
formula given by Gerritsma and Beukelman [18], generalized by Loukakis and 
Sclavounos [19] for different wave headings, is used: 
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where k is the wave number, az2D and bz2D are the sectional added mass and damping, V 
is the ship speed and Vza is the amplitude of the relative vertical velocity between the 
ship and the waves. The calculation in an irregular sea is based on the superposition 
principle, the mean added resistance in irregular waves is obtained as follows: 
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where za is the wave amplitude and D the displacement in KN.  

3. Input data 

The reference vessel is the S175 containership, in Table 1 are listed the main dimensions. 
The reference route, shown in figure 2, falls in the North Pacific Ocean. The start and 
the end point are totally arbitrary and lightly far from the departure and arrival ports, this 
choice is linked to the marine traffic congestion approaching the coastline that makes 
hard and useless the application of adaptive routing models. The shortest path route, the 
great circle or orthodrome, is equal to 1739 nautical miles covered in about 5 days 



considering a vessel speed of 14.5 knots, corresponding to a Froude number equal to 
0.18. The great circle requires to constantly change the vessel heading, while the rhumb 
line or loxodrome is slight longer, in the considered case is equal to 1742 nautical miles, 
but it allows a constant heading. The availability of daily operational weather forecast 
data is a key point to assess the reference scenario required in the adaptive weather 
routing algorithm. In this respect, different software packages, with different resolutions, 
domains (from regional to global) and quality, are available.  
Table 1. S175 containership main dimensions. 

Length between perpendiculars 175.0 m 
Breadth 25.4 m 

Design draught 9.5 m 
Displacement 24539 t 

 
Figure 2. Great circle (blue) and rhumb line (red) between departure and arrival points 

 
Figure 3. Significant wave height and wind wave arrows form GyGrib 

Nowadays the meteorological community generally follows the standardization 
established by the World Meteorological Organization (WMO), delivering all 
information in a self-descripting GRIB (GRIdded Binary) format, so making the reading 
of the input data very easy [20]. In the current analysis, these data are obtained by the 
third-generation Global Wave Model (GWAM). The GRIB files were downloaded for 
the period from 22nd up to 26th February 2020, with 0.25° x 0.25° grid spacing 3-hour 
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forecast interval and two observation periods equal to 1 and 5 days, respectively. An 
example of wave height, geometric mean between swell and wind wave significant 
heights, and wind wave directions in the period and zone analyzed in this work is shown 
in figure 3. 

4. Case study  

In the route optimization procedure two types of GRIB files are embodied: the former, 
referenced as “Case 1”, is a 5-day forecast GRIB file, ranging from 22 up to 26 February 
2020, the latter, referenced as “Case 2”, is a 1-day GRIB file, updated daily in the same 
reference period, according to the effective position of the ship during the voyage. In this 
respect, Figures 4a–b display the optimal routes optimizing the seakeeping performances 
and Figures 5a–b show the optimal routes minimizing the added resistance. In all cases, 
the great circle route is highlighted in red and the optimum route in black, the grey circles 
represent the starting and the ending points. Besides, table 2 and 3 provides the difference, 
∆., between the great circle and optimum route, together with the percentage variation, 
∆KLM , of the Seakeeping Performance Index	(𝑆𝑃𝐼), and, ∆NIM , of the Added Resistance 
Index	(𝐴𝑅𝐼), as regards the values corresponding to the great circle. All calculations 
were performed based on Froude number equal to 0.18 and using a JONSWAP spectrum. 
Based on the current results using the SPI as objective function the percentage increase 
of the route length ranges from 2.7% up to 4.5%, while the 𝑆𝑃𝐼 increase is much higher 
and ranges from 42% up to 58%. On the other hand, using the ARI as objective function 
the increase on length is lesser but also the improvement of the encountered added 
resistance is low. The employment of 5-day and 1-day GRIB files play a fundamental 
role in the assessment of the optimum route, the update frequency of the weather 
conditions is a key point and it should be as high as possible. In figure 6 and table 4 the 
incidence on the optimum route detection of each seakeeping index is investigated; based 
on the current results, the Motion Sickness Incidence seems to be the most sensitive 
parameters. The sensitivity analysis highlights that the optimum route varies according 
to the seakeeping parameter embodied, this outcome suggest that the adaptive weather 
routing model shall be specialized on a case-by-case depending on which parameters 
need to be improved. 

 
(a)  

 
(b)  

Figure 4. Minimum distance (great circle) and optimal route detection (SPI): (a) Case 1; (b) Case 2. 

Table 2. Results of optimal route detection using SPI 

Case GRIB file update ∆𝒄�(nm) ∆𝒄�(%) ∆𝑺𝑷𝑰 (%) 
1 5-day 77.8 4.5 42.5 
2 1-day 47.6 2.7 58.3 
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Figure 5. Minimum distance (great circle) and optimal route detection (ARI): (a) Case 1; (b) Case 2. 

Table 3. Results of optimal route detection using ARI 

Case GRIB file update ∆𝒄�(nm) ∆𝒄�(%) ∆𝑨𝑹𝑰 (%) 
1 5-day 64.4 3.7 2.3 
2 1-day 61.5 3.5 2.3 
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Figure 6. Sensitivity analysis (a) RMS of pitch amplitude; (b) RMS of vertical acceleration; (c) 
Slamming probability; (d) Water on deck probability; (e) MSI 

Table 4. Sensitivity analysis, 1-day 

Seakeeping parameter ∆𝒄�(nm) ∆𝒄�(%) ∆𝑺𝑷𝑰 (%) 
RMS of pitch amplitude 59.0 3.4 19.1 
RMS of vertical acceleration 66.3 3.8 26.4 
Slamming probability 33.5 1.9 7.4 
Water on deck probability 34.8 2.0 3.3 
Motion Sickness Incidence 29.3 1.7 34.7 



5. Conclusions  

The Dijkstra shortest path algorithm was applied to detect the optimum route, 
considering two non-negative cost function, to maximize the ship performances in a 
seaway and reduce the added resistance in waves. The results clearly show that the ship 
seakeeping performances can be highly improved, without significantly increasing the 
voyage length and, consequently, the fuel consumptions. However, when the objective 
function is the added resistance reduction increasing distance travelled might have a 
greater impact on fuel consumption than the added resistance reduction and the 
consequent decrease in speed loss. The overall conclusion is that weather routing is 
certainly applicable to ensure safety of cargo and crew and to avoid rough weather but 
not to reduce the fuel consumption, and consequently the emissions, with the same results. 
Anyway, the current results are encouraging for further research activities, devoted to 
including additional seakeeping criteria in the adaptive weather routing algorithm, to 
improve the added resistance calculation model, to introduce the emission assessment, 
to compare these simulated results with real conditions so as to develop a support, 
integrated on board, for the On-Board Decision System. 
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