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Abstract

E cient weather routing is essential for modern merchant shipping, as route plan-
ning must simultaneously account for safety, energy e ciency, and rapidly evolving
metocean conditions. Traditional optimization approaches - such as isochrone methods,
dynamic programming, and 2D Dijkstra formulations - typically assume xed ship speed
or coarse discretizations, often discarding potentially optimal sub-paths and requiring
several minutes to produce a single route. This work presents a new graph-based, three-
dimensional weather-routing algorithm designed to compute near-optimal ship trajecto-
ries in a matter of seconds. The method reinterprets the 3D weighted-graph formulation
proposed by Wang et al. (2019) and replaces the conventional time-marching isochrone
expansion with a preconstructed N-tree graph generated from spherical isodistance lay-
ers centered at the departure point. Each spatial waypoint is expanded into a set of
feasible arrival times, forming a full 3D node structure. Edges between stages are built
under physical and navigational constraints, and each edge is assigned a cost using a
multidimensional speed-loss table provided by Amphitrite, which incorporates waves,
wind, currents, heading, and vessel characteristics. Because the graph contains no cy-
cles, the optimal route for any target ETA can be obtained e ciently through a single
breadth- rst search.

Performance was evaluated using operational metocean data from CMEMS MER-
CATOR and ECMWEF IFS, and bathymetric and coastline masks for land avoidance.
A systematic parameter study shows that the algorithm can produce globally optimal
or near-optimal routes with execution times as low as a 2 or 3 seconds for long transat-
lantic voyages. The method also supports variable vessel speeds rather than xed-power
or xed-speed assumptions, enabling more realistic operational planning. This demon-
strates that the proposed 3D N-tree graph combined with BFS search is a fast, exible,
and accurate alternative to traditional weather-routing technigues, and provides a foun-
dation for future improvements such as parallel computing (MP1/0penMP), multi-route
parameter generalization, and integration with power-level decision models.

Keywords- \Weather routing; Ship navigation; 3D graph optimization; N-tree graph; Breadth-

rst search (BFS); Metocean data; NetCDF; Route planning; Speed-loss modeling; Marine opera-

tions; Great-circle navigation; Performance optimization; Ocean currents; Wind and wave e ects;
Computational marine engineering.
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1 INTRODUCTION

1 Introduction

1.1 Background and Motivation

Navigating cargo ships across the world's oceans is a complex and demanding task that has shaped
global trade and human development for centuries. From ancient navigation based on celestial cues to
modern systems supported by GPS, satellite observations, and numerical weather prediction models,
maritime navigation has undergone a profound technological transformation (1). Yet, despite these
advancements, cargo vessels remain highly vulnerable to dynamic environmental conditions such as
wind, waves, and ocean currents, which can signi cantly a ect sailing speed, fuel consumption, and
operational safety.

In contemporary maritime transportation, ship safety and energy e ciency stand among the
most critical factors for achieving competitive and sustainable operations. The industry increasingly
relies on sail-planning systems, integrating weather routing and voyage optimization to avoid haz-
ardous conditions, reduce emissions, minimize fuel consumption, and meet operational constraints
such as expected time of arrival (ETA). During voyage planning, captains use short-term weather-
routing services to circumvent severe conditions and estimate arrival times, while long-term planning
relies on computational algorithms that evaluate an enormous number of possible sailing paths across
vast oceanic regions (2). Figure 1 illustrates an example of a possible vessel optimization where the
vessel travels in favor of currents going in the same direction as its destination.

Figure 1 { Ship routing proposal example

Source: (3)

Traditionally, voyage optimization systems discretize the sailing area into a 2D grid of waypoints
and search for optimal routes using algorithms such as modi ed isochrones, dynamic programming,
or Dijkstra's algorithm. While e ective, these models typically assume xed-speed navigation and
do not fully represent the ship's dynamic operational capabilities such as varying engine loads,
speed{power relationships, or weather induced performance variations. This simpli cation often
restricts the search to locally optimal solutions. More advanced 3D approaches incorporate the time
dimension, dynamically generating sub-paths as the voyage progresses. However, these methods can
eliminate intermediate nodes that may be part of a globally optimal solution, and they often cannot
predict ETA until the full optimization completes, limiting their operational practicality.
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To address these limitations, the Ocean Engineering study proposed by Wang et al. (2) that
inspired this project presented a way of generating a complete 3D weighted graph, where each
waypoint is associated with all feasible arrival times based on ship performance and environmental
conditions. Dijkstra's algorithm is then applied to this full graph to search for the lowest-cost
route that satis es prede ned objectives such as minimizing fuel consumption for a xed ETA.
By separating graph generation from path searching, their method reduces the risk of discarding
potentially optimal paths and enables precise ETA targeting.

The present project is a reinterpretation and practical implementation of the method proposed
by Wang et al. (2), adapted for high-speed computation and operational deployment. The goal is
to implement a reliable, robust, and extremely fast weather-routing algorithm for cargo
ships, capable of generating optimized voyage plans within seconds, substantially faster
than most commercial systems that require several minutes for similar computations. Achieving
this performance o ers a decisive competitive advantage, enabling near-real-time route updates as
environmental conditions evolve.

To achieve this level of performance and precision, three core design decisions were made. First,
the C programming language was selected for its low-level control over memory and computation, its
predictable execution model, and its suitability for high-performance numerical algorithms. Second,
a smart graph construction strategy, inspired by an N-tree exploration structure, enables an e cient
breadth- rst search (BFS) across a dynamically generated state space of multiple nodes, ensuring
that the most relevant routing paths are found. Finally, NetCDF (Network Common Data Form)
was adopted as the primary source of environmental information, as it is a standardized, compact,
and widely used format in meteorology and oceanography. It allows fast access to gridded datasets
such as wind, current, wave, and pressure elds, ensuring that the routing algorithm can interact
seamlessly with large, multi-dimensional environmental datasets while maintaining computational
e ciency.

1.2 Amphitrite Partnership

This project was developed in close collaboration with Amphitrite, a French maritime-technology
company specialized in high-resolution ocean data processing and operational decision-support tools
for the shipping industry. Amphitrite played a central role in enabling the practical conception,
validation, and benchmarking of the proposed routing algorithm by providing access to advanced
datasets, computational models, and an existing routing framework used in real operational envi-
ronments.

First, Amphitrite supplied the meteorological and oceanographic datasets required to model
realistic operational conditions. These included high-quality global elds of ocean currents generated
by the company's internal model, as well as wind and wave forecasts obtained from the CMEMS{
Mercator Ocean circulation products and the ECMWF{IFS atmospheric prediction system. In
addition, Amphitrite provided global bathymetry data, allowing the algorithm to automatically
detect land masses, islands, and other navigational constraints during graph construction.

Second, Amphitrite contributed a physically informed cost function used to evaluate the feasibil-
ity and energetic impact of candidate route segments. This cost function integrates vessel geometry,
environmental conditions, and power or speed settings to estimate both the fuel consumption and
the resulting vessel speed between any two nodes in the routing graph. It e ectively transforms the
environmental inputs into actionable performance metrics, ensuring that the optimization re ects
operational reality.

Finally, Amphitrite provided an already implemented operational weather-routing system based
on the classical isochrone method. This existing system was used as a baseline for comparison
throughout the development of the present work. By contrasting the performance of the proposed N-
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2 COMMON GROUND

tree and BFS-based algorithm with Amphitrite's established isochrone approach, the project bene ts
from a direct industry-relevant benchmark, enabling a rigorous evaluation of speed, robustness, and
routing quality under identical environmental conditions.

Overall, Amphitrite's contributions were essential to grounding this study in real-world data and
operational constraints, ensuring that the proposed algorithm is not only theoretically sound but
also practical and competitive in a professional maritime context.

Section 2 introduces some important concepts and terminologies to build a common ground
of knowledge that is useful for the rest of this report. Section 3 presents the functioning and the
idea behind the algorithm used, the reasoning behind it, alongside with the quantitative methods
implemented to obtain the results. Section 4 presents the results obtained with some discussion
on sensibility tests for optimal parameters. Finally, sections 5 and 6 concludes the research with
pertinent discussions for future work.

2 Common ground

2.1 Introduction

Before introducing the methodologies employed to conduct the study, it is worth revisiting and
commenting on some basic concepts of navigation, geography, and terminologies that are relevant
to the discussions in this report.

2.2 Latitude, longitude and azimuth angle

Latitude, longitude, and azimuth angle are fundamental concepts in cartography and navigation
that help us locate points on the Earth's surface and determine directions.

Latitude is the angular measurement of the distance north or south of the Earth's equator. It
is measured in degrees and ranges from 0° (at the equator) to 90° (at the North and South poles).
Lines of latitude are concentric circles that encircle the Earth from east to west, parallel to the
equator. Latitude is used to describe the north-south position of a speci ¢ point on the Earth's
surface.

Longitude is the angular measurement of the distance east or west from the Prime Meridian,
which is de ned as 0°. Longitude ranges from 0° to 180° both east and west. From the Prime
Meridian, longitudes extend east and west in concentric circles called meridians. Unlike lines of
latitude, lines of longitude converge at the North and South poles. Longitude is used to describe
the east-west position of a speci ¢ point on the Earth's surface.

The azimuth angle is a concept used to determine the direction of a point in relation to another
reference point. It is generally measured in degrees, taking the North as a reference. The azimuth
angle is measured clockwise from North to the direction of the point of interest. For example, if a
certain point is located 45° east of North, we say that the azimuth angle is 45°. The azimuth angle
is also known as the heading, the direction a vessel is going at a particular moment.

2.3 Loxodromic and Orthodromic Routes

The Orthodromic Route (or The Great Circle) is the concept of a navigation route following
a great circle on the spherical surface of the Earth. The great circle is the shortest path between
two points on a sphere, such as the Earth. On a globe, a great circle route would appear as a
straight line. However, when projected onto a at map (like a world map), this route often appears
curved. The great circle is often used in long-distance navigation, especially in air and sea travel, as
it represents the most e cient path in terms of distance.
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Loxodromic Route (or Rhumb Line or Constant Course Line): The rhumb line is a navigation
route on a map or chart that follows a constant angle with all lines of longitude, forming a spiral
around the globe. In other words, on a at map, the rhumb line would appear as a straight line.
This route is easier to follow using a compass and was widely used by sailors before the development
of more advanced navigation technologies. However, over long distances, the rhumb line does not
represent the shortest path, resulting in a longer route than the great circle.

An example of the orthodromic and loxodromic routes is shown in Figure 2. It's worth noting
that, unlike the loxodromic route, in which the azimuth angle is constant along the path, the
orthodromic route has a di erent azimuth angle along the path.

(a) Orthodromic route (b) Loxodromic route

Source: (4) Source: (5)

Figure 2 { Loxodromic and Orthodromic routes

2.4 Navigation Concepts

In maritime navigation, several fundamental quantities are used to describe the motion, orien-
tation, and timing of a vessel during a voyage. These concepts are essential for understanding ship
routing, performance modeling, and voyage optimization.

Speed Over Ground (SOG). Speed over ground is the vessel's actual speed relative to the
Earth's surface. It represents how fast the ship moves from one geographical position to another,
independent of the water it is sailing through. SOG is in uenced by environmental factors such as
ocean currents and is typically measured using GPS.

Speed Through Water (STW). Speed through water is the vessel's speed relative to the
surrounding water mass. Unlike SOG, this speed does not account for the e ect of currents. For
example, a ship with an STW of 12 knots sailing into a 2-knot opposing current will have an SOG
of 10 knots. STW is usually measured by Doppler log sensors or electromagnetic logs.

Ship Heading. The ship heading is the direction in which the bow of the vessel is pointed,
expressed in degrees relative to true north (azimuth angle). Heading is distinct from the ship's
course over ground, which is the direction of actual movement. Wind, waves, and currents can cause
a di erence between heading and track, requiring continual correction by the vessel's navigation
systems.

Estimated Time of Arrival (ETA). The estimated time of arrival is the predicted time at
which the vessel will reach its destination or a speci ¢ waypoint. ETA is calculated using current
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2 COMMON GROUND

position, expected speed, route geometry, and environmental in uences. It is a key operational
parameter for scheduling, port coordination, and optimization of fuel consumption.

Estimated Time of Departure (ETD). The estimated time of departure is the planned time
at which the vessel is expected to leave a port or waypoint. ETD may be in uenced by port oper-
ations, cargo handling schedules, weather conditions, or eet coordination. In route optimization,
ETD serves as the starting point for generating the time dimension of the routing problem.

These navigation concepts form the foundation upon which routing algorithms interpret vessel
motion, evaluate feasibility, and compute optimal paths under varying environmental conditions.

2.5 Formulation of a voyage

For completeness, this subsection presents a concise restatement a voyage's formulation proposed
by Wang et al. (2), which forms the conceptual foundation of the present work. It describes a ship's
voyage as a sequence of waypoint8, each de ned by geographical coordinates and an associated
passing time. At each waypoint, the ship state is represented as

P=[xy;t"; @

where x and y denote longitude and latitude, and t denotes the time at which the waypoint is
reached.

We denote by D; and j the great-circle distance and the corresponding initial azimuth (head-
ing) required to travel from waypoint P; to waypoint P; .

When the vessel sails Pto P; its control variables - speed and heading - can be expressed as

Dij
tjj
where v is the vessel's speed over ground and is the heading angle. These controls determine

the ship's progression from one waypoint to the next.
Environmental inputs are expressed as a vector of weather and sea-state parameters,

UP)=Uj PP )=Dvi; i livy = @)

W(P)=[Hs; Tp; C; Viwus Vaw:::]"; (3)
including signi cant wave height H s, peak period T,, ocean current components C, and wind

velocity components \{,, and V., all evaluated at the ship state P.
Ship motion must satisfy a set of feasibility constraints,

C(P; U(P); W(P));

which encapsulate geometric limits (e.g., land avoidance), machinery limits (e.g., engine power
envelope), and environmental safety limits (e.g., prohibitive sea states). The constraint function
returns a Boolean value indicating whether the ship can safely and feasibly traverse from one node
to another under the given conditions.

The total cost of a voyage segment is obtained by integrating an instantaneous cost function
along the path where the feasibility constraints are respected:

Z,,
C= f(U(P);W(P))dt: (4)

to

The function f(U ( P); W (P)) is the instantaneous cost function that may represent fuel consump-
tion, expected time of arrival, fatigue accumulation, crack propagation risk, or any other performance
metric relevant to the voyage optimization problem.
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In their work, Wang et al. (2) highlight that conventional two-dimensional routing methods can
discard potentially optimal sub-paths. To address this, they propose constructing a complete three-
dimensional weighted graph where each spatial waypoint is associated with all feasible passing times.
Dijkstra's algorithm is then applied to this fully generated graph to compute an optimal route for a
speci ed objective, such as minimizing fuel consumption for a xed ETA.

This full-graph approach avoids premature elimination of sub-paths and allows the optimization
to target a precise arrival time, overcoming limitations found in dynamic programming or time-
marching isochrone methods. The present work adapts, extends, and reinterprets this framework
within a more computationally e cient routing architecture.

3 Methodology

3.1 Introduction

The overall objective is to nd suitable waypoints P and operational control sets U§¢), which
will lead to the minimum/maximum value of C by following the optimum route encountering sea
conditions W (P) at those waypoints.

3.2 The algorithm's design

In contrast to the isochrone method, the central idea of this project is to pre-construct a struc-
tured exploration graph G = ( P; E) composed of a large set of xed candidate waypoints and directed
edges between successive stages. Rather than dynamically \creating" new positions at each time
step, we rst de ne a spatial skeleton of admissible waypointsP, then connect them in a disciplined
order to form multiple candidate sub-paths (edges)E. Once the graph is built, the optimization
problem becomes the search for a minimum-cost path through this graph. Each edge E is weighted
by evaluating the ship controls and environmental conditions along that edge, and mapping them
through the cost model. Subsections 3.2.1 to 3.2.5 present a high-level overview of the algorithmic
work ow, outlining the main stages required to construct the routing methodology. These steps are
intentionally described in a general manner to provide the reader with an intuitive understanding of
the complete process. In the subsequent subsections (3.3 to 3.7), each of these stages is examined in
detail, with rigorous explanations, mathematical formulations, and implementation considerations.

3.2.1 Stage generation - isodistance lines

After de ning the departure point P o and destination point Py, a great-circle reference route
is computed between them. The sailing domain is then discretized into n stages characterized by
isodistance lines: loci of points that are at the same great-circle distance from the departure. In
the reference paper, these stages are obtained by creating lines perpendicular to the great-circle
route at regular distance increments. In our implementation, we adopt a geometrically equivalent
but spherical-consistent construction: each stage is the intersection of the Earth's surface with
a spherical circle of radius  (in great-circle distance) around the departure point. This yields
concentric distance fronts that naturally respect spherical geometry, avoiding distortions that can
arise from purely planar perpendicular o sets. Each stage therefore represents a constant-distance

the isodistance lines (represented in green) around the great circle (represented as the red line) of a
route that begins in the Atlantic and ends in Europe.
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3 METHODOLOGY

Figure 3 { Representation of 4 isodistance line expansions (green) around the great circle (red line)

3.2.2 Waypoint distribution within stages
For each stage i, we generate a nite set of candidate waypoints
Py =[xy yigstyls =L Myg;

distributed around the isodistance line, where M is equal to the number of points in the iy, stage.
Intuitively, these waypoints represent alternative spatial deviations from the nominal great-circle
track while preserving progression toward the destination. The collection of all R} over all stages

forms the node setP of the graph. Figure 4 shows the waypoints representation for the rst stages.

3.2.3 Edge construction and N-tree structure

Edges are de ned only between adjacent stages. Speci cally, each nodg; Pin stage i is connected
to a subset of nodes R;x in the next stage i + 1, forming directed edges

Ei;j;k ZPi;j P i1k -

This yields an ordered, acyclic, stage-by-stage graph that resembles an N-tree exploration structure,
depicted in Figure 5. Each waypoint branches into multiple feasible successors, but never connects
backwards or laterally within the same stage. By construction, any valid route is a sequence

Po!P 1 IP 5 | 1P

ensuring monotonic progress from departure to destination.

3.2.4 Edge weights from controls and weather
Each edge Ej is assigned a cost by rst determining the control required to traverse it. Let
Uik = DVigk 5 ik 17

be the speed over ground and initial azimuth needed to sail from R to Pji1;x over the chosen time
step t ;. The associated environmental forcing is taken as the metocean state at the departure
waypoint,

W (Pi; );
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Figure 4 { Waypoints in each stage

including currents, wind, waves, and other elds. The edge weight is then computed through the
performance-based instantaneous cost model f( ), leading to

C(Eijk ) = Uik s W(Pi;) ti;

where C(E;j« ) may represent fuel consumption, travel time penalty, safety risk, or a multi-objective
combination depending on the optimization goal. This transforms the pre-built geometric graph into
a weighted operational graph.

3.2.5 Finding best path with BFS

The reference paper proposes applying Dijkstra's algorithm to the resulting 3D weighted graph
in order to obtain a global minimum-cost route. However, in our speci ¢ construction there is no
possibility of closed loops: edges connect strictly from stage i to stage i + 1, producing a directed
acyclic graph (DAG). In such graphs, the search does not require cycle-handling or distance relax-
ation over arbitrary revisits, and the optimal path can be found e ciently by a breadth- rst traversal
over stages while maintaining cumulative costs. Therefore, a BFS-style dynamic expansion over this
ordered graph is su cient to recover the minimum-cost route, while reducing bookkeeping overhead
compared to a full Dijkstra implementation.

Overall, this graph approach preserves the exhaustive nature of other routing methods explo-
ration, by enumerating many feasible alternatives, but achieves it through a two-step strategy: (i)
build a xed, stage-ordered N-tree graph of candidate waypoints; (ii) evaluate costs on all edges
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Figure 5 { Edges connection between waypoints forming an N-Tree graph

using U;x and W(P;; ), then extract the optimal path via BFS on the acyclic structure. This
separation between geometric exploration and cost-driven search is the key architectural di erence
enabling high computational e ciency in the present work.

3.3 Stage generation in-depth

To discretize the sailing domain into n stages (or isodistance lines), we rst compute the great-
circle distance between the departure point B and the destination point Py, denoted Dy . This
distance is then partitioned using a user-de ned spacing [ (in meters), which represents the radial
separation between successive stages. The radius associated with the i-th stage is therefore

D., =iD ; i=0;1;:::;m;

with n = bD 5 =D ¢. Each stage L, corresponds to the locus of points lying at a great-circle
distance D, from the departure point.

A full spherical circle is not required for each stage. In realistic ocean routing, the optimal path
tends to progress monotonically toward the destination, and only deviates laterally when necessary
(e.g., to avoid land masses or unfavorable metocean conditions). Hence, exploring regions that move
backward relative to the destination is computationally wasteful. For this reason, each stage is
constructed as an arc of a spherical circle rather than as a complete circle. This arc restricts the
exploration to the forward-looking corridor that remains relevant to reach Py .

To de ne the exploration arc for a given stage L;, we proceed as follows. Let @be the point on
the great-circle reference route such that the distance from Pto Q; is D.,. At Q, we construct a
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perpendicular segment of length By, , centered at Q. The endpoints of this perpendicular segment,
once projected onto the spherical circle of radius B,, de ne the g5t and eng azimuth angles of
the arc. The arc radius is xed to D, while its angular span is controlled by a user-de ned function

DPi = f(D Li );

which expands the lateral exploration progressively up to mid-voyage and then contracts it as
the vessel approaches the destination. This design maintains broad exploration where uncertainty
is highest (typically in the mid-route oceanic region) while preventing unnecessary branching near
the start and end points.

Algorithm 1 gives the pseudocode corresponding to the perpendicular-distance rule implemented
in this work. The function enforces a minimum lateral exploration of 10 km near the start, increases
proportionally until mid-route, and caps exploration to 100 km to avoid excessive branching.

Input: Stage radius D | ;, total route distance Do
Output: Perpendicular distance D p,

Dp, =min(d; D total d)
Dp, =clamp Dp,; 10°; 10°

return D p;;
Algorithm 1: perpendicular distance function for arc generation

Figure 6 illustrates some examples of these perpendicular lines and how their segment size grows
with the evolution of the route and 7 illustrates the process of de ning the initial and end azimuth
(lines in light-green) of the arc of the spherical-circle (in green) using the perpendicular projection
of the perpendicular line (in yellow).

Figure 6 { Example of some perpendicular lines (yellow) varying in size along the route (red)

By doing this process repeatedly we end up building an "exploration area" de ned by the set of
all isodistance lines merged together along the entirety of the route, as shown in Figures 8 and 9.
Finally each stage L; can be denoted as
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