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ABSTRACT

Automatic route planning for seagoing vessels, generated by a shore-based service provider,
should be highly reliable. Even if this route planning has to be adapted to the specifications of
the ship on board, the route should always be navigable and safe. Depending on the relevant
parameters such as estimated time of arrival (ETA), speed, etc., it should therefore not deviate
significantly from the usual routes for tankers, ferries, etc. between two ports. In the past, the
quality of the route planning carried out by the on-board navigation depended, among other
things, on the experience and training of the personnel. As a result, these plans did not
necessarily represent the optimal route. The automatic route generated by NAVTOR starts with
the length of the route, which is intended to be as short as possible while still being
fundamentally safe to navigate, thus helping to reduce CO2 emissions.
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1. INTRODUCTION

Reducing fuel consumption and hence CO2 emissions from shipping has become an increasingly
dominant issue in maritime transport. The factors involved are many and highly complex. One
key factor is the route taken by ocean-going vessels between ports scattered around the world.
These routes should be as short as possible, but also (in principle) safe for navigation. In Use
Case (UC) 2 of the TRANSACT project (Transform safety-critical cyber-physical systems into
distributed solutions for end-users and partners), the company NAVTOR is developing a machine
learning (ML)-based approach for the generation of worldwide routes for seagoing vessels. As a
starting point for the implementation, NAVTOR is using its e-Navigation Suite. Figure 1 shows
the state of the NAVTOR e-Navigation framework prior to TRANSACT. Today, routes in this
context are planned manually using the NavStation on board or ashore and subjected to a safety
check in accordance with the IMO (International Maritime Organisation) specification [1].
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Figure 1: NAVTOR e-Navigation framework prior to TRANSACT (Source NAVTOR)

Within this test, the navigational safety of a planned route can be determined or established. Once
the route has been established ashore, it is transmitted to the vessel via the NavBox and a satellite
link, where it must be checked and/or confirmed by the navigator. This route can then be
transferred to an autopilot, for example. The route is monitored on shore using the NavTracker
application. Today, ship routes in this context are planned manually using the NavStation on
board or ashore and subjected to a safety check in accordance with IMO specifications. During
this check, the navigational safety of a planned route can be determined or established. Once the
route has been established ashore, it is transmitted to the vessel via the NavBox and a satellite
link, where it must be checked and/or confirmed by the navigator. This route can then be
transferred to an autopilot, for example. The route is monitored ashore using the NavTracker
application. As part of this project, NAVTOR is developing an edge cloud-based infrastructure
that will enable machine learning (ML)-based automatic route generation. NAVTOR has selected
three consulting services to be integrated into the Maritime e-Navigation suite: An external
advisory service hosted on an external cloud accessible from the cloud layer, an ML-enhanced
advisory service to be integrated into the e-Navigation suite, and an internal advisory service
hosted on both the edge and cloud layers. These three advisory services are distributed across the
edge-cloud tier. The generated route is proposed to the on-board navigator and must be verified
by him to ensure safe navigation. The aim of these auto-routes is to suggest a short distance
between two ports that is generally safe from a navigational point of view. The ML-based route
suggestions are based on the analysis of historical and real-time AIS data from NAVTOR. Our
work consists of verifying and validating the generated NAVTOR Auto-Routes. Our research
guestion based on this task is: How can an ML-based auto-route between two ports be verified
and validated? (RQ).

2. RELATED WORK

We see the adaptation of appropriate methodologies from other domains (automotive, aerospace)
as an appropriate way to answer the RQ, given the high investment and innovative nature of the
research in these areas. In [2] four qualification methods are described to achieve a certain level
of confidence. However, not all methods are required: different methods are recommended based
on the target ASIL (Automotive Safety Integration Level). This standard is still the basis for a
safe system, safe hardware and safe software that can operate independently and safely in the
event of a fault. Brat and Jonsson [3] discussed the challenges in V&V of autonomous systems
designed for space exploration. This includes the space domain. In [4], Zou et al. discussed safety
evaluation of probabilistic airborne collision avoidance systems and proposed a genetic algorithm
to search for undesirable situations. Included to cover probabilistic approaches. Virtual testing is
one of the key steps in assessing the performance and safety of autonomous vehicles (AVs). The
core component of this step is a high-fidelity virtual simulator. These simulators contain a world
model and a physic engine in which a virtual vehicle can be navigated and in which the dynamics
of the vehicle can be modelled [5]. Assuming that this vehicle is equipped with the same
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Automated Driving System (ADS) software [6] as a real vehicle, it is possible to run different
scenarios of how the AV would react to certain traffic situations. However, the design of traffic
scenarios is a complex, lengthy and non-standard process. In a further study by [7], six
influencing parameters, namely relative distance, relative speed, temperature, humidity, weather
event and visibility, were included in the generation model of test scenarios for an autonomous
emergency braking system. Similarly, in [8], the values of eight demonstrative influence
parameters related to the kinematic state of the own and target vehicles were varied to generate
test scenarios for virtual ADAS (Advanced Driver Assistance Systems) verification and
validation. With the exception of [7], other researchers have focused only on the parameters
related to the "objects” layer in the PEGASUS model [9]. The SOTIF standard [10], which is
currently under development, provides many methods and guidelines for the inclusion of
environmental scenarios for preliminary analysis of the concept and final validation. The absence
of unacceptable risk from hazards arising from functional inadequacies of the intended
functionality or from reasonably foreseeable human misuse is referred to as "Safety of The
Intended Functionality" (SOTIF).

3. IMPLEMENTATION OF THE CONCEPT

Existing work on V&YV in the automotive domain emphasises the need to use a large hnumber of
specially designed scenarios to find some bugs in autonomous functions. We believe that the
same criteria should apply to the maritime domain and that there is a need for domain-specific
methods for systematic verification and validation of autonomous functions in ships. The
majority of the articles defined safety based on the values of either Time to Closest Point of
Approach (TCPA) or Distance to Closest Point of Approach (DCPA) [11]. In the context of our
RQ, scientific articles dealing with the navigational safety of automatically generated routes for
ship navigation are not freely available. Real-world testing in the maritime domain is challenging.
This is because the maritime domain is characterized by domain-specific requirements such as
the hydrodynamic environment, ship dynamics according to the six degrees of freedom (6DoF)
model, exclusive environmental sensors such as radar or AlS (Automatic Identification System),
and navigation support systems such as ECDIS (Electronic Chart Display and Information
System) or VTS (Vessel Traffic Service). Reproducible test cases for larger electronic
components, such as ship bridges, are therefore difficult to test economically. In order to perform
acceptable tests, real data must be used as ground truth in the simulation as much as possible. The
use of ground truth is essential and must be adapted in its scope to the respective tests in the
simulation. In other words, not all real data (such as weather data, traffic data, etc.) must be used
for each test in the simulation. In our case, the ground truth is obtained from real-time and
historical AIS data. This AIS data is processed to create a route between two ports. This route is
then stored in the scenario database (Figure 2) as the basis for a scenario.

Figure 2: General process abstraction Real World- to Virtual-Testing
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Another challenge is the integration of the system under test (SuT) into the simulation.
Depending on the actual SuT, this can be physically integrated or has to be simulated by models.
The simulated world should allow us to replicate possible real-world events. First, it is important
to clarify that a virtual world is not dichotomous to the real, physical or material world that we
inhabit as humans [12]. Instead, a virtual world is a subset of the world within the physical world.

3.1. Importance of Ais Data

Today's applications of AIS data [13] have shifted from collision avoidance, identification and
tracking to the monitoring of shipping routes, maritime traffic trends, risk analysis and maritime
accident investigations, etc. [14]. This paper describes how generated auto-routes are verified and
validated against two reference routes generated for a specific vessel and a frequently sailed
reference route between two ports. The two reference routes are also generated from historical
and real-time AIS data. However, we do not use the AIS data provided by NAVTOR, but a
variety of freely available and commercial AIS data. In this way we want to achieve the best
possible solution, although not completely independent of the Auto-Route generated by
NAVTOR. The methods and models we use to generate the two reference routes are completely
different to NAVTOR's Al-based approach. This is because only a comparison of independent
models/methods can identify differences in route guidance that need to be investigated in more
detail. Both reference route generation involves the application of several mathematical models,
some of which overlap, to achieve a high level of confidence. AIS data provide real-time
trajectory data that can be used to monitor the navigational status of ships and trigger alerting
mechanisms for ship collision avoidance, maritime surveillance, trajectory clustering, vessel
traffic flow prediction and marine casualty investigations [15]. The AIS communication network
can be divided into two parts, the ship borne AIS station and the shore station. The ship borne
AIS stations transmit ship related static and dynamic information in the very high frequency
(VHF) band at regular frequency according to the International Telecommunication Union (ITU)
specification. The static information, which is manually entered or updated, mainly includes
identification, call sign, ship name, dimensions, type, etc. [16]. Dynamic information, e.g. from
the Global Navigation Satellite System (GNSS), includes time stamp, speed over ground (SOG),
course over ground (COG), position (in latitude and longitude), etc. (Figure 3).
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Figure 3: Main AIS static and dynamic information

Shore-based stations are mainly set up by the authorities on shore. While the ship borne AIS
station is transmitting messages, ships and shore stations in the vicinity can receive these
messages and display them on the Electrical Navigation Chart (ENC). In this way, AIS enables
communication between ships and shore-based authorities and helps maritime administrations,
ship owners and ship pilots to determine the position and status of ships. However, the detection
probability of AIS is not a purely geometric matter, but depends on the VHF propagation, which
is affected by ground conductivity, atmospheric conditions, receiver sensitivity, antenna
attenuation, signal shadowing, radio interference and more. Nominal reporting intervals for data
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transmission vary from 2 s to 6 min and depend on the type of AIS station, the group of
messages, the navigational status, the speed and the course change of the vessels [13]. Slower
vessels transmit kinematic data every 10 seconds, medium-speed vessels every 6 seconds and
high-speed vessels every two seconds. If the ship changes course, the transmission intensity
increases by a factor of 3 (for slow and medium speed ships).

3.2. Scenario Database

There are millions of shipping routes, ports and different classes of ships and vessels around the
world. This almost unmanageable number and variety has to be reduced without giving up the
representativeness of reality or limiting it in the long term. In order to achieve an acceptable
representativeness of the real-world within the simulation, the simulation scenarios are defined by
a high diversity of the mapping of the real-world in the route sailed by seagoing vessels. To this
end, a global statistical analysis of oil, grain, iron ore, passenger and container routes is used to
filter out the essential routes from the millions of possible shipping routes. The statistical analysis
was also carried out to ensure that the most navigable routes through the major shipping lanes
(straits) were included. For example, the following straits are selected:

» Bosporus Strait and Strait of Dover,

» Hormuz and Bab-el-Mandeb Strait,

» Gibraltar Strait and Malacca Strait.
In addition, routes have been selected that are navigationally complex and pass through a large
number of TSS (Traffic Separation Schemes). A TSS is an area of the sea where shipping is
highly regulated. In addition, the routes of different classes of vessels such as containers, tankers,
bulk carriers and passenger ships are compared to maintain realism. The result of the static
analysis is 386 routes between two ports. These routes are planned with different ship
classes/ships and are available as reference routes for comparison with the NAVTOR Auto
Route. Statistically, these results cover, on average, the most travelled routes in the world. This
test area in the virtual world thus covers a flexible, wide range of routes, ships and ports,
resulting in a high degree of representativeness for the real world. The actual reference routes
between the ports are created by evaluating historical and real-time AIS data. Each reference
route for a given vessel and the most frequently sailed route between the two ports is stored as a
scenario in the scenario database.

3.3. Generating of Reference-Routes

Raw AIS data is used to create a reference dataset for the identified routes and to define a matrix
of historical AIS data as follows [17]:

X1j=[X1, Xz, ooy Xn]T (D)

where N is the total number of AIS messages and

Xi = [MMS;;, ti, piT, ci, vi] 2

ie[l, 2, ... , N] is a vector where MMSy;, ti, piT and vi respectively represent the Maritime

Mobile Service Identity (MMSI), time stamp, location (WGS 84 longitude and latitude), course
over ground (COG) and speed over ground (SOG). Each vessel is identifiable by its MMSI.

3.4. General Process of Development AIS Reference Routes

The process shown in Figure 4 is to develop two reference routes for comparison with the
NAVTOR Auto-Route calculation.
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Figure 4: General Process for Deployment Reference Routes

To do this, the reference route must be of very high quality and reliability. These characteristics
are achieved by using different mathematical models to build the reference route, which are
independent of each other and partly overlapping. In addition, different models have been used
for the same task and their results have been compared and evaluated against state-of-the-art
techniques. The first step is to extract the relevant data for the route between 2 ports from the
available historical AIS data. This step leads from a decision boundary to a validity region. This
is our ROI (Region of Interest) (Figure 5).
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Figure 5: From Decision Boundary to Validity Domain to Model Decision
The data provided by AIS is in the form of an ASCII string like the following:
IAIVDM,1,1,,B,13cita001NOuC7\<hva8qqgaifO\<0@,0* 1f <= p=""">

In order to process this information digitally, it must be decoded. Accurately parsing a complete
AIS message is challenging for several reasons. Firstly, the International Telecommunications
Union (ITU) Recommendation M.1371-5, the standard that governs the operation of AlS devices,
defines 27 different AIS message types, each with its own unique set of approximately 15 data
fields [18]. Within each of these different message field sets, the individual message fields
themselves often have variable bit structures that require unique logic rules for parsing. Four
open source AIS decoders [19] were considered for this work (Table 1).
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Language Message Types (OF]
decoded
libais C++/Python | 1-27 any
AIS Parser C/Python 1-24 any
NMEA Plus | Ruby 1-16, 18-21, 24, any
26
AisLib Java 1-14,17-19, 21, Windows
24, 27

Table 1: Summary of Open Source AIS Decoders [19]

A thorough comparison of each is not intended in NMEA (National Marine Electronics
Association), but rather to show the limited availability of open source software for advanced
AIS decoding, we have included general details about each parser in Table 1 for reference. For
our work we mainly chose Kurt Schwehr's libais software [20] for three main reasons: it was able
to decode all 27 message types, its Python interface made it easy to implement, and it's C++ code
base suggested efficient performance on large datasets. In addition, the documentation and
discussion group support for libais seemed superior to other options.

3.5. Data Processing

Pre-processing is a basic step performed at the beginning to improve the quality of the trajectory
data and to generate sub-trajectories. This process consists of the following three steps:

» Trajectory extraction and separation: This step is divided into two sub-steps: separation
of data from different vessels and separation of data from different trajectories of the
same vessel. Vessels are identified by their MMSI. The trajectory of the vessel is
discontinuous in different time periods and different trajectories of the same vessel can
be separated according to the time stamp of the AIS data.

» Time interval standardization: AIS data transmission time interval has a standard
specification; however, a large number of AIS data acquisition time intervals do not
conform to the standard [21].

» Data cleaning: Longitudinal and latitudinal data of ship AIS are derived from GPS
(Global Positioning System) [21]. The relative positioning of GPS is subject to errors due
to atmospheric delay, multipath and diffraction. Data cleaning aims to discard impossible
positions or trajectories using specific constraints.

3.5.1. Ship trajectory extraction and separation

Vessel trajectory extraction can be divided into the separation of trajectories from different
vessels (MMSI selection) and the removal of discontinuous vessel trajectories. The raw AIS
samples are then sorted by timestamp in ascending order. It is found that an AIS sample may be
recorded several times in the database. To solve this problem, the repetition samples are removed
to avoid further processing if the constraints in equation (3) are satisfied. The outputs of the
above step are the raw ship trajectories. In the detailed analysis of the raw data, we found that,
based on the time stamps, there were periods of 2 to 4 hours of no data available for each vessel.
This could be an indication of data loss. Such discontinuity of AIS data poses a great challenge
for the detailed analysis of the kinematic motion state of ships. To fill the gaps in the data, we
divided the raw ship trajectory into segments and used Equation 4 to fill the gaps as a function of
a threshold:

Ta=Th,

Lat, = Laty,

Lon, = Lony, 3
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Ti> T, 4)

Where Ta and Ty, are the time stamps of two AIS records. The vessel positions at timestamp T, are
denoted Lat, and Lon, respectively, Lat, and Lon, are the counterparts at timestamp Ty. T is the
default threshold. Sometimes ships change their IMO and MMSI numbers. This may be because
they change flag, ownership and type of AlS, radio equipment or supplier. To avoid multiple AIS
tracks for a vessel, we map changes and combine automatic tracking with manual work. One way
to check the accuracy of MMSI numbers is to compare them with the ITU database: Here we
manually enter an MMSI number, call sign or vessel name and check the existence of the vessel
in the ITU database. To increase the reliability of the two reference routes, the MMSI numbers
were randomly checked. Figure 6 shows an example of MMSI cleaning. This figure shows a ferry
sailing from Eemshaven in the Netherlands to Kristiansand in Norway. This ferry currently
operates exclusively on this route. The duplicate MMSI of the ferry off the Spanish and French
coasts are incorrect and have been removed.

Figure 6: Example of double MMSI Numbers (left) and after cleaning (right side)
3.5.2. Time interval standardization

According to ITU requirements, AIS is not transmitted continuously but at intervals. Therefore,
AIS data received from different vessels is asynchronous and must be transmitted separately.
When a vessel is underway, AlS data typically has a 30 second interval between positions from
each Class B AIS and a 10 second interval between positions from each Class A AIS [18]. If the
shore observer receives the latest positions of the own vessel at time to, t1 and t2, the received
positions of the target vessel are at time t'o, t'1 and t', before to, t1 and t, respectively (t'o< to< t's
< t1< t'>2< t2). Figure 7 illustrates this relationship.

Figure 7: Asynchronous AlS positions
From the position of the two ships, the distance between them can be calculated directly for
comparison. If the positions of two ships are (lati, loni) and (lat., lony), the distance between
them is:

*[=arccos[sin(lat1) sin (laty) +cos(lati) cos(latz) cos(loni—lony)] XR*

where [ is the distance between the two positions and R is the radius of the Earth. Calculate the
distance ' between two sets of predicted positions of two approaching vessels in order, using the
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AIS message times of the closest match. To standardise the time intervals, we used the hill-
climbing algorithm. The hill-climbing algorithm starts from the first two positions of the two
vessels. If the change in distance dl’ is less than zero, the shortest distance can be accepted:

dl'<0

If the change in distance dl’ is greater than zero, it means that the values of the distance obtained
are increasing and the vessels are moving away from each other. As shown in Figure 8, the
closest predicted approach point is the current position and can be referred to as unsynchronised
pseudo-CPA.
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Figure 8: Time interval standardization
3.5.3. Data cleaning

Measurement and data collection errors are common in the real world. Noise is an unavoidable
problem with AIS as it relies on many sensors in addition to manual input. A change in the
original value can be defined as noise. Random position errors in ship tracks, AIS speed not
matching ship speed and unstable speed and course values were also found in the AIS sensor
data, as noted in [22]. Our observations are broadly consistent with [23]. The removal of noise is
usually difficult, but we have addressed it using the Point-based Similarity Search Prediction
(PSSP) model [24] for efficient results in the presence of noise. In Figure 9, latre1 and lonte are
the current known coordinates of the target point. Latrp and lontey, are the future unknown
coordinates of the target point to be predicted. In the same way, latspu and lonsp.u and latse» and
lonsp,2, which are both known, represent the coordinates of a similar point at the present time and
at the future time respectively.

(latsp,ez . Lonsp)

(latspey . Longp,y) ,«/”""—//J
s Future
Now e
P (latrp,z . Longp,2)

(latzpey - Longpsy)
Figure 9: The PSSP model's approach to location prediction [25]

The PSSP model performs appropriately when the target and the most similar extracted points
move in the same direction [25]. The prediction accuracy of the PSSP model drops dramatically
when these objects move in different directions. Thus, in order to improve the accuracy of the
PSSP model, a constraint is imposed which specifies the absolute difference between the
azimuthal angle of the path of the target point and the azimuthal angle of the path of the similar
point, which must be less than 22.5° [25]. To confirm the results obtained and to increase the
reliability, the generated noise-free tracks of the reference routes were evaluated with the cubic
spline interpolation. It was found that the time interval between different data samples can vary,
which prevents the ship trajectory reconstruction model from accurately extracting the AIS
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intrinsic patterns. Thus, it is difficult to predict the ship trajectory in real applications. To
overcome this problem, we use cubic spline interpolation and moving average models to
normalise the AIS data series. This interpolation scheme is based on [26]. It requires a priori
knowledge of the signal domain so that the interpolant is consistent not only at the sampling
points, but also with respect to the given samples at intermediate points between samples. As an
output of this trajectory reconstruction model, we obtain normalized ship trajectory samples,
which we fed into an AIS data reconstruction model to obtain normalized AIS data samples as an
output. For this we used a moving average model [27]. In AIS data, missing values are a
recurring problem that affects every attribute. If the time interval between successive
observations is very long, missing reports may result in discontinuous trajectories or large
geographical coverage gaps.An example of an incomplete trajectory is shown in Figure 10, where
interpolation methods can be used to complete missing trajectories [28].

latitude
&

4 2 0 2 4
longitude

Figure 10: Example Missing Position Values [28]

However, there are a number of challenges in analysing marine trajectory data. 1) Ships move
relatively freely in the maritime environment compared to the restricted movement of vehicles on
roads. It is difficult to define the normal movement of ships, although there are recommended
main shipping routes for ships to follow. 2) the refresh rate of AIS is every few seconds or
minutes depending on the speed of movement. To evaluate the results of the PSSP model, we
used the Lagrange interpolation [29]. This is a well-known and established algorithm that is
preferred to the Newton interpolation because it gives better approximations. To calculate the
number of interpolation points to be added to the trajectory, we take-into account the minimum
transmission frequency of the AIS (T =3 minutes). Dividing the temporal distance with T results
in the number of interpolated positions k. Dividing the spatial distance with k results in the spatial
increment Xiner. This increment indicates the vessels movement in the x-axis at each time-frame of
the missing trajectory. Knowing that the ship moves by Xincr every 3 minutes and that the ship has
transmitted a total of k positions during the communication gap, we calculate the corresponding
values (y, speed and heading) of the interpolated positions [30]. At each step of the iteration the
new interpolating timestamp and longitude are calculated by adding the corresponding increment
values, while the new latitude value is calculated using the Lagrange formula [30]. To calculate
the speed, we first need to calculate the distance between the previous and the current position.
We use the Haversine formula because it takes into-account the earth’s curvature [30]. Then, the
new heading is calculated by using simple trigonometric functions. Finally, the newly created
interpolating position is added to a list and becomes the previous position as the iteration
proceeds. To constrain the interpolation from creating unrealistic positions, we apply the
interpolation to each route Ra_.g, after positions inside waypoints have been removed. Waypoints
contain a large amount of positions that are anchored or moored, which means that positions will
be scattered in a small area inside the waypoint, rather than follow a specific kinematic path,
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introducing extreme curvatures and extreme speed values. Moreover, routes that have a gap equal
to or more than 24 hours are removed from the process [30]. Figure 11 visualizes the result of the
Lagrange interpolation applied to one distinct trajectory with large communication gaps. Figure
11(a) illustrate a trajectory with a communication gap. This Figure visualizes a vessel that is
traveling from the lonian Sea towards the Aegean Sea, when a large communication gap appears
at the south side of the Peloponnese. Figure 11(b) illustrate the same trajectories after the
Lagrange interpolation. In this case, our approach at interpolating missing positions manages to
fill in the missing segments efficiently.

a

Figure 11: Example of Lagrange interpolation [30]
3.6. Data Normalization

Normalization refers to the adjustment of measured values to make them suitable for comparison.
Out-of-range values can occur in many AlS data attributes and can be easily handled using filters.
For example, latitude greater than 90° or longitude greater than 180° [31] can be easily detected.
Another example is negative or very large speed values, e.g. a bulk carrier doesn't normally
exceed 15 knots. Speed jumps can be detected and corrected by evaluating the distances between
successive observations and setting a threshold [32]. Another example is the course and heading
values of ships, which should be between 0° and 359°. A heading value of 511 means not
available and a heading value of 360 means unknown. However, values between 360 and 511
may appear although they are not allowed. In AIS messages, ship specific information should
remain consistent. For example, there should be no change in ship type, size or cargo type during
the same voyage [33]. Also, the ship's beam and length should match the draught values. Another
issue is the destination text format, which can have any structure. A vessel can use the name of
the port, the code of the port, the country of the port, the port of origin and destination, an
unknown abbreviation or leave it empty.

3.7. Data Filtering

The filtering of AIS data is primarily used to find and remove data problems that are very
different from most of the AIS data (data outliers and numerical redundancy in the sources). We
use this step for further evaluation and post-processing. To further evaluate the consistency of the
individual AIS messages with each other, it is important to understand that there are 2 different
AIS messages. 1) AIS position reports, which report the position, speed, heading, rate of turn and
status of vessels, and 2) AIS static voyage reports, which report the identity, type, size and
voyage information [18]. These two types of data are linked only by the vessel's MMSI number,
which is used as the vessel identification for both. Message types 1, 2, 3, 18, 19, 27 are position
messages and contain values in the position related fields. Message types 5 & 24 are static
voyage messages and contain values in the static details and voyage related fields [18]. In order
to identify the name, IMO number or type of vessels associated with the AIS position reports, the
MMSI number must be used to link the two different sets of AIS data. For example, if position
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reports to MMSI 636018333 are recorded in AIS message type 1, then the IMO and name of that
vessel can be determined by looking for AIS message type 5 reported using the same MMSI
number as shown in Figure 12. With this data consistency, the AIS data can be used and
visualized as a Reference-Route for a particular vessel between two ports.
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Figure 12: Distribution of AIS message key field values
3.8. Trajectory Clustering for the Frequently Most Sailed Reference-Route

The last step of our approach is related to the clustering of the trajectories that have the same
itinerary Ra—s. Clustering analysis is a way to group data into similar attributes where similarity
is based on a distance metric between points. In Figure 13 each dot represents a collection of AIS
signals contained within the area occupied by the dot.

Figure 13: Clustering for the identification of boundaries

The typical algorithm for clustering the points of one or more trajectories is DB-Scan [34], which
is used as a density-based spatial clustering method. Our version of DB-Scan uses 3 parameters
to specify the proximity of candidate vessel AIS signals (positions) [35]. Therefore, for each
position in a ship's trajectory, we keep: i) the ship's speed, ii) the ship's heading (course over the
ground), and iii) its latitude and longitude coordinates [35]. Three different thresholds are then
used to decide if the positions of the two different vessel trajectories are neighbours: the speed
difference threshold s, the heading difference threshold h and the distance threshold eps. If two
positions from the same or different ship trajectories have an absolute difference in all three
dimensions that is below the threshold, the trajectory points are clustered together [35]. Figure 14
illustrates the differences between the two variants of the DB-Scan algorithm. 14(a) on the left
shows the original DB-Scan algorithm, which uses only spatial distance as a neighbourhood
criterion. 14(b) on the right shows the modified DB-Scan for moving objects, which considers
two (multi-dimensional) points (including position, direction and velocity dimensions) to be close
to each other ('neighbours' in DB-Scan notation) if the positions are spatially close to each other
and there are small differences in direction and velocity [35]. Each colour in Figure 14(b)
represents a different cluster. Red arrows belong to the same cluster because they are close
together and have approximately the same speed and direction. Dashed thin blue arrows indicate
a different cluster because they have a higher speed than the red arrows. Dotted thick blue arrows
indicate outliers that are either far away or have a different speed or direction from all their
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neighbouring vectors. Specifically, the dotted thick blue arrows at the bottom right have a
different direction from the rest, while the dotted thick blue arrow at the top is spatially away
[35].
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Figure 14: Trajectory Clustering for the frequently most sailed Reference-Route [35]

Before applying the modified DB-Scan algorithm, we first segment the monitoring area into 0.2
degrees tiles. The choice of this grid resolution was made because most weather services use the
same resolution, making it easier to integrate with such services and allowing us to extend our
approach in the future (e.g. enriching each tile with weather information to explain unexpected
vessel movement behaviour). A database stores the trajectory samples of different vessels (i.e.
AIS data) via the data sending/receiving timestamp, and thus we need to cluster trajectory data
for the same vessel for the purpose of further trajectory analysis task. We remove the repeated
trajectory sample considering that data duplication is common (i.e. vessel with different MMSI
with the same latitude, longitude and time stamp). We divide the initial ship trajectory into two
sub-trajectories if the neighbouring time difference meets certain criteria of Equation 2 in
[36].Further we evaluate the success of trajectory compression in three ways. First, is to count the
number of points. Second, using the Dynamic Time Warping (DTW) algorithm to find out
changes in the original trajectory with the compressed one. The closer to 0 the value of the
distance generated by the DTW shows that the compression results are similar to the original
trajectory. Third, to determine the effect of compression with the time complexity of the
similarity measurement process, the DTW processing time is calculated for each trajectory.
Finally, after the trajectory clustering process completes, the clusters are converted into convex
hulls [30]. The result is a set of convex hulls, each one annotated with the itinerary Ra_g it
belongs to. Therefore, each itinerary can be represented as a set of convex hulls indicating the
spatial boundaries the vessels must move in when following Ra_e.

4. RESULT OF THE CONCEPT IMPLEMENTATION

Figure 15 illustrates the implemented framework for performing V&V. The basis of the scenarios
for performing these activities are the 383 routes between the globally distributed ports of the
statistical analysis. These routes form the basic ground truth, which is underpinned by the cleaned
and processed AIS data. The resulting virtual routes, together with the virtual ports and vessels,
are stored as scenarios in the scenario database. The generation of the two Reference-Routes in
Figure 15 represents the first test run. Test run 2 is currently still in progress and is not explained
in detail in this paper. It serves to validate the NAVTOR Auto-Route against the HAGGIS world
model.



122 Computer Science & Information Technology (CS & IT)

Physical Tests

Recording &
Labelling

Virtual Tests

First Test-Cycle

Verification Validation against the

LAl EGﬂ'ESDDI‘IdEI‘ICE
process step

) defines

(i1 refinement

Figure 15: Result of the Concept Implementation

The following criteria have been defined as safety goals to assess the basic navigational safety of
the generated NAVTOR Auto-Routes for vessels:

. The route must be accessible through the advisor service and follows the path between
the two designated ports. The advisory service should be stable and reliable.

. The blocker used to set up navigational safety active.

. The autoroute must include the relevant prescribed TSS and these must be planned in the
correct direction.

. The route must include the relevant prescribed deep- water routes, if required by the
draught of the vessel, and these must be planned in the correct direction.

. The route of the vessel must follow the fairways in the correct direction. Buoyancy must
be maintained in accordance with the regulations.

. The generated NAVTOR Auto-Route should not deviate by more than 10% in distance

from the most frequently used reference route for a given vessel type (saving fuel and
reducing CO2 emissions).
. Failure of the advisory service should be clearly indicated to the user.

Particularly critical indicators are the avoidance of ground contact and contact with objects such
as buoys or moorings. Our framework allows two test cycles to be performed (Figure 17): In the
first test cycle, the NAVTOR Auto-Route is manually compared with the Reference Route of a
given vessel and the most frequently used Reference-Route between the two respective ports.
This comparison requires the availability of up-to-date paper charts or ENCs. The main purpose
of this test cycle is to verify the requirements. During the second test cycle, the HAGGIS (Hybrid
Architecture for Granularly, Generic and Interoperable Simulations) maritime simulation of the
German Aerospace Centre is used to validate the generated NAVTOR Auto-Routes. The
HAGGIS virtual co-simulation infrastructure includes Al-based environmental, traffic and vessel
simulators. These are used to assess the risks, efficiency and navigational safety of the NAVTOR
Auto-Routes for ships during product development.

5. EVALUATION OF THE NAVTOR AUTO-ROUTES

When using the NAVTOR advisory service, a disclaimer is included stating that the user of the
service is solely responsible for determining navigational safety and that NAVTOR accepts no
responsibility. The user of the service is therefore responsible for determining the navigational
safety of the route and must adapt the proposed Auto-Route to his vessel, for example by
selecting a so-called blocker. These blockers prevent certain routes, such as those through the
Kiel Canal, from being included in the Auto-Route calculation.
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Our first task was to determine, if any depth information was included in the Auto-Route. This
issue is explained below using the example of an Auto-Route from Abbot Point in Australia to
Mundra Port in India. One ship that operates in the real world between these two ports is the MV
Balzani. This vessel has a draught of 13.5m. We plan to sail the virtual route at a speed of 15
knots (kn). Our generated Reference-Route sailed by MV Balzani (Figure 16) between these two
ports is approximately 6825 nautical miles (nm) in length. Due to its draught, the MV Balzani
takes a (simulated) route around Papua New Guinea.

H )
Figure 16: Reference-Route of the MV Balzani between the port of Abbot Point to Mundra Port

The inner routes around Australia are not navigable for vessels of this draught. The most
frequently sailed Reference-Route between these two ports is approximately 5837 nm in
length.(Figure 17). The green line in Figure 19 represents the frequently most sailed Reference-
Route between the two ports, while the yellow and blue triangles represent vessels of different
classes under way.

Figure 17: Most frequent sailed Reference-Route between the port of AUABP Abbot Point to INMUN
Mundra Port

At a speed of 15 knots, the most frequently sailed Reference-Route takes approximately 16 days
and 5 hours. The most frequently sailed Reference-Route is 988 nm shorter than the Reference-
Route of MS Balzani. The most frequently sailed routes pass through the inner passages of
Australia. Ships using these passages have a shallower draught than MS Balzani. If no blocker is
used in the Auto-Route service, then the NAVTOR Auto-Route also suggests the inner route to
Australia (Figure 18) and gives a calculated length of 5976 nm. At a speed of 15 knots, the
duration is 16 d, 14 h and 24 min.
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Figure 18: Auto-Route without blocker between the port of Abbot Point to Mundra Port

In this example, the inner route refers specifically to the use of the inner route “Northern
Passage” with the use of the Gannet and Varzin Passage (Figure 19). The blue line shows our
manual navigational/mathematical calculation of the course and position required to safely
navigate this route. The red line illustrates the Southern Passage.

Figure 19: The Garnnet and Varzin Passage of the Inner Route North Passage

It is clear from this example that the draught of the vessel is not taken into-account by NAVTOR
Auto-Route. What is the solution in the Auto-Route calculation? Vessels with larger draughts
must use the blockers Gannet and Varzin Passage for a voyage between the port of Abbot Point
and the port of Mundra. Repeating the test with the Gannet and Varzin Passage blockers
produced the result shown in Figure 20. As can be seen from this figure, the generated auto-route
no longer crosses the Great Barrier Reef - Inner Route North, Northbound - but bypasses Papua
New Guinea.
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Figure 20: NAVTOR Auto-Route Abbot Point to Mundra Port with blocker Gannet and Varzin Passage
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The result of the Auto-Route calculation is a route length of 6830 nm. The NAVTOR Auto-Route
is 5 nm longer than the Reference-Route of the MV Balzani (6825 nm). However, the route is
almost identical. The verification of navigational safety in accordance with the requirements of
the IMO has shown that this route is basically navigationally safe. The Auto-Route follows the
fairways and passes the buoys on the correct side and danger spots are effectively avoided. The
adaptation effort for on-board navigation is > 70% compared to manually planning the route with
a NavsStation or other navigational equipment.

As a further evaluation in the form of simulation of so-called special routes (not included as a
result of the static analysis), we compared the results of manually navigated/mathematically
calculated ship routes between two ports with the Reference-Route of a given ship and with the
NAVTOR Auto-Route. The following example illustrates this evaluation: The route from Busan
to Taichung Harbour was manually calculated by navigation/mathematics on nautical paper
charts and manuals. This route is basically safe in terms of navigation and has a length of 795
nm. The King Men Express with a draught of 11,9 m was used as a simulated ship with a cruising
speed of 12 kn. The calculated NAVTOR Auto-Route between the port of Busan and the port of
Taichung has a length of 799 nm. With a speed of 12 kn the duration is about 2days, 18 hours and
32 minutes. The Auto-Route is only 4 nm longer than the manual calculated route. Our
Reference-Route of the King Men Express between these ports has a length of about 829 nm. The
Figure 21shows a basic illustration of this.

Figure 21: Reference-Route King Men Express between Port of Busan to Taichung Port

The length of NAVTOR Auto-Route is 30 nm shorter than the Reference-Route of the King Men
Express. The most frequently sailed Reference-Route between these two ports has a length of
about 791 nm. This route includes ships with shallower draughts. While these vessels can sail
closer to the coast, shortening the route (Figure 22).

Figure 22: Most frequently sailed Reference-Route between Port of Busan to Taichung Port
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The concrete comparison of the individual WPs of the 4 routes showed an almost identical route
guidance with only gradual differences. This example illustrates the high quality of the NAVTOR
Auto-Route and also why comparisons with the reference routes are useful because of their
minimum equivalent quality. With the implemented V&V architecture, 93 of the 386 statistically
determined routes have been checked so far. The summarized results are as follows:

. The calculation of the NAVTOR Auto-Route is stable.

. The blockers used to ensure navigational safety work perfectly.

. Most NAVTOR Auto-Routes are shorter than the Reference-Route of the specified ship.
This reduces CO2 emissions and fuel consumption.

. Some of the calculated NAVTOR Auto-Routes are longer than the most frequently sailed

Reference-Route. The main reason is that the ships on this route sometimes have a
shallow draft and sail closer to shore to shorten the route. However, the distance
differences at long distances (10,000 nm) are very small.

. The NAVTOR Auto-Routes are fundamentally safe from a navigational point of view.
The route follows the fairways and passes the buoys on the correct side. Danger spots are
effectively avoided.

. A comparison of the time taken to plan a conventional route (including a safety check)
and using a NAVTOR Auto-Route with a safety check showed a saving in planning time
of up to 70 per cent (manually stopped times within the relevant comparisons).

6. CONCLUSION AND FUTURE WORK

One of the main objectives of a shipping company to be competitive is to optimize the voyage. It
is largely driven by the need to operate a ship as cost-effectively, energy-efficiently and safely as
possible on every voyage of its lifetime. Voyage planning is now supported by weather routing
systems on a large number of ships. NAVTOR is currently working on integrating a weather
forecast into their Auto-Route. Depending on the requirements of the ship operator and the
shipping business, the main objective may be to optimize the voyage in terms of energy
efficiency, voyage duration, safety or a combination of these aspects. In the case of a flexible
arrival time, a minimum time or minimum total cost optimization problem has to be solved. In
addition to time constraints, other constraints include vessel characteristics, safety considerations,
and geographical conditions, which are mainly route restrictions due to shore, shallow water,
icebergs, mines, or traffic separation schemes. Ship characteristics are usually taken into-account
by a hydrodynamic model that reflects the behaviour and reactions of the ship, its speed profile
and fuel consumption in the face of wind, waves, currents and other environmental conditions.
Our method of comparison in the form of two reference routes is applicable to ports of any size
or, more generally, to Areas of Interest of any size. It must be admitted that the generation of the
Reference Routes was not carried out in a coherent framework, but several independent methods
and models were used to increase the reliability of the references. For the same reason, NAVTOR
AIS data was not used. The variance of the worldwide route guidance achieved by the static
analysis is extended by the retrieval of so-called special routes. These special routes present
special challenges in terms of further comparison possibilities and navigational peculiarities. An
essential key to the generation of reference routes is the preparation of AIS data. As this is mainly
done manually using various methods, it is very time consuming. It often takes up to 10 hours to
complete a reference route. Part of this effort is certainly due to the fact that no closed framework
was used to generate the reference routes, but this should not hide the fact that the preparation of
the AIS data is time consuming. Unclean, incomplete or even contradictory content in AlS data
prevents the generation of high-quality reference routes. The generation of 2 Reference Routes
for comparison with a NAVTOR Auto-Route has proved to be useful in our experience. The most
frequently sailed Reference-Route should be almost shorter on average than the NAVTOR Auto-
Route, as this route is also used by vessels with a shallower draught. The Reference-Route of the
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specified vessel will be longer on average than the calculated NAVTOR Auto-Route, as we have
generated this route from the AIS data of a real vessel with its current draught. These vessels sail
deep-water routes further away from the coasts, thus increasing the distance between the two
ports. The NAVTOR Auto-Route takes into-account the gross tonnage of the vessel, but not the
actual draught. The navigational safety of the Auto-Route must be guaranteed by navigation on
board the real ship. The available blockers must be used for this purpose. The quality of the Auto-
Route is determined by comparing the individual waypoints of the three routes. The summary
result is that the quality can be set as high as none of the previously tested routes are nonsensical,
as the Auto-Route follows a short route between the two ports. In 93 static analysis and special
routes tested to date, 98% of the safety targets defined in Chapter 4 have been met. The potential
for optimisation identified within individual routes is continually incorporated into the product,
leading to continuous improvement.

Our next work is to continue the previous V&YV activities until a NAVTOR Auto-Route version
with weather forecast is implemented. With this in mind, we are working on a concept to extend /
optimize the methods used so far to be able to generate Reference-Routes that also include a
highquality weather forecast.
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