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The Automatic Identification System (AIS) has proven itself to be a valuable source for ship
traffic information. Its introduction has reversed the previous situation with scarcity of
precise data from ship traffic and has instead posed the reverse challenge of coping with an
overabundance of data. The number of time-series available for ship traffic and manoeuvring
analysis has increased from tens, or hundreds, to several thousands. Sifting through these
data manually, either to find the salient features of traffic, or to provide statistical distri-
butions of decision variables is an extremely time consuming procedure. In this paper we
present the results of applying computer vision techniques to this problem and show how it is
possible to automatically separate AIS data in order to obtain traffic statistics and prevailing
features down to the scale of individual manoeuvres and how this procedure enables the
production of a simplified ship traffic model.
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1. INTRODUCTION. Ships are the world’s foremost means of transpor-
tation and are recognized as the most economical method of moving goods around
the world. Due to the large quantities of cargo carried by each ship even a single
accident can cause an environmental disaster and/or a serious short-term environ-
mental impact if the cargo is discharged into the ocean. An ever increasing cargo
volume carried by sea and an increased concern for the environment has led to
increased focus on analysis of ship traffic both to prevent accidents and to make
informed decisions about fairway design, traffic separation schemes and disposition
of emergency services. This increased focus on safety has led to a need for risk
analysis models for ship operations and grounding, including analysis of ship traffic
and manoeuvring. Analysis of ship traffic has been hindered by a lack of data and
the difficulty of obtaining data from all vessels passing through an area during a
sufficient time span to produce statistics. The analysis has had to rely on limited
data sets from purpose-built shore based measurement systems, data sets from
selected vessel or synthetic data from simulators. Simulator studies have shown an
increase in capability with the development of faster computers, but they are either
limited by number if human operators are employed, or by a lack of accuracy if the
human element is forgone in favour of a large number of trials with autopilot algo-
rithms. A new possibility of data acquisition was introduced with the introduction

https://doi.org/10.1017/S0373463309990129 Published online by Cambridge University Press


https://doi.org/10.1017/S0373463309990129

588 KARL GUNNAR AARSZTHER AND TORGEIR MOAN VOL. 62

of AIS. Originally designed for radar augmentation and vessel traffic services (VTS),
the system can be used to collect information about traffic in the area with little
effort as the infrastructure is deployed around the world in compliance with the
SOLAS convention. AIS provides position updates at sample rates varying from
three seconds to three minutes dependent on the individual vessel’s manoeuvre situ-
ation. The amount of data generated from AIS varies with the instantaneous traffic
situation in the area, but if one considers historic data for traffic analysis, the
amount of data to be processed increases to a hitherto unimagined scale. The
amount of available information will tend to infinity if one keeps the detailed AIS
records; it is evident that the previous situation of data scarcity has been replaced
by an overabundance of data and that the techniques employed to analyze this data
is of increasing importance if one wishes to utilize this data source to its fullest
potential. Little has been published about the use of AIS for traffic analysis. Gucma
& Przywarty, 2007 and Guema & Goryczko, 2007 used AIS to provide data of the
major traffic patterns and their density in the Baltic Sea to analyze the location of
possible oil spills. AIS can provide data for more detailed analysis, down to the
scale of individual manoeuvres, but this scale poses additional problems as the
manoeuvre patterns in AIS position reports fall into groups defined by geometry
not by some measure of absolute position. This problem is further enhanced by
analysis of areas where no prior knowledge of manoeuvre patterns exist, making
the problem both the identification of manoeuvre patterns and the grouping of the
data according to these patterns.

This paper will show how one can utilize AIS as a data source to explore the existing
manoeuvre pattern in an area, estimate the manoeuvre sequence and generate traffic
statistics by application of computer vision theories. The process produces an
idealized description of the manoeuvring pattern and statistics with relatively little
effort. In addition it will be shown how to utilize databases of publicly maintained
navigational aid installations to estimate the most probable navigational aid used for
transitions in the manoeuvre sequence.

2. METHODOLOGY. The sclected area of study shown is in Figure 1.
Position reports were obtained from AIS data collected in the period of April to
June 2006. The area is that surrounding Risavika harbour in south-western Norway
and shows a clear traffic pattern. The premises of application of computer vision
techniques to explore and group the traffic in an area are:

® There are well defined manoeuvre patterns which can be detected by looking at
the traces of the ship positions.

® A prototypical manoeuvre plan is, or appears from external observations, shared
by vessels following a manoeuvre pattern.

The assumptions are fulfilled in constrained waters where geographical features
restrict traffic and either prescribe a particular manoeuvre plan, or necessitate an
orderly manoeuvre execution. A typical collection of position reports in constrained
waters from AIS is seen in Figure 1, which exhibits several overlapping, and well
defined traffic patterns.

2.1. AIS as a data source. AlS was introduced in a SOLAS amendment and is a
recent addition to the required bridge equipment aboard vessels in domestic and
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Figure 1. AIS samples in blue and navigational markings in yellow in an area where traffic is
constrained by land and island formations.

international traffic. The system connects the ship’s global positioning and speed
measurement systems to a transponder, which broadcasts the ship data. The AIS data
is received by other ships as well as base stations along the coast, and is used both by
ship-based ECDIS and VTS control centres for surveillance and radar augmentation.
The system is self-organizing by a time division multiplexing algorithm and provides
updates to variable data at rates depending on the ship’s speed and manoeuvre situ-
ation. The data broadcasted from an AIS transponder is divided into static, semi-
static and dynamic data.

® Static data: Ship identification number (MMSI number), length and breadth.

® Semi-static data: Ship destination, hazard level of cargo and ship draft.

® Dynamic data: Time of broadcast, ship speed, rate of turn, course over ground
and position.

The rate of data transmission is seen in Table 1. The data rates are sufficient
to conduct manoeuvring pattern studies, and the time-code multiplexing algorithm
of the system provides space for about 1000 vessels at the same time; a limit which
the amount of traffic in the studies area is well below. The accuracy of the position
data transmitted is limited by the accuracy of the ship-borne global positioning sys-
tem. While there are different satellite positioning systems available or in develop-
ment GPS is the leading system currently deployed. While the accuracy of GPS
originally left something to be desired, the development of differential GPS systems
and advances in positioning algorithms has greatly increased the accuracy of the
position measurements from GPS. The currently installed set of global positioning
systems in the world fleet is a mix of low and high quality receivers. This mix of
position quality directly influences position reports in AIS and can be exaggerated by
the use of low quality receivers on recreational vessels or on vessels where AIS is
perceived as being unnecessary equipment. This heterogeneous data quality can be
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Table 1. Sample rate of variable data from AIS.

Manoeuvring Situation Sample Rate
At Anchor 3 min
Speed 0-14 knots 12s
Speed 014 knots and changing course 4s
Speed 14-23 knots 6s
Speed 14-23 knots and changing course 2s
Speed >23 knots 3s
Speed >23 knots and changing course 2s

perceived as noise in the position data and be countered by relying only on repeated
similar series of position reports and using the median values to arrive at a description
of the traffic.

AIS data from the greater area around Stavanger in the south-west of Norway was
delivered by the Norwegian Coastal Administration. The data contained MMSI
number, time of transmission and dynamic AIS data. The AIS reports are not in the
form of ship position reports in a sequence, but as a stream of packets from different
ships as received. To apply the data from AIS in manoeuvring analysis, the data for
individual ships must first be reconstructed. This reconstruction is achieved by use of
the unique MMSI number and the time of broadcast with which every data frame is
marked and allows the sorting of data from AIS into time series for each different
MMSI number. There are various error sources in AIS data as reported in (Harati-
Mokhtari et al., 2007) and (Norris, 2007), ranging from data corruption, erroneous
MMSI number, target swaps, faulty position reports and errors in rate-of-turn data.
Faulty position reports as encountered when there is a problem with the receiver
(Norris, 2007; Graveson, 2004) are handled in historic analysis by the selection of
samples by area. Erroneous MMSI numbers are difficult to compensate for if there is
more than one transponder in the area broadcasting the same number; target swaps
and duplicate MMSI numbers were filtered out using a filter based on comparing
distance between samples and the possible distance covered at the reported speed and
time difference. To account for situations where a ship might leave the studied arca
and reappear, the resulting time series from the MMSI groups were split at major
discontinuities in time. Detection of these discontinuities is achieved by the mean and
standard deviation of the sample rate for each specific MMSI number. The presence
of harbours in the area is accounted for by removing sections in the time series where
the ship has zero speed. It was found that in the absence of velocity data the field
reserved for speed in the navigation message is set to 127 (all 8 bits set), thus the
operation had no effect on time series where speed data was missing.

2.2. Model for ship traffic in restricted waters. The analysis of traffic in an area
must be supported by an underlying theoretical model for the traffic and it must
capture the features of the underlying process. In the case of ship traffic, the under-
lying process is ship manoeuvring and the representation of the data is conceptually
divided into three levels:

® Time-series: A collection of sequential data of a single ship’s manoeuvre process.

® Traffic-Group: Collection of the time-series of ship traffic following a similar
geometrical pattern in the same direction of travel.

® Area-traffic: The result of the combination of all the traffic-lanes in the area.
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The aggregation of similar geometric patterns is based on the assumption that a
similar manoeuvre process will produce a similar geometric trace of ship movements.
The traffic-group is positioned as the aggregation of the individual ship movements
into the traffic patterns we observe in retrospect. The traffic-group enables the median
path and spread of traffic to be measured and can provide useful statistics about the
current traffic situation. Median values and statistics cannot alone model the traffic
pattern and only help to summarize the traffic situation. To find a meaningful model
we turn to the process behind the results, that of ship manoeuvring, to provide a
suitable description of the manoeuvre process of the traffic-group.

2.2.1. Manoeuvre model. The process of ship manoeuvring is assumed to follow
a pattern where specific manoeuvre strategies are executed in sequence to produce the
desired outcome. The traffic-group can then be represented by the execution of one
specific manoeuvre strategy in a part, or section, of the traffic-group. The admissible
manoeuvres in a traffic-group are limited and are represented by a necessary simplifi-
cation since it is impossible to discern between manoeuvre types other than course
changing and course keeping by analyzing position and speed reports. This results in
a model of manoeuvring where a course keeping strategy is selected for sections
without course change. For sections with course change a strategy where control
of the relationship between the rate of turn and speed is executed to place the vessel
on a circular path is selected. The strategy of turning the ship along a circle gives
the master a procedure to control the future position of the vessel in restricted
waters while executing a course change. This idealized representation is inspired by
(Litzhoft & Nyce, 2006) and (Aarsether & Moan, 2007) where the approach is
observed both in planning manoeuvres and in training programmes. While different
manoeuvre strategies can be expected to be employed, the simple line-circle rep-
resentation is intended as a low-resolution representation of the manoeuvring pro-
cess. The numerical parameters required for the manoeuvre model are derived by the
information needed to specify each manoeuvre. The following properties are used to
initiate a specific manoeuvre from the idealized representation:

® Straight line: Course angle of the line and speed
® Circle section: Radius of turning circle, course change and speed

The total traffic model for an area is obtained by superimposing the different
manoeuvring patterns. This neglects the interaction of ships following different
manoeuvre patterns, but the simplification is a necessity as it allows the treatment of
different manoeuvre patterns separately. The manoeuvre parameters of each section
in the traffic-group are specified as statistical distributions to capture the variation of
the ship traffic. The final model is the idealized description as a collection of straight
line segments connected by tangential circles with probability distributions for the
parameters of each segment. The model for ship manoeuvring can then be illustrated
by Figure 2, which shows an ideal path of the traffic-group with manoeuvre sections
along with a typical observed case. The defining geometric characteristics of each
manoeuvre are indicated with W being the actual course and R the radius of turn
manoeuvre. O is the possible perpendicular offset from ideal path, or spread of the
traffic.

2.2.2. Manoeuvre transitions. The transition between different manoeuvre stra-
tegies is triggered either by an external condition such as the vessel’s orientation
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Figure 2. Manoeuvre pattern model.
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Figure 3. Effect of navigational aid selection on the evolution of cross-track error along the path.

relative to landmarks and navigational aids in the fairway, or by the evolution of
vessel specific variables like course and position. The location of all the navigational
aids in Norwegian waters is recorded by the Hydrographic Service of The Norwegian
Mapping Authority. The records of the navigational aids are available in machine
readable form with coordinates, name and type available for each installation. This
data source is cross-referenced with the results of inferring the manocuvre plan to
produce the probable conditions used to transition between manoeuvres. The choice
of transition condition is critical since it greatly influences the end result of the
method. The applied condition is based on the aptitude of the navigational aid to
provide consistent identification of a beneficial transition point in order to minimize
the propagation of cross-track error along the path. This is achieved where the object
selected for reference is an apparent bearing as close as possible as the next course. An
illustration of the result achieved with this selection of navigational aid is seen in
Figure 3a where course lines with identical shape and initiation of turn are super-
imposed with different cross-track errors. It is worth noting the difference with a
selection of a bearing to navigational marking that is indifferent to cross track error
as in Figure 3b. The propagation of the cross-track error is minimized with a de-
creasing difference between the bearing to the selected navigational aid and the next
desired course angle at the desired transition point. This principle of navigation is
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Figure 4. Flowchart of the process to transform AIS samples to a sequence of manoeuvres.

selected as the guiding mechanism to identify the condition and navigational aid used
for transitions between straight and turn segments.

2.3.  AIS data frames to manoeuvre model. The process of converting AIS data of
the ship traffic in an area into an idealized description separated into individual
manoeuvres is a multistage process. It starts with the time-series reconstruction and
proceeds with the aggregation of the individual time-series into traffic-groups which
are further analyzed to yield traffic statistics and a sequence of manoeuvres followed
in both directions of the traffic-groups. A conceptual flowchart of the process is seen
in Figure 4.

2.3.1. Track-line registration. The problem of automatically detecting and
comparing and tracking features in images has been explored in the fields of com-
puter vision and medical imaging. The task of comparing images to produce an
objective measure of their similarity is named image registration, a technique which is
used to stitch satellite images for GIS and in medical imaging. Image registration
techniques are surveyed in (Zitova & Flusser, 2003) and (Brown, 1992) and can be
divided into two major categories:

® Feature based, comparison of aggregated features of identified shapes in an
image-like area centre and intersections.
® Region based, test of similarity in image intensities.

These methods can be used to detect the overlapping regions of images or to find
areas in images that match a reference shape. These techniques can be applied to the
problem of manoeuvring analysis to separate traffic into groups of similar geometric
shapes. In order to apply these methods, the AIS data had to be presented as digital
images such as monochrome images that are represented as a matrix of grey-scale
intensities in the range [0, 1]. To transfer the AIS position reports to an image
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representation, the area was discretisized by a partition into 75-by-75 metre bins with
the number of position reports in each bin as the grey-scale values. The resulting
resolution of the area becomes 83 x 150 pixels with this bin size. The density of
position reports from AIS shows the intensity of ship traffic in the area, but individual
reconstructed time-series treated in the same way result in an image of representation
of the position trace for a particular ship.

The application of image registration techniques is well suited to organize the
track-lines into geometrical similar groups and the artificial image representation of
the AIS samples is well suited for such an application since it is generated in con-
trolled circumstances. The controlled transfer of remotely sensed data into a discrete
representation of the position traces simplifies registration by removing the need to
consider differences in resolution and geometrical distortions expected in images
collected from optical equipment. While the image resolution and geometric distor-
tions are eliminated, the offset in North (x) and East (y) direction of individual
position traces following the same manoeuvre pattern is not. To compensate for the
slightly different imprint of each time-series, the image representation is augmented
by extending each sample by three pixels in each direction. To reduce processing time
the sorting of position traces was divided into a coarse and detailed analysis. The coarse
analysis simply looked at the correspondence of track images without accounting for
possible translations. If two images were deemed similar, future comparison was
done with the mean track of the two. The coarse analysis left a large number of small
groups, which were used as inputs to the detailed analysis. To compensate for poss-
ible translations in x and y direction the similarity between the track-line images was
measured by computing the cross-correlation between two images for translations in
North and East direction. The magnitude of the admissible variation in translation
must be carefully selected based on the traffic in the area, the displacement must be
allowed to cover as much of the traffic as possible, but it must also be restricted so as
to counter mis-registrations of similarly shaped traffic groups in different parts of the
area. The track-group image is used as a template image which the procedure at-
tempts to find in the track-line image which is tested. To implement the search for
maximum similarity by translation the template image is extended 10% in each
direction, and the (x, y) translations (u, v) allowed to vary between 0 and 20% of the
image size in each direction. The cross correlation function will have a maximum for
a specific translation (u, v), and the relative degree of similarity between the images is
obtained by dividing the resulting maximum in the cross-correlation function with
the total image intensity of the original image. The equation for the cross-correlation
between the track-line group image and the track-line template for a translation (u, v)
is seen in Equation 1 which is a slightly modified version of the formula presented in
(Brown, 1992), where T is the template image, I is the image we wish to test and the
pairs (x,y) & (u, v) denotes pixel position in the images and translation offset for
the test image. The normalization factor is modified to account for the presence of
only 0 and 1 in the image which simplifies the sum of absolute image intensities to
the number of nonzero pixels; this eliminates a computationally expensive matrix
multiplication and square root computation.

Zx Ey T(x,y)](x—u,y—v)
max (ZX Do lx—uy—v), 30 >0, T(x,y))

CCR= (1)
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Figure 5. Surface of image similarity function for translations in x and y direction.

Equation 1 measures the percentage of overlap between the pixels between the ref-
erence image and the tested image with a translation (u, v) and produces values in the
interval [0, 1] for each possible (u, v) pair. The Equation 1 maximum is desired as it
indicates the maximum degree of similarity obtainable between the two images. The
maximum of Equation 1 is found by formulating the image similarity as a constrained
non-linear optimization problem with constraints placed on the maximum trans-
lation between the two images. Discrete optimization techniques, such as branch-
and-bound, are not applied due to the computational complexity. The function value
at an arbitrary decimal (u, v) translation is found by interpolation in two dimensions
inside the set of points enclosing the translated (x, y) pair. The precise location of the
maximum is not relevant in this analysis and the interpolation strategy provides the
benefits of sub-pixel accuracy in the search for a maximum. A detailed derivation of
optimization and interpolation strategies is found in (Nocedal & Wright, 1999; Press
et al., 2007). The selected method is a simple gradient descent search where the
gradient is estimated from object function values. The standard optimization method
employed only guarantees the convergence to a local, not the global, maximum. The
function is expected to have several local maxima due to variations in the real-world
data. The robustness of the solution is therefore verified by performing searches for
the maximum starting at a set of initial translation values. A typical plot of the
similarity function in 2D for two similar track-line images is seen in Figure 5. The
detailed analysis combined the groups from the coarse analysis by an iterative process
where groups that showed a maximum correlation were combined. The final oper-
ation was to divide the geometric groups into two subgroups depending on the
direction of travel.

2.3.2. Track-line group analysis. With the time-series sorted into groups of
similar shape, the groups were divided into two subgroups depending on the direction
of travel. These directional groups form the basis of traffic-group analysis. The de-
sired output value from the analysis is the idealized representation of the time-series
group as a set of interconnected straight lines and turn manoeuvres with associated
statistics. The time-series reconstructed from AIS have heterogeneous sample rates,
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* Time-series sample

O Control point

Figure 6. Index mapping between evenly spaced control points and the variable spaced time-
series points. Perpendicular lines at the control points show the intersections where speed and
cross-track offset are calculated.

within the geometric similar group, and even within the individual time-series. This
necessitates a transfer of individual time series data to a common representation,
which compensates for the variations in sample-rates. Control points were computed
as the mean points of 100 evenly spaced points for each time-series belonging to
the group. The control points were computed as the median value of points at 1%
increments of the total time-series’ geometric length. To establish a mapping between
the time-series samples and the control points of the traffic-group the intersection
between the position traces and a perpendicular line of each control point was found
to establish index map of the time-series’ onto the traffic-group. An illustration of the
mapping procedure is seen in Figure 6 where the inhomogenecous sample rate of the
time-series is related to the evenly spaced control-points. Vessel speeds at the control
points were found by mapping the control point indices onto the time-series and
values for cross-track spread as the distance from the median point to the intersection
along the perpendicular vector. This provides the statistical summary of the traffic
along the traffic-groups length. Separation of the traffic group into a sequence of the
two manoeuvre types is achieved by analysis of the median curvature k of the time-
series’ at the control points.

2.3.3.  Curvature calculation. The curvature k of the ship’s track can be calcu-
lated from the position and time data. This can be done by filtering the position data
to remove noise and then using a numerical expression for the curvature calculated by
solving the equation for a circle passing through the three consecutive points. Kk can
also be obtained directly from the time domain signals for the position x =x(t) and
y=y(t). The curvature of these two signals in Cartesian coordinates with @ as the
tangential angle of the signal is:

A dddr
"= a5 T dsjdr @
dd/d d®/d
[ _ ®

K= - D .
V@x/do +(dy/diyp VXD
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The need for d®/dt can be eliminated by the following identity:

_dy dy/dt
an® == @
AP S e 5

ﬁzlﬁ—tanfb x2

Equation 5 substituted into 3 gives the final expression for the curvature calculated
from the x and y time domain signals:
Xj—px
K= ——"—— (6)
(i 4 52)

This expression for « relies on the derivative and double derivative of the vessel track
line positions. Numerical calculation of these derivatives from noisy position data
is inherently error prone. Instead of calculating the derivatives numerically, the
derivatives are evaluated by fitting polynomials to the x(t) and y(t) signals. It is im-
possible to find a general polynomial to describe the complete track with sufficient
accuracy for the entire ship track. To calculate the curvature at a specific track
sample, a 5th order polynomial is fitted to a section spanning 20 samples both for-
ward and backward in time. This provides both a theoretical form for the evaluation
of the derivatives and suppresses the noise in the positioning data. The derivatives
and double derivatives can then easily be evaluated from the corresponding formulas
for polynomials. The polynomial fit was computed using MATLAB’s POLYFIT
function using both centring and scaling to improve the numerical properties of the
fitting procedure.

2.4. Identification of manoeuvres and navigation aids. The separation of the
traffic-group into straight and turn sections is based on the features of the groups’
curvature trajectory. The group curvature was found by applying the mapping
between the individual time series and the control points of the traffic-group. The
median value for curvature at each control point was selected to form the curvature
of the entire group at the control points. The identification of turn and straight
sections was based on an ad-hoc method applying the mean (1) and standard devi-
ation (o) of the median curvature trajectory. If a point on the trajectory was outside
a low curvature band defined by p+ 20 the point was identified as being in a turn-
manoeuvre. This procedure was repeated twice by recalculating the mean and stan-
dard deviation of the identified straight section of the curvature trajectory and
assigning any outliers to the turn segments.

The prescribed geometric model with straight lines interconnected by turns reduces
the task of segment separation of the individual time-series to the identification of the
turn segments, any part of the time-series not belonging to a turn section must by
definition belong to a straight section. The manoeuvre pattern of the group is re-
plicated with some variations in each time-series. In order to measure the variation of
the manoeuvre parameters of the entire group, the manocuvres in the time-series
must correspond to the individual manoeuvres in the group. This mapping is es-
pecially important when identifying the most probable navigational aid, since each
time series will have slightly different transition points between manoeuvres. The
situation of the slight variation in the location of the individual manoeuvres in time
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Figure 7. Separation of time-series into manoeuvre sequences. The manoeuvre sequence in the
ideal path is shared but the precise location of the transition points between manoeuvres varies.

and space is seen in Figure 7 where the differing manoeuvre transition points in
relation to the median track of the directional group are shown.

Image registration techniques were applied to identify the turn sections from the
curvature of the directional traffic groups in the curvature of the individual time-
series. This was achieved by creating an image representation of the curvature of the
directional group turns and maximizing similarity between each of the group turns
and the curvature trajectory of the individual time-series. This process is illustrated in
Figure 8 where the turns of the traffic-group are separated and transferred to image
representations and the maximum correlation between these images and the time-
series curvature is used to identify the execution of the group pattern in an individual
case. Equation 1 was again applied, but the denominator was simplified to only scale
for overlap of the pixels in the isolated turn images. Ordering of the turn sequence
was enforced by limiting the image similarity search to the part of the trajectory
following the last identified turn section. The location of the individual time-series
turns was the midpoint of the turn structure identified with turn border points
modified by shifting them with the offset of the maximum correlation. Most probable
navigational aid for the initiation of turns was identified by considering the bearing
from the vessel to all the navigational aids in the area at the turn initiation point
located by the image registration based procedure. The criterion used was to find the
minimum difference between the apparent angle to the navigational aid and the next
desired course angle. The name and index of the identified navigational aid for each
time-series was stored for later analysis.

3. RESULTS. The AIS data was stored in an SQL database and indexed after
MMSI number and time, this made the process of obtaining AIS position reports
ordered by time for a particular vessel straightforward manner with standard SQL
queries. The time series was separated as described above resulting in excess of 3600
cases, time series shorter than 15 samples were then excluded resulting in 2763 cases
with a total of 513,533 position reports. The exclusion criterion was based on the
distribution of sample lengths. Some time series were short because they were
by-products of the time-series splitting procedure. This can result from periodically
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Group median curvature [solated turns

Finding group turns in individual time-series

Figure 8. Finding the group manoeuvre sequence in an individual time series. The curvature of
the turns in the traffic-group is isolated and the most probable location of the group turns is found
in an individual time-series by maximizing the similarity between the isolated group turns and the
curvature of the time-series. The overlap between the median curvature and the individual
time-series curvature is seen as white, and non-overlapping regions as dark grey.
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Figure 9. AIS time series length showing a large component of very short time series
from reconstruction.

exceeding the speed threshold used to split time-series to remove stationary vessel
data, and the time series were removed to reduce processing time. The distribution
of time series lengths is seen in Figure 9. It is evident that there is a component of
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Table 2. Distribution of time series in traffic groups.

Direction
Traffic
group No. Total North South
1 1016 443 573
2 809 436 373
3 76 16 60
4 551 240 311
6 17 4 13
7 11 2 9
SUM 2482
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Figure 10. Separation of traffic by geometry into groups, which shows the overlapping traffic
patterns present in the area.

very short time series containing a small fraction of the total number of samples.
The remaining time series were used as input for the traffic-lane construction.
Image registration was implemented in MATLAB with FMINCON from the opti-
mization toolbox used for maximization of image similarity.

3.1. Traffic separation and statistics. The number of time series in each group is
shown in Table 2 which also includes the breakdown of traffic in the two travel
directions. The traffic-groups are numbered and shown in sequence in Figure 10; the
median track of the resulting directional traffic-groups is shown in Figure 11.

Traffic group No. 5 is not included since it refers to vessels at anchor in the har-
bour. The number of time series in each group reveals that most of the traffic in the
area follows the main traffic-lane crossing the area in the North/South direction. The
other main traffic-lanes are those entering and leaving the harbour in the area. Three
other auxiliary traffic-lanes are also visible with group No. 3 representing traffic
crossing westward of the navigation markings in the approach to the harbour, group
No. 6 a small part of another traffic-lane intersecting with the north-east corner of the
area and group No. 7 showing a small component of traffic between the north-east
corner and the mid-point of the southern border of the area. It is worth noting the
difference in traffic density between the three densest and the following sparsely
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Figure 11. Median track of the traffic-groups in Figure 10. Median track is shown for the direc-
tional groups “North” (continuous line) and “South” (dash-dotted line), with high curvature
sections shown in red.

populated traffic-groups. The low number of passages in the three least populated
traffic-groups implies a limited accuracy of any statistical description of the traffic.
While the quality of the quantitative measures for those lanes are lacking, the infor-
mation they provide regarding rarely occurring manoeuvre patterns can provide in-
teresting scenarios of interfering traffic for risk-analysis and crew training pertaining
to this particular area. Relevant statistics were collected for each section.

® Straight section: Median speed over section, cross-track deviation from median
value at start and end and average course angle over section.

® Turn section: Median and mean curvature over section, median speed and
course angle at exit.

The variables for each section were fitted to the skew-normal distribution (Azzalini
1985). The skew-normal probability distribution was chosen since it defines a class of
distributions which contains the regular normal distribution, but in addition allows
the data to exhibit a bias capturing the deviations from the normal distribution one
would expect from measurements. The skew-normal distribution is an extension of
the normal distribution and still retains the association with the central limit theorem
due to its close link with the normal distribution. While the normal distribution
is a two-parameter model fully specified by the mean and standard deviation, the
skew-normal distribution is a three-parameter model with location, scale and shape
required to fully specify the model. The location and scale of the skew-normal
distribution are analogous to the mean and standard deviation of the normal dis-
tribution while the shape parameter is introduced to represent the bias of the under-
lying process, with a shape variable of 0 the normal distribution is recovered. The
skew-normal distribution was preferred due to its simplicity and yet the ability to
capture the wider range of behaviours encountered in ship traffic and manoeuvring
analysis.

3.2. Manoeuvre plan inference. The inference of the applied manoeuvre plans in
the area is a two-step process, the first task is to identify the sequences of straight and
turn manoeuvres in the time-series groups. With the manoeuvre type and sequence in
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Table 3. Manoeuvre sequence and statistics for sample group “North 2.

Section Variable Location Scale Shape
1 Straight course (rad) 0-298 0-042 0-713
offset start (m) —133-18 239-12 0991
offset end (m) —8695 130-60 1137
speed (knots) 10-44 326 1277
2 Turn median k (m~?%) —845¢—4 30e—4 —1934
extreme xk (m 1) —13e—3 1-21e—3 —6221
speed (knots) 7-65 375 1795
3 Straight course (rad) 2-373 0-15 —2277
offset start (m) 17-43 3976 —1-53
offset end (m) 12:18 30-68 —0-771
speed (knots) 628 323 2-135
4 Turn median x (m ™) 8:956e —4 1-24¢—3 1-452
extreme k (m %) 377e—4 2-8le—2 1-534e3
speed (knots) 4-64 2-65 1-184

each group established, statistics for the manoeuvre parameters of each section are
derived from the parameter values from the corresponding time-series sections using
the manoeuvre to time-series map. The completion of the manoeuvre plan comes
from the identification of the most probable navigational aids and the corresponding
bearings from vessel to navigational aid for each transition from a straight section
into a turn. A full treatment of the manoeuvre plan for all the traffic groups with two
direction is not possible due to lack of space, so the directional groups “North 2”
entering the harbour starting at the southern border and “North 4” leaving at the
northern border starting in the harbour are selected to illustrate the procedure. These
directional traffic-groups were selected since they represent the manoeuvre sequence
of the most complicated traffic patterns in the area. It was assumed that the effect of
travel direction within each group was negligible, and the selection also shows the two
situations of traffic entering and leaving the harbour.

3.2.1. Manoeuvre sequence. Manoeuvre sequences and estimated parameters for
skew-normal probability distributions are shown in Tables 3 and 4. The sequence of
manoeuvres and their statistical properties are seen to be very consistent with the
properties of the corresponding sample-groups shown in Figures 10 and 11. It is
worth noting the correspondence of the statistics for the two straight sections, which
enters (““North 2" section 3) and leaves (““North 4 section 2) the harbour in the two
manoeuvred sequences. It should be noted that the underlying assumptions about the
traffic patterns breaks down in the harbour area, and the results dependent on course
and curvature suffers from the relative divergence in course as the vessels manoeuvre
for berthing in different parts of the harbour. The discretization of the area has
insufficient resolution to capture this effect, and it is not desirable to separate the
traffic flows in and out of the harbour from their future or past berthing point. This
leads to a high degree of uncertainty about the curvature and final course angle of
section 4 in “North 2> and section 1 in “North 4. The statistic for speed is un-
affected by this issue since it will reflect the median speed while manoeuvring in the
harbour.

3.2.2.  Manoeuvre transition. The transition points in each time series were ident-
ified by applying the mapping from identified sample-group turns to the individual
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Table 4. Manoeuvre sequence and statistics for group “North 4.

Section Variable Location Scale Shape

1 Turn median k (m~?') —872¢—4 1-56e—3 —1973
extreme k (m ™) —832e—4 2:20e—2 —1-534e+3
speed (knots) 4-67 3-53 2-461

2 Straight course (rad) —0-860 0-11 2-203
offset start (m) 23-82 4017 —1:323
offset end (m) 34-62 11326 —1-104
speed (knots) 8:02 406 2-941

3 Turn median k (m ™) —508e—4 4-58e—4 —2:661
extreme x (m ') —4-88e —4 7-30e —4 —9-343
speed (knots) 828 4191 3268

4 Straight course (rad) 0-01 0-06 1-673
offset start (m) —108:62 15277 1-374
offset end (m) —118-57 163-16 2:34
speed (knots) 8-56 431 3-437

Table 5. Relative frequency of most probable navigational marking.

Navigational marking

Traffic group, section Name Frequency

“North 27, section 2 Flatholmen 10

“North 4, section 3 Nesjaflu Lysboye 0-6835
Nesjaflu 0-2447
Hillebaen 00717

time-series. The transition points into and out of the turn manoeuvres were identified
for all time-series and the median of the course angle at the end of the turn manoeuvre
was used to represent the future desired course at the start. The difference between the
current course and the estimated future desired course provided an estimate of the
ideal bearing to a navigational marker used to initiate the turn for each time series.
The apparent angle from the vessel to all the navigational markings in the area within
one nautical mile was calculated at the turn initiation point and compared with the
course difference between the current and future desired course. The navigational
mark with the minimum discrepancy in the course difference was selected as the most
probable navigational marking. The relative frequency of most probable navigational
marking is seen in Table 5. For “North 27, section 2, there is only one probable
navigational marking, while ““North 47, section 3, is dominated by two markings
sharing the same location. The angle from the vessel to the navigational aid for
the dominating installations in the identification in each turn initiation is seen in
Figure 12a and Figure 12b—12c¢ for section 2 of ““North 2°” and section 3 of ““North 4
respectively. Statistical parameters for the distributions of angle to navigational aid
are seen in Table 6. Angles are calculated as negative to starboard of the vessels,
objects with apparent angles greater than st are to the starboard side of the vessel.
3.3. Median manoeuvre plans. The identification of the manoeuvre sequence and
its parameters in combination with identification of navigational aids for turn
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Table 6. Statistical parameters for angle (rad) to navigational aid at turn initiation. Angle defined
positive in counter-clockwise direction.

Distribution parameters

Navigational
Traffic group, section Marking Location Scale Shape
“North 27, section 2 Flatholmen 501 0-24 —0-700
“North 4, section 3 Nesjaflu Lysboye —0-84 0-38 2710
Nesjaflua —045 0-11 — 1253
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Figure 12. Angle to most probable navigational aid at initiation points.

initiations makes it possible to formulate a template navigational plan for the ob-
served traffic by substituting observed mean values for manoeuvre parameters and
angle to navigational aid at turn initiations. The manoeuvre plans are seen in Table 7
for “North 2 and Table 8 for “North 4”. The turn sections in the harbour are
omitted due to the uncertainty of turn radius and navigational aid. Turn direction in
the presented plans can be inferred by the change in course angle and the apparent
angle to the land marks are translated to the range [ —mt, t]. Course angles are posi-
tive in clockwise direction, while apparent angles to landmarks are negative in
clockwise direction.

4. DISCUSSION. The method outlined above is found to yield good results
in normal navigation scenarios, while the accuracy in the inner harbour area is lim-
ited due to a very complex manoeuvring behaviour. In this case the harbour area
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Table 7. Inferred mean manoeuvre plan for traffic-group ““North 2.

Section Manoeuvre Parameter Mean Value
1 Course angle (rad) 0-32

Speed (knot) 12-5
l1to2 Transition condition Angle (rad) to ““Flatholmen” < —14
2 Turn Radius (m) 1000

Speed (knots) 102
2to3 Transition condition Obtained course angle (rad) >227
3 Course angle (rad) 2:26

Speed (knots) 86

Table 8. Inferred mean manoeuvre plan for ““North 4.

Section Manoeuvre Parameter Mean Value
2 Course angle (rad) —078
Speed (knots) 110
2to3 Transition condition Angle (rad) to ““Nesjaflu Lysboye” < —0-56
Angle (rad) to “Nesjaflu” < —0-51
3 Turn Radius (m) 1190
Speed (knots) 115
3to4 Transition condition Obtained course angle (rad) >0
4 Course angle (rad) 0
Speed (knots) 11-6

Table 9. Correlation ratio for cross-track offset, speed, course and curvature.

Group “North™ “South”
1 0-0818 0-0706
2 0-1013 0-1299
3 0-131 00791
4 0-2081 0-1582

was close to the limit on accuracy afforded by a discretization in 75-by-75m bins
and the capability of the manoeuvre model to represent the underlying mechanisms
of ship traffic. Another effect that was experienced in the harbour area was the drop
in accuracy of the curvature calculations near the end of the time-series, due to an
increasingly shorter filtering distance. This effect is exaggerated by the location of
the time-series ends in the high curvature region associated with turn manoeuvres.
The model’s assumption, that the parameters of the traffic statistics and the ma-
noeuvre plan can be calculated independently, is tested by computing the correlation
ratio of the parameters. The correlation of cross-track offset, speed, measured cur-
vature in turns and course angle in straight sections are given in Table 9. A value close
to one indicates a high degree of correlation and values close to zero, a low degree
of correlation. From Table 9 it is evident that the correlation increases with the
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complexity of the manocuvre, but even the most complex manoeuvre sequence has a
relatively low correlation ratio. This could be explained by the ability of the human
operators on the vessels to adapt to the situation and successfully eliminate undesir-
able conditions and obtain the desired future state of the vessel. The low degree of
correlation supports the assumption that manoeuvres can be treated separately and
the error introduced by doing so will be small. The viability of AIS as a data source
appears good, as the number of cases compensates for the lack of accuracy with
regards to simulation trials. The large number of cases in the densest traffic-groups
also lends credibility to the statistical description and the measured median values.

5. CONCLUSIONS. We have shown how automated grouping of ship traffic
can be achieved and how it can aid in providing a large sample size for analysis of
ship traffic. The methodology presented makes few, if any, assumptions about the
behaviour of the traffic in the area and does not utilize any prior knowledge about
the traffic pattern and produces good results in the vicinity of a harbour. The com-
bination of automated grouping and the availability of AIS data opens up a range
of possibilities for analysis of ship traffic and manoeuvring from simple statistical
studies of current traffic to the inference of a prototypical voyage plan for a group
of ships. However the method is dependent on recognizable patterns in the traffic
in an area and it will not detect traffic patterns where none exist, but it has the
potential to be of great aid to traffic and manoeuvring analysis.

6. SUGGESTION FOR FUTURE WORK. This paper has presented a
method for almost automatic estimation of manoeuvre patterns from AIS. A natu-
ral progression from this work would be to apply these results to provide ma-
noeuvre plans to faithfully simulate the traffic in an area. What is missing from this
paper is a fully probabilistic definition of the simplified manoecuvre plan. Median
values provide a suitable description of the traffic in the area as a whole. To apply
the probability distributions derived for the manoeuvre parameters in Monte-Carlo
style simulation studies there should be a procedure to translate a probability level
into a coherent set of manoeuvres, introducing an effect of semi-random plans
to the simulation. Such a formulation will enable the study of the effect of highly
improbable manoeuvre plans.
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