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Abstract. The methodology proposed in this paper considers the uncertainty
present in modeling the probability of collision between ships on a route. The
proposal allows representing and quantifying uncertainty, and ensures rigorous
propagation of this uncertainty from the input variables to the output variable.

This proposal complements the analysis of risk and helps the decision maker
to know the degree of confidence associated with the results of the analysis.

Pedersen's model has been selected to estimate the probability of collision,
using the information provided by the AIS, and Dempster-Shafer Theory has
been selected for the treatment of uncertainty.

This methodology has been applied to maritime traffic in the Canary Islands
and has been validated using the Kullback-Leibler divergence. The results are
consistent with those obtained with the software IWRAP recommended by
TALA.
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1 AIS System

The use of AIS has provided a major improvement in the information available on the
maritime traffic in an area and has changed the way of developing the modeling of the
probability of collision between ships on a route.

The AIS system, mandatory installation in the terms established by the SOLAS
convention, provides data on the position, velocity, type and length of vessels navigat-
ing in a route. These data allow defining the trajectories of ships (the position data of
each vessel are sorted chronologically). It is also possible to model traffic, defining
routes resulting from the clustering of the trajectories in areas of high traffic density.
Subsequently with the use of the tables proposed by Lloyd's Register is possible to
complete the description of maritime traffic. These tables set the index length/beam,
average speed and average length in each segment length.

R. Moreno-Diaz et al. (Eds.): EUROCAST 2013, Part II, LNCS 8112, pp. 63-70, 2013.
© Springer-Verlag Berlin Heidelberg 2013



64 A. Talavera Ortiz, R. Aguasca Colomo, and B.J. Galvan-Gonzdlez

2 Pedersen's Model

There are several reasons for selecting this model:
- Allows the grouping ships by type and size.
- Allows the use and analysis of AIS data.
- Incorporates lateral traffic distribution as an input variable.

- It is used by the computational model recommended by IALA, called IWRAP
MKk2.

The model estimates the number of collision candidates (number of vessels ex-
posed to a critical situation that may result in an accident) according to a surface
integral extended to the crossing area and referred to all possible combinations of
pairs of boats:
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Where Q4;, Q,; represents the number of crossings for each class and length of ship
in the direction (1) and (2), Vi(l)is the speed of the ships of type i in the direction (1),

fi(l) is the lateral distribution of traffic of the ships of type i in the direction (1), and
D;; is geometrical collision diameter (meeting critical distance between two vessels).

In the case of parallel paths, this expression becomes:
Vl
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Where L is the length of the path and P; ; represents the probability of collision be-
tween two vessels, which is obtained from the expression:

P = P[yi(l) + y](Z) ] P[y(l) + yJ(Z) < _Bii] )

Where yi(l) and yj(Z) represent the distances of the paths of the vessels to the axis of
route and B;; is the average length of the ships type i, j.
The probability of collision in the route is calculated by multiplying the number of
candidates by a factor, called causal factor, P., which quantifies the possibility that the
boats are not capable of making evasive maneuvers to avoid the accident. This causal
factor is determined by the skills / abilities of the crew and the maneuverability of
ships in accident situations. Therefore, this factor is independent of the traffic and is
estimated by analysis of possible fault conditions or the study of historical data. Caus-
al factor values generally used are those proposed by Fuji and Mizuki: 0,5 - 10™* for
Head on collisions and 1,1 - 10™* for Overtaking collisions.
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3 Uncertainty in the Pedersen's Model

The model inputs relating to a sample period are estimated with AIS information.

The uncertainty associated with these data is sample type, originated in the fact that
we cannot say that the boats will behave in future periods the same way they have
behaved in the sample period documented by the AIS.

This type of uncertainty leads to a context of incomplete numerical information,
and may be represented by intervals. The Dempster-Shafer Theory, also called Theory
of Evidence allows rigorous treatment of such uncertainty.

4 Dempster-Shafer Theory

This theory represents uncertain variables using Dempster-Shafer structures (DSS). DSS is
a set of pairs formed by an interval and associated basic probability assignment.

The basic probability assignment associated with an interval expresses the amount
of evidence supporting the claim that the variable of interest is contained in this inter-
val. This basic probability assignment is defined on a universal set X as a function of
the power set P, in the interval [0,1].

From basic probability assignment are defined the two evidential measures: belief
and plausibility. The measure of belief, Bel (X;) for interval X; represents the mini-
mum belief in the statement that the variable of interest is contained in the interval X;.
The measure of plausibility, PI (X;) for interval X; represents the maximum belief in
the statement that the variable of interest is contained in the interval X;.

Evidential measures can be calculated from the basic assignment of probability.
For any intervals X;, X; € P, :

Bel (X;) = Zxﬂxjgxim(Xj) @)
Pl (Xl) = Zlexani¢(bm(Xj) (5)

The value of this theory lies in the probabilistic interpretation of evidential meas-
ures due to Dempster and Yager: "The boundaries of DSS make a probability box
formed by the belief and plausibility functions. This probability box contains the dis-
tribution function of the variable under study”. This interpretation is completed by the
duality between probability box and DSS and can move from one to another in the
form proposed by Ferson.

5 Methodological Proposal

The DSS for the sample period is constructed from the histogram that shows the dis-
tribution of the crossings along the route. This DSS is formed by associating each
interval with the relative frequency of crossings collected by the AIS system.

From this sample DSS, by application of the confidence limits of Kolmogorov-
Smirnov, as proposed by Ferson, the probability box containing the set of future paths
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of the ships that sail on the route is obtained. To obtain these confidence limits, Fer-
son proposes to apply the expression:

Min (1, max(O, F(x) + D(a, n))) 6)

Where D(a,n) is the Kolmogorov statistic, @ is the confidence level and n is the
number of intervals.

When the lateral distribution of future traffic in both directions of the route has
been represented by a DSS, collision is considered possible (meeting situation) in the
interval resulting from the intersection of these intervals which form DSS, (Fig. 1).

Direction 1

Direction 2

Fig. 1. Head on collision. Traffic represented with DSS.

With this new representation of the traffic, the probability of collision between two
ships, P; > is expressed as:

L[Ii(l)m](.z)]

Pij = (Bi+ B) Grmaitomay) )
Where B; is the beam of ship type i, I l.(l) = [ay, b;] is the interval i in the direction
(1), and L[Ii(l) n Ij(z)] is the length of the interval resulting from the intersection of

the two intervals, calculated by interval arithmetic.

The equation that estimates the number of candidates for each pair of intervals can
be written as:

_ Vij (1) (1) 5 (2) 7 (2)
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Where hEl) and h}z) are the frequencies of the voyages of ships and equal to the
height of the different intervals that form the DSS.

The clustering and sorting of the resulting values, multiplied by the causal factor,
allow obtaining the probability of collision in each of the intervals of the route ac-
cording to the expression:

Acor = Ng - B, ©)]
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6 Application and Validation of the Proposal

The proposed methodology has been applied to maritime traffic in the Canary Islands
in the period between August 2010 and August 2011 with data provided by the Minis-
try of Development.

By way of example, we present the results of applying the methodology proposed
in this article and the methodology proposed by IWRAP to two routes: one that con-
nects the Port of Santa Cruz de Tenerife and Puerto de Santa Cruz de La Palma,
(TFE-SCP), and which connects the Port of Los Cristianos and the Port of La Gome-
ra, (CRI-GOM), (Table 1, Table 2):

Table 1. Head on collision probability. Route TFE-SCP

[ Type of ships | Results proposed | | Results ‘
[ Striking [ Struck [ Minimum Maximum__| IWRAP

Oil products tanker [Oil products tanker 5.62741E-09 4.79340E-08 4.56873E-08
Oil products tanker [General cargo ship 3.12044E-08 2.65797E-07 2.53352E-07
Oil products tanker |Passenger ship 1.13202E-07 9.64245E-07 9.19210E-07
Oil products tanker [Other ship 1.79905E-10 1.53242E-09 1.27107E-09
General cargo ship |Oil products tanker 3.12044E-08 2.65797E-07 2.53352E-07
General cargo ship [General cargo ship 7.60681E-08 6.47944E-07 6.17463E-07
General cargo ship |Passenger ship 3.52714E-07 3.00439E-06 2.86699E-06
General cargo ship [Other ship 1.56583E-09 1.33377E-08 1.14392E-08
Passenger ship Qil products tanker 1.13202E-07 9.64245E-07 9.19210E-07
Passenger ship General cargo ship 3.52714E-07 3.00439E-06 2.86699E-06
Passenger ship Passenger ship 1.47394E-06 1.25550E-05 1.19875E-05
Passenger ship Other ship 5.16943E-09 4.40329E-08 3.71755E-08
Other ship Oil products tanker 1.79905E-10 1.53242E-09 1.27107E-09
Other ship General cargo ship 1.56583E-09 1.33377E-08 1.14392E-08
Other ship Passenger ship 5.16943E-09 4.40329E-08 3.71755E-08

[ Sum | 2.56371E-06 | 2.18375E-05 | 2.08295E-05 |

Table 2. Head on collision probability. Route CRI-GOM

| Type of ships | Results proposed | ‘ Results |
| Striking | Struck | Minimum Maximum | IWRAP
Passenger ship _ |Passenger ship 1.53403E-05 7.62580E-05 3.21352E-04
Passenger ship _|Fast Ferry 6.90269E-06 3.43266E-05 1.44392E-04
Passenger ship |Support ship 1.29122E-08 6.42113E-08 2.70445E-07
Passenger ship _ |Pleasure boat 2.68518E-08 1.33532E-07 5.49915E-07
Fast Ferry Passenger ship 6.90269E-06 3.43266E-05 1.44392E-04
Fast Ferry Fast Ferry 2.75458E-06 1.36984E-05 5.74276E-05
Fast Ferry Support ship 5.89574E-09 2.93191E-08 1.23284E-07
Fast Ferry Pleasure boat 1.18058E-08 5.87096E-08 2.38824E-07
Support ship Passenger ship 1.29122E-08 6.42113E-08 2.70445E-07
Support ship Fast Ferry 5.89574E-09 2.93191E-08 1.23284E-07
Support ship Support ship 8.18784E-12 4.07176E-11 1.71476E-10
Support ship Pleasure boat 1.86986E-11 9.29867E-11 4.08778E-10
Pleasure boat Passenger ship 2.68518E-08 1.33532E-07 5.49915E-07
Pleasure boat Fast Ferry 1.18058E-08 5.87096E-08 2.38824E-07
Pleasure boat Support ship 1.86986E-11 9.29867E-11 4.08778E-10
Pleasure boat Pleasure boat 3.23243E-11 1.60746E-10 4.53085E-10

[ Sum [ 3.20153E-05 | 1.59182E-04 | [ 6.69930E-04 |
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The proposal made by IWRAP assumes that both traffic and collision probability
follow a normal distribution, whereas the proposed methodology does not require the
traffic follow any known distribution and it is represented by a DSS. The Kullback-
Leibler divergence measures the discrepancy between two distribution functions and
has been used for validation of the proposal. This metric is expressed as:

P(z)

Q@) (10)

%, P(2)log;
The results obtained by the proposed methodology will approach those obtained by
IWRAP insofar that the distribution function of the actual collision probability is set
to the normal distribution proposed by IWRAP.
The graphical representation of the distribution functions obtained with both pro-
posals and the Kullback-Leibler divergence associated are shown in the Fig. 2:

DivergencK-Li1,73 * 107
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Route TFE-SCP Route CRI-GOM

Fig. 2. Validation of results

In the first case, Route TFE-SCP, IWRAP values are between maximum and min-
imum values obtained with the proposed methodology, with divergence values of the
order of 10-3. By contrast, when the actual distribution does not fit a normal distribu-
tion, Route CRI-GOM, the divergence increases and the range of results obtained by
the proposed methodology gets away from those proposed by IWRAP.

7 Conclusions and Applications

The proposed methodology takes into account the uncertainty present in the process
and allows measuring the uncertainty associated with the results.

The proposal does not consider the model input variables follow some known dis-
tribution function, so it does not introduce possible mistakes if the actual function
does not fit the expected.
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Since the probability of collision is estimated for different sections of the route, se-

curity strategies oriented redirect traffic to less traffic areas may be established and
also measure the improvement resulting from this strategy.

Some of the specific applications of the proposal are:
- The ability to study risk reduction if established safety corridors in the area.
- Studying the impact on the risk of collision of installing permanent structures in

the area.

- Studying the effect on the risk of collision of the drift of a damaged ship in the

area.
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