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Scope
The main scope of this report is to present a current knowledge in the field of marine traffic risk
modelling, with relation to open water sea areas only. This analysis is not concerned with
restricted, nor inland waterways.
The report consists of four parts.
Part one is a literature review of existing models for collision and grounding assessment, the
human factor contribution in these accidents and models that estimate consequences of the
accidents. This part is a study of an algorithm development using data mining.
In part two and three two new approaches for maritime traffic risk modelling are presented. The
validation of some elements of the new models is presented and the obtained results in relation
to chosen area of the Gulf of Finland are shown. This part is focused on the algorithms
development and detailed documentation.
Part four contains recommendations for future work on the presented models, and areas for
improvement that have been defined during models development.
There are two milestones, which this report addresses:
• M1: The calculation situations will be decided and defined to answer the
requirements of risk analysis.
o the situations which models calculate concerns ships collisions in open sea only.
Ships groundings (despite of location) and other accidents that happen in
enclosed waters are out of scope of this work. Types of collision between ships
have been grouped as follows: head-on, overtaking and crossing. These have
been studied further in the course of our research.
• M2: Basis for static and dynamic algorithms are ready as a result of work done in
expert panel.
o based on the milestone 1, and data collected during expert panels both static and
dynamic algorithms for ships collisions probability estimation are presented and
results obtained are shown. Both algorithms are based on historical AIS data and
enable to estimate a risk for marine traffic. A risk as presented in this report is
expressed in monetary terms, but the structure of output data from both models
allows to express a risk in other terms as well (structural damages to ship,
human loss, environmental loss).

1. Marine traffic risk modelling– state-of-the-art
The chapter presented constitutes a literature review of state-of-art models and approaches
commonly used in the field of maritime traffic risk modelling and maritime traffic safety
assessment.
In the first part of the chapter models for collision and grounding assessments are introduced
and short description of each with relevant references are given. The crucial factor, which plays
4

an important role in the models presented, is a human factor. The state of research in this field
in shortly described. In the second part of chapter models for consequences assessment are
presented. The consequences are expressed in monetary terms and consider costs of oil spill
cleaning. The model for oil spill size assessment is based on statistics and International
Maritime Organization’s (IMO) recommendations. Beside this a model for collision energy
assessment based on limited data obtained from Automatic Identification System (AIS) is
introduced. However this model is at its initial stage of development, therefore some
recommendation of its feasibility in risk assessment are given without any case study.
Collision frequency modelling
Typically, marine accident probabilities are modelled based on the work of Fujii et al. (Fujii et al.
1974) and Macduff (MacDuff 1974). Following their first ideas, the frequency of marine
accidents is generally estimated as

F = N a × PC

( 1.1)

where N a is the number of accident candidates and PC is the causation factor. Accident
candidates are the ships that are on an accident course in the vicinity of a ground or another
vessel. In other words, the number of accidents would be N a if no aversive manoeuvres were
ever made to avoid the accident. Causation factor is the probability of failing to avoid the
accident while being on an accident course. It quantifies the fraction of accident candidates that
are actually grounding or colliding with another vessel.
Accident Types
According to Figure 1.1, the two most important accident types in the Gulf of Finland between
1997-1999 and 2001-2006 have been grounding (48 %) and ship-ship collision (20 %) (Kujala et
al. 2009). They are also the only accident types discussed in this report. Other accident types
include, e.g., machinery damages, fire and collisions with a floating object, a bridge or a quay.
Grounding can be defined as the ship’s impact with the shoreline or individual shoal (Kristiansen
2004), (Mazaheri 2009). Two types of groundings exist: powered groundings and drift
groundings. The reason for a powered grounding is a navigational error. A mechanical failure
such as engine breakdown can lead to a situation when the ship cannot navigate and thus drifts.
The drifting vessel may end up grounding if wind or current carries it towards a shoal or a
ground (Fowler & Sørgråd 2000).
Ship-ship collision occurs if a ship strikes another ship. Since other collision types, e.g., collision
with a floating object, are not considered in this report, ship-ship collisions are referred as
collisions hereafter. Collisions can be divided into crossing, merging, head-on, and overtaking
collisions (see Figure 1.2). Contrary to the case of grounding, it is not essential to divide
collisions into powered and drifting collisions as in a collision situation there are two ships
involved and it is enough that one of the ships is able to avoid the other. Thus mechanical
failures are not an important reason for ship-ship collisions. However, the possibility of a
mechanical failure should be considered when estimating causation factor for collisions because
it reduces the probability of being able to avoid the other vessel.
5

Figure 1.1 Number of accidents by accident type in the Gulf of Finland. (Kujala et al. 2009)

Crossing collision

Merging collision

Head-on collision

Overtaking collision

Figure 1.2. Four considered types of collisions
Pedersen’s Model
Pedersen in his work (Pedersen 1995) considers the crossing of two waterways that is
illustrated in Figure 1.3. When two ships, i and j, approach the crossing, their relative velocity
may be defined with use of the following formula:

Vij =

(V ) + (V )
(1) 2

i

( 2) 2

j

− 2Vi V j
(1)

( 2)

cos θ

( 1.2)

where Vi(1) is the velocity of vessel in ship class i in the waterway 1, Vj(2) is the velocity of vessel
in ship class j in the waterway 2, and θ is the angle between the vessel courses as shown in
Figure 1.3. Ships are grouped by their type and length in order to utilize the different
characteristics of vessel groups. For example, the average speed varies significantly from one
ship group to another. The manoeuvrability of different ship types vary, though it is also possible
to define separate causation factors for different ship groups.
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Figure 1.3: Crossing waterways.
Geometrical collision diameter of the ships is calculated as if ships were rectangular as seen
from Figure 1.4. The equation of geometrical collision diameter of ship i and j is as follows:
(1)

Dij =

Li V j

(2)

+ L j Vi
(2)

(1)

sin θ

Vij

(1)
 
V
( 2) 
+ B j 1 −  sin θ ⋅ i

Vij
 






2

½

( 2)
 

Vj

(1) 

 + Bi 1 −  sin θ ⋅
Vij

 






2






½

(1.3)

where Li(1) is the length of vessel in ship class i in the waterway 1, Lj(2) is the length of vessel in
ship class j in the waterway 2, and B is the width of vessel identified by similar notation.

Figure 1.4: Definition of geometrical collision diameter. (Pedersen 1995).
Pedersen in his model utilizes the idea of Fujii (Fujii 1983) that in a segment dzj of the waterway
2, the number of ships belonging to class j on collision course with one ship of the class i during
the time ∆t is as follows:

Qj

( 2)

Vj

(2)

fj

( 2)

( z j ) DijVij dz i ∆t
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(1.4)

where Qj(2) is the number of movements of ship class j in the waterway 2 per considered time
period ∆t, fj(2)(zj) is the lateral distribution of traffic of the ship class j in the waterway 2, and
z j the distance from the centreline of the waterway 2.If the normal distribution is used,

fj

(2)

(z j ) =

1

σ j ( 2)

(

 − z − µ (2)
j
i
exp
 2 σ ( 2) 2
2π
j


(

)

)

2






(1.5)

Where µj(2) is the mean value of zj and σj2 is the standard deviation of zj. Another distribution that
is commonly used in accident frequency calculations is uniform distribution (Ang & Tang 1975):

fj

( 2)

b − a, a ≤ z j ≤ b
(z j ) = 
0, elsewhere

(1.6)

where a is the lower bound and b is the upper bound. Often, a combination of normal and
uniform distributions is used to describe the lateral ship distribution of a waterway. In the
Pedersen’s model, the number of class i ships in the considered segment of the waterway is
obtained with the following formula:

Qi

(1)

Vi

(1)

(1)

f i ( z i )dz i

(1.7)

where notation is as in equation (1.4). The number of collision candidates Na is got by
multiplying the expressions (1.4) and (1.7), integrating over the considered area, and summing
up the different ship classes in each waterway:

N a = ∑∑ ∫

∫
(

j Ω zi , z j

i

Qi

(1)

⋅Qj

) Vi

(1)

⋅V j

( 2)

(2)

⋅ fi

(1)

(z i ) f j ( 2)Vij Dij dA∆t

(1.8)

To get the collision frequency, the number of collision candidates needs to be multiplied by
causation factor. For parallel waterways, the equation (1.8) becomes

Na =

π
2

Lw ∑∑
i

j

Qi

(1)

⋅Qj

Vi

(1)

⋅V j

( 2)

(2)

⋅ (Vi

(1)

+Vj

( 2)

) ⋅ ( Bi

(1)

+ Bj

( 2)

)⋅

1

σ1

exp(− µ 2 4σ 1 )∆t
2

(1.9)

where µ is the distance between the average lateral positions of ships moving to opposite
directions as Figure 1.5 presents.

Figure 1.5. Head-on collision.
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Model of Fowler and Sørgård
Fowler & Sørgård in their work (2000) suggest that the frequency of critical situations, nco, is
calculated assuming that traffic movements are uncorrelated. A critical situation denotes that
two ships are crossing within a certain distance, defined as 0.5 Nm from each other. Encounter
frequency is estimated by a pair-wise summation across all shipping lanes at the considered
location. However, a practical procedure to calculate the number of critical situations is not
presented. In the model, the frequency of encounters is multiplied by the probability of a
collision per encounter, pco, to get the collision frequency, fco. Calculation may be done to all
vessels or only to some specific ship types. Collision frequency, fco, of the studied location is
thus determined as follows:

f co = nco ( p c Pco,c + p f Pco, f )
where p c , p f are the probabilities of clear and reduced visibility and Pco ,c , Pco , f

(1.10)
are the causation

factors in clear and reduced visibility.
Macduff’s Model
Macduff (1974) builds his model on molecular collision theory. Ships on a shipping lane are
regarded as a homogenous group: they are navigating at the same speed and they have similar
dimensions. Macduff contemplates a vessel that approaches a shipping lane on a course that
makes an angle θ with the lane. Inspired by molecular theory, he defines mean free path of a
ship as the distance which the ship can proceed, on average, before colliding with one of the
vessels navigating along the shipping lane. This train of thought leads to the following formula
that assesses a geometrical collision probability:

PC =

XL sin(θ 2)
D 2 925

(1.11)

where D is the average distance between ships (Nm), X is the actual length of path to be
considered for the single ship (Nm), and L is the average vessel length (m). Macduff’s model
does not cover other collision types than crossing collisions.
COWI’s Model
An approach presented by COWI (Søfartsstyrelsen 2008) divides collisions into crossing
collisions and parallel collisions which include head-on and overtaking collisions. COWI
recommends the use of the real transversal distribution of ship instead of any theoretical
distribution in cases when the actual distribution does not resemble any common distribution
function.
Parallel Collision Model
Meeting frequency of two ships is defined as follows:

PT = LN 1 N 2

V1 − V2
V1V2

9

(1.12)

where L is the length of the considered waterway,N1, N2 are yearly number of passings of ship 1
and ship 2, and V1, V2 are vessel speeds. Geometrical collision probability is calculated
according to the formula:

PG =

B1 + B2
c

(1.13)

where c is the width of the waterway segment and B1, B2 are the breadths of the vessels in
question. COWI admits that it is also possible to collide with a ship navigating in a neighbouring
width segment. However, that case is neglected in their analysis as width segments they have
used are significantly larger than the average vessel breadth. The total parallel collision
probability of ships, PX, is calculated by summing collision probability of each pair of two ships in
each width segment of the waterway following the formula::

PX = PT PG PC k RR

(1.14)

where PT is the yearly frequency of ships meeting in one segment of the waterway, PG is the
geometrical collision probability, PC is the causation factor, and kRR is the risk reduction factor. A
risk reduction factor is used in order not to change causation factor itself due to different factors
reducing the probability of collision. If such factors as pilotage, local experience, or increased
safety standards are affecting, the risk reduction factor of kRR =0.75 is used. If both ships are
under the influence of such a feature, kRR =0.50. Ferries sailing frequently in the analyzed area
are considered to act like if they had a pilot onboard, the main reason for this is that the ferries’
crews have much experience from the area. A risk reduction factor of 0.5 was also used when
two ships were navigating to the same direction within a traffic separation scheme. They saw
each other for a long time before one overtakes the other because of the small speed
difference. Thus, it is unlikely that the ships would not notice each other early enough to avoid a
collision. However, a risk reduction factor could never be smaller than 0.5 which means that
reduction factors were not combined.
Crossing Collision Model
COWI defines crossing collision as a collision that includes ships sailing along different
waterways. Two ships can theoretically collide if their traces intersect. Traces can intersect
when two waterways cross each other (X-crossing) or part of the traffic of a waterway may
merge to the traffic of another waterway (Y-crossing). For X-crossings, the probability that the
traces of ships on different waterways intersect is 1, so PI =1.0. For Y-crossings, PI =0.5.
According to COWI, the possibility of a collision between two ships navigating at intersecting
routes can be expressed by critical time interval ∆t. The critical time interval is illustrated in
Figure 1.6 and determined as follows:

∆t =


V
V
V
V
1 
B2 2 − 1 + B1 1 − 2 + L1 V2 + L2 V1 

V1V2  sin θ tan θ
sin θ tan θ


(1.15)

where L1, L2 are vessel lengths, and θ is the angle between two crossing waterways as shown
in Figure 1.6.
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Figure 1.6. Critical time interval in a crossing collision. (Søfartsstyrelsen 2008)
In the model, the passage of ships in waterways is assumed to be a Poisson process. The
geometrical collision frequency is calculated with use of the formula:

PG = N1 (1 − e − N 2 ∆t ) ≈ N1 N 2 ∆t .

(1.16)

Thus, yearly collision frequency is determined as following:

PX = PI PG PC k RR

(1.17)

where PC is the causation factor and kRR is the risk reduction factor. The value of risk reduction
factor is chosen in similar way as in the case of parallel collision.
Crossing Collisions with Small Vessels
COWI also pays attention to probability of collision involving fishing boats or yachts. The
probability of these collisions cannot be included in calculations described above as small
vessels often do not carry AIS transmitters and do not sail on normal waterways. For example,
sailing yachts frequently change course and may move at low speed. In addition, most small
vessels do not move from one port to another but return to the departure port. Fishing boats are
assumed to sail to a fishing ground and remain there during several hours moving only at slow
speed. Also yachts are assumed to cross the main traffic route in its area twice during one
sailing session. A typical small vessel is assumed to be 12 m long and 4 m wide. Collision
frequency is calculated while taking into consideration the size of small vessels.
Model used in IWRAP tool
Models used in IWRAP tool (Friis-Hansen 2007) are very close to Pedersen’s and COWI’s
models of collision. The following collision types are considered: overtaking, head-on, crossing,
merging and intersecting collisions. Intersecting collision occurs if the routes of two ships
intersect in a turn of the waterway. The frequency of overtaking and head-on collisions is
dependent on the lateral distribution of ships across the waterway contrary to the frequency of
other kind of collisions. At the end, all geometric collision probabilities have to be multiplied by a
suitable causation factor. (Friis Hansen 2008)
11

Head-on Collisions
The relative speed of two ships approaching each other is expressed as follows:

Vij = Vi

(1)

+Vj

( 2)

(1.18)

where Vα(β) is the speed of the ship of the ship class α moving in direction β. The number of
geometric collision candidates for head-on collisions on a waterway is evaluated as:

N G (head − on) = Lw ∑ PGi , j (head − on)
i, j

Vij
(1)

Vi V j

(1)

( 2)

(Qi Q j

( 2)

)

(1.19)

where LW is the length of the waterway PGi,j is the probability that two ships of ship classes i and
j collide in a head-on meeting situation if no aversive manoeuvres are made, and Qα(β) is the
number of passages per time unit for ship class α moving in direction β. PGi,j depends on lateral
traffic distributions of the waterway, fi(1)(y) and fj(2)(y). Typically, traffic spread is defined by a
normal distribution but any distribution may be used. In the case of normal distribution, PGi,j can
be calculated as

PGi , j (head − on) =

∞

∫f

Yi

[

]

( y i ) FY j (− y i + Bij ) − FY j (− y i − Bij ) dy j

−∞

(1.20)

where Bij is the average vessel breadth according to formula:

Bij =

Bi

(1)

+ Bj

(2)

(1.21)

2

where Bα(β) is the average breadth of vessel in the ship class α in the waterway β.
Distributions have to be assumed to be independent. When traffic distributions are normally
distributed with parameters (µi(1), σ i(1)) and (µj(2), σ j(2)), equation (1.20) becomes

 Bij − µ 
 B +µ
 − Φ − ij

PGi , j (head − on) = Φ
 σ



σ
ij
ij





(1.22)

where Φ(●) is the standard normal distribution function µ=µi(1)+ µj(2) is the mean sailing distance
between vessels moving to opposite directions, and σij is the standard deviation of the joint
traffic distribution as follows:

σ ij =

(σ ) + (σ )
(1) 2

(2) 2

i

j

.

(1.23)

Overtaking Collisions
In the case of estimating the number of overtaking collisions, the relative speed in equation
(1.18) is replaced by the following equation:

Vij = Vi

(1)

−Vj
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(2)

(1.24)

where Vij>0 because otherwise no overtaking may occur. The geometric probability of meeting
equation (1.19) is replaced by the following:
(1)
(1)
(1)
(1)
 (1)
 (1)
Bi + B j 
Bi + B j 
(1)
(2)
PGi , j (overtaking ) = P  y i − y j <
 − P  yi − y j < −
.
2
2





(1.25)

For normally distributed traffic, µ in equation (1.22) is now

µ = µ i (1) − µ j (1)

(1.26)

Crossing Collisions
The IWRAP tool considers the crossing collision situation as in Figure 1.3. The relative speed of
vessels Vij and the geometrical collision diameter Dij are calculated equally as in Pedersen’s
model, see equations (1.2) and (1.3) and Figure 1.4. It is also noted that for practical reasons,
the crossing angle θ has to be limited to an interval of 10 to 170 degrees as if it goes to zero,
the length of the crossing goes to infinity. IWRAP also uses apparent geometrical collision
diameters seen from different vessels to estimate the probability of ships to be struck or striking
vessels if a collision occurs. The geometric number of crossing collision candidates is defined
as follows:

N G ( crossing ) = ∑
i, j

(1)

( 2)

(1)

(2)

Qi Q j
Vi V j

DijVij

1
, θ ≠ 0.
sin θ

(1.27)

Crossing Collisions with Small Vessels
In IWRAP, it is possible to include also the small vessels that do not carry AIS equipment by
inserting “area traffic”. However, area traffic is assumed to be uniformly distributed to the
analysis area and around the year.

Grounding frequency modelling
In this report, only the most important grounding frequency models are presented. Namely, the
models of Pedersen (1995), Simonsen (1997), COWI (Søfartsstyrelsen 2008), and Fowler and
Sørgård (2000) are introduced. Other models, which approaches are not suitable to the
extensive analysis of the Gulf of Finland are left out. For that reason model by Macduff (1974)
was excluded from this analysis. It considered only grounding expecting random navigation in a
narrow channel of constant width. However it may be possible to apply the idea of narrow
channel to ice channels, and winter navigation risk assessment.
A complete state-of-art report about existing grounding frequency models is presented by
Mazaheri (2009).
Pedersen’s Model
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Pedersen (1995) considers the situation that Figure 1.7 presents. His approach to grounding
frequency is similar to his approach to collision frequency that was presented earlier in this
report. Pedersen estimates the number of groundings as a sum of four following accident
categories:
1. Ships navigating along the waterway at normal speed. Grounding may occur because of
a human error or problems with the propulsion/steering system near the shoal.
2. Ships which do not change course as they should at the bend and ground on the shoal
as a result.
3. Ships which have to take an evasive action near the shoal and therefore ends up
grounding on the shoal.
4. All other occasions, for example, drifting ships and off-course ships.

Figure 1.7: Bend of a waterway. (Pedersen 1995)
Grounding candidates of categories 1 and 2 are shown in Figure 1.7. For the mentioned
categories, simplified formulas to calculate expected number of groundings per year (F) are a
follows:
n
(1.28)
Fcat . I =
Pci Qi f i ( z ) Bi dz ,

Fcat . II =

∑

∫

ship class ,i

L

n

∑P Q P

ci
ship class ,i

i

( d − ai ) ai

0

∫

f i ( z ) Bi dz ,

(1.29)

L

where I is the number of ship class determined by vessel type and dead weight tonnage or
length, Pci is the causation factor or the probability of failing to avoid a shoal on the navigation
course, depends on ship class i, Qi is the number of movements per year of vessel class i in the
considered lane, L is the total width of studied area perpendicular to vessel traffic, z is the
coordinate perpendicular to the route, fi(z) is the transversal ship traffic distribution, Bi is a
grounding indication function which is one when the ship would ground on the shoal without
aversive manoeuvres and zero when the ship would not, that is would pass the area safely, P0
is the probability of omission to check the position of ship, d is the distance from the shoal to the
bend, varying with the lateral position of the ship, and ai is the average length between position
checks by the navigator. According to Pedersen (1995), mathematical expressions like
equations (1.28) and (1.29) generally manage to estimate the probability of groundings with
reasonable accuracy.
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Simonsen’s Model
The model of Simonsen (Simonsen 1997) is a little more developed version of the Pedersen’s
model. He assumes that the event of checking the position of the ship can be described as a
Poisson process. The equation (1.28) remains the same but with above-mentioned assumption
the equation (1.29) arrives at:
(1.30)
F
=
P Q e − d ai f ( z ) B dz
cat II

∑

ci

i

ship class ,i

∫

i

i

L

where the factor e-d/ai represents the probability of omission to check the position from the bend
to the shoal. Other notation is as in the equation (1.29).
COWI’s Model
The grounding model of COWI (Søfartsstyrelsen 2008) has similar features as the models of
Simonsen (1997) and Pedersen (1995). COWI divides groundings into three groups:
1. groundings due to imprecise navigation,
2. groundings due to missed turns,
3. drift groundings.
However, drift groundings are not included in their analysis. In the analysis (Søfartsstyrelsen
2008), it is reminded that islands appear as a line on the horizon rather than a round object
when seen from a ship. So it is suggested to model grounds and sub-sea grounds by
determining their linear projections. A ship will run aground if it continues on a straight course
towards a projection.
Groundings Due to Imprecise Navigation
Groundings due to imprecise navigation tend to occur in difficult waters when the crew may not
be fully aware of the ship’s position. Little experience of local conditions, bad navigational
equipment, or lack of training can be the reason. COWI recommends analyzing the number of
geometrical collision candidates PG a few nautical miles before they would run aground if they
did not change course. Figure 1.8 illustrates transversal ship traffic distribution of a waterway
near an island.
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Grounding
candidates

Figure 1.8. Ship traffic approaching a ground. (Søfartsstyrelsen 2008)
The number of geometrical collision candidates is dependent on the distance between the
observation point of ship distribution and the potential grounding location. The shorter the
distance is the more ships have already corrected their course to avoid the ground. Due to
those avoiding manoeuvrings, the observed geometrical grounding probability gets smaller as
the potential grounding location is approached. A distance of 6-29 Nm is recommended
meaning a travel time from half an hour to one hour. COWI also presents a calibrated distance
factor determined from the formula:

k DC =

x
,
d

(1.31)

where x = 10 Nm and d is the distance from the observation point to the ground. Like in the
collision model, a risk reduction factor is used to model the effect of pilotage, local experience,
or safety standards. If one of the previously mentioned is affecting, a reduction factor of kRR=0.5
is used to multiply the grounding probability. Finally, the yearly grounding frequency is obtained:

PX = NPG PC k DC k RR

(1.32)

where N is the yearly number of ship movements on the considered waterway.
Groundings Due to Missed Turns
A turn on a waterway may be missed especially in open sea where it is in general easy to
navigate and the crew does not have to be alerted as not much of their attention is needed. If a
ground or a shoreline is located after the turn, missing the turn might cause the ship to run
aground. The scenario is similar to the scenarios of Pedersen’s and Simonsen’s models
presented earlier. The frequency of grounding in this way is calculated as follows:

PX = NPNT PG PC k RR

(1.33)

where PNT is the frequency at which ships miss the turn and do not turn at a later but sufficiently
early point so that no danger of grounding occurs. According to COWI, the value of PNT might be
calculated using the equation:

PNT = e

−λ

x
V
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(1.34)

where λ is check frequency (0.5-1 minutes), x is the distance between the turn of the waterway
and the ground, and V is the speed of the vessel. PG and kRR are calculated in the same way
than in the case of groundings due to imprecise navigation. The approach is calibrated to
narrow channels, such as Drogden in Øresund. A check frequency of 0.5-1 minutes is
considered as characteristic in a normal situation. In locations with enough room to navigate, a
grounding may occur only if the crew is lacking attention for an abnormally long period. Still,
COWI used the above described model in the analysis as an accepted state-of-the-art model.
Model of Fowler and Sørgård
Fowler and Sørgård (2000) divide their model to situations of powered grounding and drift
grounding. The main reason for powered grounding is failure to make a critical course change in
the vicinity of the shoreline or shallow water. The dominant critical situation npg is defined as
when a ship navigates to a way-point within 20 minutes of landfall such that a powered
grounding results if no critical course change is made. The frequency of powered groundings fpg
is given by the following equation:

f pg = n pg ( Pc p pg ,c + Pf p pg , f )

(1.35)

where Pc and Pf are the probabilities of clear and reduced visibility, and ppg,c and ppg,f are the
corresponding probabilities of grounding given clear or reduced visibility. Drift grounding occurs
if a ship loses the ability to navigate due to steering or engine failure and then wind and currents
force it towards ground. Number of ship-hours spent within 50 Nm of the shoreline defines the
critical situation for drift grounding. Control of drifting vessels can be regained by repair,
emergency towage or anchoring. If a ship is drifting towards shoreline and control is not
regained, the ship runs aground. Tug model contains among other things following parameters:
tug availability, response time, speed, time to connect a line and exert a controlling influence on
the ship and performance as a function of wind speed, location and sea-state. Anchoring is only
possible when there is sufficiently space. The sufficient length of suitable water can be
determined exactly or 0.5 Nm can be used as a slightly conservative value. If enough suitable
water exists, the probability that the anchor holds is calculated as a function of wind speed and
the type of sea bottom. The overall drift grounding frequency fdg is given by the formula

f dg = ∑ f p ,l p d ∑ p w [(1 − p sr ,w )(1 − pt ,w )(1 − p a ,w )]
l

(1.36)

w

where fp,l is the number of ship breakdowns per year in the lane, pd is the probability that a
drifting ship moves towards shore, w indicates that the following parameters depend on wind
speeds, pw is the probability of a wind speed category, psr,w is the probability that a drifting ship
is saved by self repair prior to grounding, pt,w is the probability that a drifting ship is saved by
tugs prior to grounding, and pa is the probability that a drifting ship is saved by anchoring prior to
grounding. For their case study covering the North Sea area, Fowler and Sørgård have
categorized ships by type: tankers, general cargo ships, bulk ships and ferries. The agreement
between the powered grounding model and historical data was “good” for tankers and bulk
carriers, “reasonable” for general cargo ships and “poor” for ferries. The authors estimate the
discrepancy in case of ferries to be related to grounding probability, given a critical situation.
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The agreement between drift grounding model and historical data was “good” for ferries but
grounding frequencies were too high for other ship types
Model used in IWRAP tool
IWRAP uses models very close to Pedersen models of collision and grounding. Ship categories
1-4 are considered as in Pedersen’s model presented formerly. Groundings of ship categories 1
and 2 are regarded as powered groundings and groundings of categories 3 and 4 as drifting
groundings.(Friis-Hansen et al. 2000)
Powered Groundings
In IWRAP, grounding frequency of ship categories 1 and 2 is evaluated with expressions
presented by Pedersen (1995) and Simonsen (1997). The number of grounding candidates of
ship category 1 is calculated as in the equation (1.28) of Pedersen’s model. For the ship
category 2, the equation (1.30) of Simonsen’s model is used in the case the ground is
orthogonal to the sailing route. In other cases, the equation is adapted to the inclination.
Average distance between position checks by the navigator, ai is proposed to be a function of
ship speed according to the formula:

a i = λV

(1.37)

where λ is time between position checks and V is ship speed. Friis-Hansen also presents a
more complicated expression for the case when the ground is not perpendicular to the sailing
direction.
Drifting Groundings
The most usual reasons for ships to drift are considered to be rudder stuck and blackout of the
main engine. The default blackout frequency is assumed to be 0.1 per year for passenger
vessels and ro-ro vessels and 0.75 for all other ship types. A blackout may occur at any location
of the ship track. The user may define a probability distribution of having wind coming from each
direction. The ship is supposed to drift approximately to wind direction which affects the
locations where drifting ships are assumed to ground. Ships may recover by repairing the
problem, by anchoring or by calling a tug boat. (Friis-Hansen et al. 2000), (IALA 2009). The
occurrence of blackouts is assumed to be a Poisson process. Thus, the probability of having a
blackout on a waterway segment of length L is given by the following equation (IALA 2009):

Lsegment

Pblackout ( Lsegment ) = 1 − exp − λblackout
vvessel






(1.38)

where λ is the blackout frequency and vvessel is the speed of the vessel. The drifting speed vdrift is
uniformly distributed with the lower bound of 1 m/s and the upper bound of 3 m/s. f(vdrift )is the
probability density function of the drifting speed. The time to grounding is defined as

t ground =

d ground
v drift
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(1.39)

where dground is the distance to ground. The default repair time distribution is Weibull distributed
with scale parameter a = 1.05 and b = 0.9 which leads to the probability of no repair Pno_repair to
be defined from the formula:
(1.40)
F
(t ) = exp(−1.05t 0.9 )
no repair

The probability of no anchoring is 1 in the current version of IWRAP because the anchoring
probability has not been implemented yet. The number of drifting groundings is calculated with
use of the formula:
360

N drift grounding = N candidates

∫
ψ

=0

Pwind (ψ )

Lsegment

∑

Pblackout ( Lsegment )

All segments

∫ ∫P

no repair

x = 0 All vdrift

(t ground Z)

(1.41)

Pno anchoring (t ground Z) f (v drift )dv drift dxdψ
where Ncandidates is the number of grounding candidates of a particular ship type and size,
Pwind(Ψ) is the probability of wind from direction Ψ, and Z = {x,ψ ,v} is the conditional vector
defining the parameters on which the time to grounding is dependent.
Human factor modelling
In order to estimate the collision or grounding probability, the geometrical accident probability is
multiplied by the probability of not making evasive manoeuvres, i.e. the causation probability,
which is conditional on the blind navigation assumption. The causation probability thus
quantifies the proportion of cases when an accident candidate ends up grounding or colliding
with another vessel. Causation probability is conditional on the geometrical collision probability,
and its value depends on the definition of geometrical probability.
Not making an evasive movement while being on a collision or grounding course can be a result
of a technical failure such as failure of steering system or propulsion machinery, human failure,
or environmental factors. Technical failure was reported as the primary reason of the accident in
9.4 % of collision and grounding accidents in the Gulf of Finland, and in 25 % of the cases the
primary reason had been conditions outside the vessel (Kujala et al. 2009). According to
Hetherington et al. (2006), the improved technology such as navigational aids has reduced
accident frequencies and severity, but in the other hand revealed human failure’s underlying
role as an accident cause. Human failure has been commonly stated as the most typical cause
group of marine traffic accidents: different studies have shown that 43 % - 96 % of the accidents
had been caused by humans (Kujala et al. 2009, Hetherington et al. 2006, Rothblum 2006,
Grabowski et al. 2000). Since technological devices are designed, constructed and taken care
by humans, technical failures could also be thought as human failures. Gluver and Olsen (1998)
stated that while environmental factors have sometimes been given as the cause of marine
traffic accidents, the actual cause has been insufficient compensation or reaction by the mariner
to the conditions, i.e. human failure. Thus, it could be stated that nearly all marine traffic
accidents are caused by human erroneous actions.
The estimated causation probability values for crossing encounters in the literature have varied
between 6.83 · 10-5 – 6.00 · 10-4 and for meeting ships between 2.70 · 10-5 – 6.00 · 10-4
(Macduff 1974, Fujii 1983, Pedersen 1995, Fowler & Sørgård 2000, Otto et al. 2002, Rosqvist et
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al. 2002, Karlsson et al. 1998). The values have been either general values on some sea area,
or reflecting certain ship types or conditions.
Comparison to statistics
In the earliest collision and grounding probability estimations (Macduff 1974, Fujii & Shiobara
1971, Fujii et al. 1974) the causation probability was estimated based on the difference in
calculated geometrical accident probability, which solely predicts too many accidents, and
statistics-based accident frequency. In these pioneer studies different factors affecting the value
of causation probability were mentioned: visibility, ship size, notices to mariners, fog, snow,
engine failure, steering gear failure, panic, carelessness, ignorance, ship type, etc.
In these risk assessments, the maritime traffic was assumed to be distributed uniformly over the
waterway when geometrical probability was calculated. The applicability of these causation
probability values with geometrical probabilities that are estimated based on more realistic
distributions of traffic can be questioned (Gluver & Olsen 1998).

Traditional risk analysis techniques
Applying a causation probability value derived from a study in another sea area or estimating it
based on the difference in accident statistics and geometrical probability may save some effort,
but then the actual elements in accident causation are not addressed at all, as opposed to
constructing a model for not making evasive movements. Getting a numerical value for the
probability of not making an evasive manoeuvre is only one outcome of a model, the acquired
model structure itself and the dependencies of the parameters may be at least equally
important. Pedersen (1995) applied fault tree analysis in estimating the causation probability.
The fault trees are presented in Figure 1.9. Fault trees were also applied in a formal safety
assessment of VTMIS system for the Gulf of Finland (Rosqvist et al. 2002).
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Figure 1.9. Fault trees applied in causation probability estimation (Pedersen 1995)

Bayesian network models
In recent years, the application of Bayesian networks in estimating the causation probability has
become more frequent. In 2006, utilization of Bayesian network at step 3 of Formal Safety
Assessment was suggested in a document (IMO 2006) submitted by the Japanese agency for
maritime safety to the IMO Maritime Safety Committee.
Bayesian networks are directed acyclic graphs that consist of nodes representing variables and
arcs representing the dependencies between variables. Each variable has a finite set of
mutually exclusive states. For each variable A with parent nodes B1,…, Bn there exist a
conditional probability table P(A | B1, …, Bn). If variable A has no parents it is linked to
unconditional probability P(A) (Jensen & Nielsen 2007).
Bayesian networks are used to get estimates of certainties or occurrence probabilities of events
that cannot or are too costly to be observed directly. For identifying the relevant nodes and the
dependencies between nodes, and constructing the node probability tables, both hard data and
expert opinions can be used and mixed. Possible disagreements between the experts’ opinions
on the probabilities can be included in the model by adding nodes representing the experts
(Jensen & Nielsen 2007).
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Bayesian networks can also be used as an aid in decision-making under uncertainty. These
networks, called influence diagrams (IDs), include a couple of extra nodes in addition to the
oval-shaped chance nodes: rectangular-shaped decision nodes and diamond-shaped utility
nodes. A decision node has states that are describing the options of a decision. Links from a
decision node to the chance nodes describe the impacts on network variables. Utility nodes are
used in computing the expected utilities or “usefulness” of the decision alternatives. They have
neither states nor children but can express the utility of a decision for example in Euros (Jensen
& Nielsen 2007).
Friis-Hansen and Pedersen (1998) presented a Bayesian network for assessing the probability
that a navigating officer reacts in the event of being on collision course with an object. The
network was applied in a comparative risk evaluation of traditional watch keeping and onewatch keeping. An extended version of this network has then been applied in a study of Risk
Reducing Effect of AIS Implementation on Collision Risk (Lützen & Friis-Hansen 2003).
In a FSA study of large passenger ships conducted by DNV (Det Norske Veritas 2008),
Bayesian networks were used for estimating the probability of failure and the consequences
given critical course towards shore or collision course. Slightly modified, separate networks for
tanker and bulk carrier groundings were used again in a FSA of electronic chart display and
information system (ECDIS) (Det Norske Veritas 2006). Structures of the networks were
examined by domain experts for ensuring relevance of model parameters. When available,
statistical data was used as input to node probabilities. For acquiring input for nodes with no
statistical data available, expert workshops were organized. Bayesian networks for grounding
and collision models were in large parts similar except that nodes related to communication
between vessels were added to the collision model. A simplified overview of the network
structure for grounding model is presented in Figure 1.10. The nodes in Figure 1.10 are only
illustrative and they were not the real nodes of the more detailed actual model. Recently, a
Bayesian network models based on fragments of DNV’s models has been applied for estimating
the causation probability for the Gulf of Finland (Hänninen & Kujala 2009, Hänninen & Ylitalo
2010).
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Figure 1.10. Simplified overview of a loss of control part of grounding network in ECDIS safety
assessment (Det Norske Veritas 2006). In addition to loss of control, vessel must had a course towards
shore in order to ground
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In Øresund marine traffic risk and cost-benefit analysis (Rambøll 2006), Bayesian networks
were used in grounding and collision frequency estimation. A separate subnetwork was
constructed for modeling human error, which was then inserted as an instance node in accident
frequency estimation network. The human error network is presented in Figure 1.11. In this
model, the probability of human error depended only on fatigue, accident, absence, distraction,
alcohol and man-machine interface. The presence of VTS had an influence on absence,
distraction and alcohol. Output node was the probability of human error. The failure probability
values, based on literature, were order of 10-4 and were modified at specific locations because
of the influence of external conditions, such as VTS presence and awareness of sailing in
difficult waters. It was stated in the report that for the purposes of the analysis, this model,
constructed only of few nodes and arches, was considered detailed enough.

Figure 1.11. An example of modeling human error in marine traffic with a rather simple Bayesian network
(Rambøll 2006)

In Fast-time numerical navigator developed in Safety at Sea project (Barauskis & Friis-Hansen
2007a), whose simulation results were suggested to be used for collision and grounding
frequency prediction (Barauskis & Friis-Hansen 2007b), Bayesian networks were used in route
execution and collision avoidance maneuvering (Barauskis & Friis-Hansen 2007c). The
simulation was constructed as a multi-agent system and a Bayesian network for route execution
handled a single agent’s proceeding through their mission. The output from the route execution
network was the updated value for ship’s current heading. The network for collision avoidance
described the logic used to evaluate each ship-ship encounter from one ship’s point of view, the
‘artificial intelligence’ in one ship. The output from collision avoidance network was the
probability of taking evasive action. No specific nodes for technical failures or human errors
were included in the collision avoidance model as such. Their influences could be present in
other parameters’ uncertainty, but for most of the network nodes, states or probabilities were not
described in the study.
Bayesian networks have also been applied in modeling only some factors affecting the
causation probability. Loginovsky et al. (2005) introduced an object-oriented Bayesian network
model for assessing the impact of ISPS code on workload and crew performance onboard.
Dependencies and parameter values for the network were based on survey among seafarers,
statistics and expert data from security training courses. In Åland Sea FSA study (IMO 2008),
Bayesian networks were used in modeling the effects of risk control options on causation
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probability. The actual causal probability was not modeled with a network but the value 3 · 10-4
was used as a baseline causation probability. Based on expert opinion, an expected reduction
coefficient was estimated with a Bayesian network. The reduction coefficient was influenced by
OOW’s awareness on own ship and on surrounding traffic. These awareness parameters were
influenced by the risk control options. Values for causation probability for the risk control options
were obtained by the product of baseline causation probability and the reduction coefficient.

Accident consequences modelling
The consequences of an accident may be expressed in several ways. These presented in this
report are expressed in the monetary terms, and concern the costs due to an oil spill from
double hull tanker. Neither loss of humans’ life nor structural damages were considered in the
presented risk model. Two approaches for oil spill calculation are p-resented. The first is based
on the IMO methodology, rooted in accidents statistics. Another approach is based on collision
energy model combined with traffic and hips data obtained from AIS.

Assessment of accidental oil outflow from tankers due to collision and grounding
In this chapter the probable volume of oil outflow due to a collision or grounding of double hull
tankers is estimated. As the IMO MARPOL regulations on tanker design stand as a basis for the
development of the environmental performance of current tanker designs the outflow estimation
methodologies provided by IMO is presented and used in the calculations in this chapter and in
further part of the report. Critics towards these methodologies and the biggest shortcomings are
discussed as well as proposed improvements. As a result probable oil outflow as a function ship
deadweight and the probability of different spill sizes are presented.
The main aim of this analysis is to stand as a first step in the development of a more accurate
oil outflow estimation methodology based on realistic modeling of possible accident scenarios.

The IMO probabilistic model of oil outflow estimation
The probabilistic oil outflow estimation methodologies approved by IMO stand as basis for
current regulations on tanker design. As new built and existing tankers have to meet certain
regulations, the methodologies included in these regulations, the probabilistic and simplified
probabilistic, are presented in this chapter. However the detailed description of the methodology
is left off and the appropriate references are made.
The probabilistic methodology for oil outflow estimation was introduced by IMO resolution
MEPC.66(37) in 1995 as a method for evaluating the performance of alternatives to prescribed
double hull designs. These regulations use probability density functions (pdfs) to describe
damage location, extent and penetration of side and bottom. The pdfs are derived from
historical damage statistics. In 2003 the “Interim Guidelines” were revoked by the “Revised
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Interim Guidelines” (IMO 2003) which included requirements on improved environmental
performance.
As it was recognized the existing MARPOL Annex I regulations covering oil pollution from
tankers due to side or bottom damage in a more traditional (deterministic) manner did not
properly account for variations in tank subdivision, a new simplified approach to determine oil
outflow performance was developed. The revised Annex I of MARPOL 73/78 (IMO 2004)
included the accidental oil outflow performance regulation 23, which should after its
implementation (ships delivered after 1 January 2010) replace the existing deterministic
requirements on tank subdivision and outflow performance (regulations 25 and 26). In
comparison to the former calculation-intensive probabilistic methodology, suitable for the
evaluation of alternative tanker designs and possible unique tank configurations, this
methodology should apply well for common tanker designs. While application of the Revised
Interim Guidelines from 2003 requires determination of the probability of occurrence and oil
outflow for each unique damage case, for a typical tanker thousands of damage cases, the
regulation 23 from 2004 requires calculations only on the probability of damaging each cargo
tank within the cargo block length. Regulation 23 is made consistent with the Revised Interim
Guidelines to avoid the possibility of contradictions in acceptability of oil pollution prevention
regulations due to their difference in nature.
As the pdfs used in the IMO methodologies are based on limited historical damage statistics
covering mostly accidents involving single hulled ships and apply identically to all ships without
consideration of their structural design, they might be partly inappropriate. Comparison between
widely applied old accident databases and recent data covering mainly accidents involving
double hull tankers indicates that the use of older data gives most probably misleading results
(Eide et al. 2007).
A major shortcoming in IMO’s oil outflow and damage stability calculation methodologies is that
they do not consider the effect of crashworthiness on damage extent (Brown 2002), (Brown &
Sajdak 2004). The primary reason for this exclusion is that no definitive theory or data exists to
define this relationship. Creation of a more appropriate methodology is performed for instance
under the SNAME Ad Hoc Panel #6. Other limitations and proposed improvements to the IMO
methodologies are discussed further in this paper.
The probabilistic methodology for oil outflow estimation (IMO 2003) was developed to determine
the environmental performance of alternative tanker designs to the double hull design
prescribed by Regulation 13F/19 of MARPOL 73/78 Annex I. Designs providing at least the
same level of protection against oil pollution in the event of collision or stranding as the double
hull design and are approved in principle by the IMO Marine Environment Protection Committee
(MEPC) might be accepted by the organization. In fact only the mid-deck and coulomb-egg
tanker designs have been in principle accepted by IMO and as other than double hull designs
are banned from US waters by OPA 90 very few if any alternative tanker designs have been
delivered in recent years.
The methodology uses a “pollution prevention index” (E) to assess the equivalency of designs.
The pollution prevention index combines three oil outflow parameters: the “probability of zero
outflow” (P0), the “mean outflow” (OM) and the “extreme outflow” (OE). The probability of zero
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outflow indicates the likelihood of no outflow which means the tankers ability to avoid spills. The
mean outflow is the mean value of outflows from all casualties. It measures the overall outflow
characteristics of a design. The extreme outflow is the mean of the upper 1/10th of the accidents
which measures the performance of a design in severe accidents (Marine Board & Transport
Research Board 2001). The calculation is based on the assumption that an accident has taken
place and that the outer hull is breached. No probabilities associated with the accident
occurrence are included. The damage scenarios are described by probability density functions
provided for damage locations and damage extents. Probability density functions are provided
for side and bottom damage separately as follows:
•
longitudinal and vertical locations,
•
longitudinal and vertical extent,
•
transverse penetration of side damage due to collision,
•
longitudinal and transverse location,
•
longitudinal and transverse extent,
•
vertical penetration of bottom damage due to grounding.
The probability densities are based on historical data of accidents involving tankers above
30000 DWT collected by classification societies for IMO. The data is according to IMO the best
available. All the variables describing damage scenarios are non-dimensional. Longitudinal
location and longitudinal extent are divided by the ship’s length between perpendiculars.
Transverse penetration in side damage as well as transverse extent and location in bottom
damage are divided by the ship’s breadth. Vertical penetration in bottom damage, as well as
vertical extent and location in side damage are divided by the ship’s depth.
The outflow parameters are calculated separately for collisions and groundings, and combined
in the ratio of 0.4 for collisions and 0.6 for groundings. For the calculation of the outflow
parameters the ship is loaded to the maximum load line without trim and heel. The tanks are
assumed to be 98% full and the cargo density is based on this assumption. The outflow
calculations in bottom damage cases are done for 0 and 2.5m tides. The vessel is assumed
stranded at a water depth equal to its draft in the 0m tide condition, and then it is assumed that
water depth is reduced by 2.5 metre on the low tide. The calculated outflows are combined in a
ratio of 0.7 for 0m tide and 0.3 for 2.5m tide respectively. An inert tank pressure of 0.05 Bar is
assumed for the hydrostatic balance calculations. The location of pressure balance is the lowest
point in the cargo tank.
A minimum outflow of 1% of the total tank volume is assumed for cargo tanks adjacent to the
bottom shell to account for initial outflow and dynamic effects due to current and waves. If the
bottom of a damaged cargo tank is adjacent to a ballast tank (ballast tank is below cargo tank),
the pressure balance is calculated at the lowest point of the damaged cargo tank. The ballast
tank is assumed to contain 50% of sea water and 50% of oil by volume.
After the oil outflow calculations are performed, the outflow parameters and the pollution
prevention index E is calculated with the following formula:
P
0.01 + OMR
0.025 + OER
(1.42)
E = 0.5 0 + 0.4
+ 0.1
≥ 1,
P0 R
0.01 + OM
0.025 + OE
where P0, OM, OE are the probability of zero outflow, mean oil outflow and extreme outflow,
respectively. These values are determined from the oil outflow calculations where the likelihood
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of each damage scenario is described by the independent probability densities. P0R, OMR and
OER are the corresponding parameters for the reference double-hull tankers of the same cargo
capacity. The reference tankers are defined in the “Revised Interim Guidelines” as presented in
Table 1.1.
Table 1.1 The IMO reference tanker designs according to “Revised Interim Guidelines” (IMO 2003)
LBP (m)

95

203,5

264

318

Beam (m)
Depth (m)

16,5
8,3

36
18

48
24

57
31

Draft (m)

6,2

12,2

16,8
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Cargo tank arrangement
Wing tank width (m)

6x2
1

6x2
2

6x2
2

5x3
4

Double bottom height (m)

1,1

2

2,32

2

5848

70175

175439

330994

0,855

0,855

0,855

0,855

P0R

0,81

0,81

0,79

0,77

OMR

0,013

0,012

0,014

0,012

OER

0,098

0,089

0,101

0,077

3

98% Cargo capacity (m )
3

Cargo oil density (t/m )

The values of P0, OM and OE are calculated as follows:
n

P0 = ∑ Pi K i ,

(1.43)

i =1

where
i
represents each compartment or group of compartments under consideration running
from i = 1 to i = n
Pi
accounts for the probability that only the compartment or group of compartments under
consideration are breached
Ki
equals 0 if there is oil outflow from any of the breached cargo spaces in i, if there is no
outflow, Ki equals to 1.
n

OM = ∑
i =1

Pi Oi
,
C

where:
Oi
is the combined oil outflow (m3) from all cargo spaces breached in i
C
Is the total cargo capacity at 98% tank filling (m3)
n
P O
OE = 10∑ i e ie ,
C
i =1

(1.44)

(1.45)

where the index “ie” represents the extreme outflow cases, which are the damage cases falling
within the cumulative probability range between 0.9 and 1.0 after they have been arranged in
ascending order.
The damage assumptions for the probabilistic oil outflow analysis are given in terms of damage
density functions. These functions are so scaled that the total probability for each damage
parameter equals 100%, therefore the area under each curve equals 1.0.
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The location and extent of damage to compartment boundaries should be assumed to be of
rectangular shape.
Using the damage probability distribution functions all damage cases n should be evaluated and
placed in ascending order of oil outflow. The cumulative sum probability for all damage cases
should be computed, being the running sum of probabilities beginning at the minimum outflow
damage case and proceeding to the maximum outflow damage case.
For each damage case the damage consequences in terms of penetrations of cargo tank
boundaries should be evaluated and the related oil outflow calculated. A cargo tank should be
considered as being breached if the applied damage envelope reaches any part of the cargo
tank boundaries. For side damage the outflow from a breached tank is determined as the entire
tank content and for bottom damage the principle of hydrostatic balance should be applied.
When determining the damage cases it should be assumed that the location, extent and
penetration of damages are independent of each other. The number of calculated damage
cases should be large enough to give accurate results and the computer program used should
be verified against the data for oil outflow parameters for the reference double hull designs
(Table 1.1). Determination of the damage cases can be done by stepping through each damage
location and extent at a sufficiently fine increment. In an example case (side damage) it is
assumed to step through the functions as follows:
•
longitudinal location: 100 steps
•
longitudinal extent: 100 steps
•
transverse penetration: 100 steps
•
vertical location: 10 steps
•
vertical extent: 100 steps.
Therefore 109 damage incidents will be developed. The probability of each step is equal to the
area under the probability density distribution curve over that increment. The probability for each
damage incident is the product of the probabilities of the five functions. There are many
redundant incidents which damage identical compartments. These are combined by summing
their probabilities. For a typical double hull tanker the 109 damage incidents reduce down to 100
to 400 unique groupings of compartments.
The IMO simplified probabilistic methodology for oil outflow estimation
The basic calculations in order to estimate accidental oil outflow applying IMO approved
simplified probabilistic methodology are presented in this chapter (IMO 2004). Estimation of
accidental oil outflow and hypothetical outflow estimations are presented. Details considering
damage assumptions (Regulation 24) and limitations of size and arrangement of cargo tanks
(Regulation 26) are omitted here. Tankers delivered on or after 1 January 2010 shall meet the
requirements of regulation 23. Regulation 25 shall apply to tankers delivered between 1st
January 1977 and 1st January 2010.
Accidental oil outflow performance (Regulation 23)
For oil tankers of 5000 tonnes deadweight (DWT) and above the mean oil outflow parameter
(OM) shall be as follows:
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0.015

OM ≤ 0.012 + 1.5 ⋅ 10 −8 (400000 − C )

≤ 0.012


for
C ≤ 200,000m 3
for 200,000m 3 ≤ C ≤ 400,000m 3 ,
for
C ≥ 400,000m 3

(1.46)

where OM is mean oil outflow parameter and C is a total volume of cargo oil [m3], at 98% filling.
The mean oil outflow shall be calculated independently for side damage and for bottom damage
and then combined into the non-dimensional oil outflow parameter OM as follows:

OM =

(0.4OMS + 0.6OMB )
,
C

(1.47)

where OMS is mean outflow for side damage [m3], OMB is mean outflow for bottom damage, in
[m3]. For bottom damage independent calculations shall be done for 0m and 2.5m falling tide
conditions, and then combined as follows:
OMB = 0.7OMB ( 0) + 0.3OMB ( 2.5) [m3],
(1.48)
where OMB(0) is a mean outflow [m3] for 0 m tide condition, OMB(2.5) is a mean outflow [m3] for tide
falling by 2.5 meter tide condition. The mean outflow for side damage OMS shall be calculated
as follows:
i=n

OMS = C Z ∑ PS ( i ) OS ( i ) [m3],

(1.49)

i

where i represents each cargo tank under consideration, n is a total number of cargo tanks,
PS(i) the probability of penetrating cargo tank i from side damage, OS(i) the outflow [m3], from side
damage to cargo tank i at 98% filling, CZ is a factor which equals 0.77 for ships having two
longitudinal bulkheads inside the cargo tanks provided these bulkheads are continuous over the
cargo block and 1.0 for all other ships. The mean outflow for bottom damage shall be calculated
for each tidal condition as follows:
i =n

OMB = ∑ PB (i ) OB (i ) C DB (i ) [m3],

(1.50)

i

where PB(i) denotes the probability of penetrating cargo tank i from bottom damage, OB(i) the
outflow from cargo tank i in m3, CDB(i) a factor to account for oil capture, that equals 0.6 for cargo
tanks bounded from below by non-oil compartments and 1.0 for cargo tanks bounded by the
bottom shell.
Hypothetical outflow of oil (Regulation 25)
This regulation concerns all tankers delivered between 1st January 1977 and 1st January 2010.
The hypothetical outflow of oil in the case of side damage (OS) and bottom damage (OB) shall
be calculated by the following formulae with respect to compartments breached by damage to
all conceivable locations along the length of the ship. For side damages:
OS = Wi + K i Ci
(1.51)

∑

∑

and for bottom damages:

1
OB = (∑ Z iWi + ∑ Z iCi ) ,
3

(1.52)

where Wi means volume of a wing tank [m3] assumed to be breached by the damage specified
in damage assumptions, Ci means volume of a centre tank [m3] assumed to be breached by the
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damage as specified in damage assumptions, (for segregated ballast tank Wi =0, Ci =0), Ki and
Zi are defined as follows:

bi
,
tc
h
Zi = 1− i
vs

Ki = 1 −

(1.53)

where bi denotes a width of wing tank in metres under consideration measured inboard from the
ship’s side at right angles to the centreline at the level corresponding to the assigned summer
freeboard, tc is a transverse extent of a side damage (inboard from the ship's side at right angles
to the centreline at the level corresponding to the assigned summer freeboard), hi is a minimum
depth of the double bottom in metres under consideration (if no double bottom is fitted hi=0), vs
is vertical extent of a bottom damage from the base line.
Damage assumptions that concern above mentioned side and bottom damages are given in
Regulation 24 of the Resolution (IMO 2004).
Limitations of size and arrangement of cargo tanks that the tankers must follow are given in
details in Regulation 26 of the Resolution (IMO 2004). The main issue is that the cargo tanks of oil
tankers shall be of such size and arrangements that the hypothetical outflow OS or OB calculated
in accordance with Regulation 25 anywhere in the length of the ship does not exceed 30000 m3
or 400( DWT )1 / 3 , whichever is the greater, but subject to a maximum of 40000 m3.
A modified IMO simplified probabilistic methodology for oil outflow estimation
A modified version of the IMO simplified probabilistic methodology for calculation of accidental
oil outflow from tanker involved in casualty has been proposed by Smailys and Česnauskis
(Smailys & Česnauskis 2006). The modified methodology requires less input data than standard
IMO methodologies and estimations can be performed in a shorter time span. When applying
IMO simplified probabilistic method detailed information about tank volumes and positions are
needed as well as main particulars of the hull. This data is often stored only by the ship owner
and ship yard and is unavailable for expeditious use. The aim of the modified methodology is to
be able to estimate cargo oil outflow as precise as possible using IMO approved methodologies,
but only with very limited information related to the accident.
In order to minimize amount of input data, it is assumed that the number of constructive designs
of tankers is limited in certain sea regions. Analysis of tankers having different sizes and design
types done by the authors revealed, that the length of all arranged cargo tanks for a majority of
tankers is the same. It could be seen that for tankers operating in the Baltic, the distances La
and Lf mostly correlate with the length of the ship and deadweight. Values of parameters La, Lf
and LT for different deadweight tankers, as estimated in performed research, are presented in
Table 1.2.
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Figure 1.12. Dimensions of i cargo tank of the tanker (Smailys & Česnauskis 2006)
Table 1.2. Values of parameters La, Lf and LT for tankers of different sizes operating in the Baltic Sea
(Smailys & Česnauskis 2006)
DWT [t]

La

Lf

LT

5000-35000
35000-50000

(0.23-0.25)L ┴
(0.21-0.23)L ┴

(0.07-0.05)L ┴
(0.06-0.05)L ┴

(0.68-0.72)L ┴
(0.71-0.74)L ┴

50000-80000

(0.20-0.22)L ┴

(0.06-0.05)L ┴

(0.72-0.75)L ┴

80000-150000

(0.19-0.20)L ┴

0.05 L ┴

(0.75-0.76)L ┴

Performed analyses have shown that damage probability of any of the cargo tanks (except from
front cargo tanks) insignificantly depends on deviations, originating when comparing the actual
shape of the tank with the shape of rectangular prism. For the front cargo tanks a dependence
of parameter y on yS was estimated for different size and design tankers (Table 1.4). For all
remaining cargo tanks condition y = yS is applied.
Table 1.3. Estimation of parameter y by yS for front cargo tanks (Smailys & Česnauskis 2006)

Port side front tank
Central front tank

Tankers with tanks
arranged in one

Tankers with tanks
arranged in two

Tankers with tanks
arranged in three

longitudinal line

longitudinal lines

longitudinal lines

y=(0.70-0.80)ys

y=(0.75-0.85)ys
-

y=(0.60-0.70)ys
y=(0.40-0.60)ys

Starboard side

y=(0.75-0.85)ys
y=(0.75-0.85)ys
front tank
Leser values in the intervals should be used for tankers having most pronounced
curvature in the front part of the hull.

It is worth to note, that the intervals of parameter yS shown in Table 1.3 are quite wide.
Calculations have however revealed that such big differences of parameter y have only little
influence on the final results. Fluctuations in calculated oil outflow are only 0.5 %. Initial volume
of i cargo tank Vii [m3] is calculated as follows:

Vii = Ci ( x f ( i ) − xa ( i ) )( y p ( i ) − ys ( i ) )( zu ( i ) − zl ( i ) ) ,

(1.54)

where Ci is the volumetric coefficient of i cargo tank, and all other symbols are defined in Figure
1.12. As the cargo tanks (expect fore and aft tanks) slightly differ from the shape of a
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rectangular prism the corresponding volumetric coefficients for these cargo tanks equal to 1. A
research of 15 different design and deadweight tankers was made in order to estimate
volumetric coefficients for front and aft cargo tanks. It was obtained that tankers with similar
tonnage and cargo tank arrangement scheme can be grouped and corresponding intervals of
volumetric coefficients for front and aft cargo tanks can be imposed to these groups. The data is
presented in Table 1.4. When the tank volumes and positions are defined the initial input
dataset, necessary for application of simplified probabilistic methodology can be formed. The
probabilities are thereafter calculated according to IMO Resolution (IMO 2004). In order to
validate proposed modified methodology, comparative estimations were executed. Estimations
were made with strict application of IMO approved methodologies and calculations using both
probabilistic and simple probabilistic method were executed. The results are shown in Table 1.5
and depicted in Figure 1.13. The difference in the volumetric coefficient does not trigger big
errors, calculated oil outflow fluctuates around 1.5 %. After calculations of initial volumes Vii,
revised volumes Vi of each i cargo tank should be estimated according to formula:

Vi =

VΣ
n

∑V
i =1

Vii ,

(1.55)

ii

where V∑ is the total volume of all cargo tanks, known as one of the main particulars of the
tanker. By this it is assured that V∑ equals to the volume of all revised volumes of cargo tanks.
When the tank volumes and positions are defined the initial input dataset, necessary for
application of simplified probabilistic methodology can be formed. The probabilities are
thereafter calculated according to IMO Resolution (IMO 2004). In order to validate proposed
modified methodology, comparative estimations were executed. Estimations were made with
strict application of IMO approved methodologies and calculations using both probabilistic and
simple probabilistic method were executed. The results are shown in Table 1.5 and depicted in
Figure 1.13.

Table 1.4. Volumetric coefficient for tankers of different design types (Smailys & Česnauskis 2006)
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Table 1.5. Oil outflow parameters estimated by different methodologies for some tankers (Smailys &
Česnauskis 2006)
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Tanker's DWT [t]

150000
95000
60000
40000
5000
5000
0

0.005

Method 1

Method 2

0.01

0.015
0.02
Mean oil outflow parameter

Method 3

Method 4

Figure 1.13. The values of mean oil outflow parameter calculated with use of four different methods, as
presented in Table 1.5.
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Tanker's DWT [t]

The obtained results show that the numeric values of mean oil outflow parameter (OM) differ
from -4 to 30 % in comparison to the simplified probabilistic method (calcualtion method 2
according to Table 1.5). The results are depicted in Figure 1.14.

150000
95000
60000
40000
5000
5000
-5

0
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35

Difference [%]
Method 1

Method 3

Method 4

Figure 1.14. The differences in mean oil outflow parameters calculated with use of different methods,
related to Method 2.

Tanker's DWT [t]

Arithmetical averages of numeric values of parameter (OM), estimated by the use of probabilistic
and simplified probabilistic method, both approved by IMO (calcualtion method 4 according to
Table 1.5), were compared with the results obtained using modified methodology (calcualtion
method 4). The results are depicted in Figure 1.15. It can be seen that these values differ only
up to 9%, which is may be considered an insignificant error, when taking other inaccuracies
(determination of parameters and simplifications) into consideration.
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Figure 1.15. The differences in mean oil outflow parameters calculated with use of different methods,
related to Method 4.
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Oil outflow estimation for the Baltic Sea
Possibilities and requirements
In the previous chapters, methods for oil outflow estimations are presented. In this chapter the
suitability of the methods for the Baltic Sea, availability of input data and further requirements
are discussed. For the purposes of oil outflow estimations the applied methodology should be
accurate, but simple. The amount of required input parameters should be as limited as possible
and the parameters should be easily obtained. Different possibilities for the creation of a model
for oil outflow estimation are presented as well.
The possible consequences for the environment from a casualty involving an oil tanker are more
severe than from a casualty involving other ship types. As the oil tanker traffic has significantly
grown in recent years and this trend will continue in future, oil shipping is probably the biggest
particular threat for the Baltic Sea environment caused by marine traffic.
The IMO methodologies, especially the probabilistic methodology (IMO 2003), need a lot of
particulars and specifications that are not easily achievable. The simplified probabilistic
methodology (IMO 2004) needs less input data, but does still need specifications considering
the tank location and dimensions as well as hull dimensions that might be stored only by the
ship yard and ship owner. The proposed methodology created by Smailys and Česnauskis
(2006) would probably be the most suitable for the purpose of creating an oil outflow estimation
methodology for the Baltic Sea. A comparison between the different methods showed quite
insignificant errors and as there is still some uncertainty with the results caused by
simplifications and possibly partly inappropriate assumptions as discussed before it is not
reasonable to use too elaborate methodologies. The estimation of the consequences of one
particular accident is however rational to be made with all available data and as detailed as
necessary to get as accurate results as possible, but when the aim is to create a model of
probable oil outflow in case of an accident based on a large number of accident scenarios a
more simplified method is motivated.
In the Baltic Sea the ship size is limited by the maximum draft in the Danish Straits as well as
the narrow and shallow routes to many harbours and oil terminals. For tankers the maximum
possible deadweight in the Baltic is approximately 150000 tonnes (when not taking the twin
screw Stena-Bmax into consideration), but the amount of tankers of this size is not especially
big. The slightly smaller Aframax tankers (80000-120000 DWT) are in contradiction common
and as most oil by volume is transported yearly in the Baltic Sea by tankers of this size they are
of special interest. In outflow estimations performed by Herbert Engineering Corp. (Herbert
Engineering Corp. 1998) as well as Smailys and Česnauskis (2006) the calculations were done
for tankers of 5000, 40000, 60000, 95000 and 150000 DWT. The 95000 DWT oil tanker
represents quite well the Aframax size (commonly slightly above 100000 tonnes).
In order to estimate probable oil outflow the data presented by Herbert Engineering Corp.
(1998) for different tanker sizes, tank arrangements and hull dimensions could be used. The
distribution of the different structures should however be known and as there seems to be only a
couple of designs commonly used these could be used as default values. This simplification
should not affect the results significantly. For Aframax tankers built during the last ten years a
6x2 tank arrangement with two slop tanks located aft of the cargo tanks seems to be the
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common practice. In this size almost no other designs have been chosen based on data
covering approximately 10% of the built Aframax tankers during the 21st century (Lloyds register
of shipping, 2009). For double hull dimensions, wing tank breadth and double bottom height, the
typical values are slightly above 2 metres. For outflow estimations width of 2 m and height of 2
m can be chosen as default values in order of not to underestimate the probable outflow.
Tankers should in principle be designed to meet the minimum requirements considering oil
outflow based on the IMO methodologies. For tankers having deadweight above 40000 tons the
minimum clearances are 2.0 m for both wing tank breadth and double bottom height, but to
meet certain structural requirements by IMO and class these values might have to be increased.
Due to this one very simple option for oil outflow estimation is to use the IMO mean outflow
parameter to estimate the probable oil outflow. The average oil spill (OS) can be calculated as
follows:

OS =

OM C
(1 − P0 )

(1.56)

where OM is the mean outflow parameter, C the total volume of cargo oil and P0 the probability
of zero oil outflow. In order to estimate the probable oil outflow the size of the ship and some
basic information depending on the method has to be achieved. When creating a model for an
area in the Baltic Sea, an AIS data can be used to create distributions of tankers size. By taking
other parameters as default or based on their distributions respective it is possible to create
estimations of accidental oil outflow.
Oil outflow calculations for the Baltic Sea
The size of the tankers as well as the amount of common structural arrangements is limited in
the Baltic Sea Area. Almost all tankers seem to have a 6x2 tank arrangement in spite of ship
size and there are no big differences in double hull clearances for ships of a particular size as all
ships have to meet the IMO regulations. Due to this, estimations of probable oil outflow with
satisfying accuracy can be made using a couple of default designs to create a relationship
between mean outflow and ship deadweight.
In order to evaluate proposed simplified methodology to estimate oil outflow Smailys and
Česnauskis (2006) performed comparative calculations for common tanker designs of different
sizes. The dimensions were chosen to represent the existing tanker fleet operating in the
Southern Baltic Sea area as well as possible. Double hull clearances were set to the minimum
values allowed by IMO Requirements not to underestimate the volume of oil outflow. The mean
outflow was calculated using both IMO probabilistic and simplified probabilistic methodologies.
The average value obtained by the IMO methodologies was compared with the result of the
proposed methodology developed by Smailys and Česnauskis. For the purpose of creating a
dependency between ship size and mean outflow the tanker designs chosen in that study are
used as reference. The average accidental mean outflow obtained by the IMO methodologies
will be used as the expected outflow for a ship of certain deadweight. The mean outflow as a
function of ship deadweight is presented in Figure 1.16. One could expect the relationship to be
linear or partially linear, as the IMO regulations use fixed values for double hull clearances for
deadweights above certain limits, but the relationship is best represented by a polynomial of
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second order. The graph depicted in Figure 1.16 shows the expected amount of oil outflow in
case of an accident as a function of cargo deadweight calculated as the average of the values
given by the probabilistic and simplified probabilistic methodology.

Figure 1.16. Estimated accidental mean oil outflow as a function of ship deadweight

Oil outflow is calculated as follows:

OS = OM C ρ ,

(1.57)

where OM is the mean outflow parameter calculated as the average of the IMO methodologies,
C is the total cargo volume at 98% filling, and ρ is a nominal density of cargo oil defined as
follows:

ρ=

DW
C

(1.58)

where DW is the designed cargo deadweight of the ship. For the IMO reference tankers nominal
cargo oil density (ρ) equals 0.855 t/m3, which is a default value in presented analysis. The oil
and water densities influence the hydrostatic balance in the case of grounding. A higher oil
density will lead to larger volume of oil outflow, but as the ship deadweight is the limiting factor
the cargo tanks are only partly filled when carrying heavier oils and the result should in principle
not be affected. With heavier oils a common practice is that every second tank will be filled and
every second only partly filled or filled with lighter cargo. When a tank filled with heavy oil is
damaged the volume of oil outflow is significantly larger than the value assumed for the nominal
oil density as calculated according to IMO regulations.
The mean outflow is the weighted average for all accidents (whether spill occurs or not), and the
average spill size is the mean outflow divided by (1 – P0), where P0 is the probability of zero
outflow. The probability of zero outflow refers to the likelihood of no spill in all potential collision
and grounding scenarios, the following values are recommended (Marine Board & Transport
Research Board 2001).
• for collision: 0.86 irrespective of tanker’s size,
• for grounding:
o for tankers of 40000 DWT: 0.94,
o for tankers of 150000 DWT: 0.73.
For the IMO reference ships the probability of zero outflow irrespective of accident types are as
follows (IMO 2003):
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• for tankers of 60000 DWT: 0.81
• for tankers of 150000 DWT: 0.79
In the estimation presented value of 0.8 will be used as the expected probability of zero outflow.
Oil outflow as a function of ship deadweight considering there is a spill is presented in Figure
1.17.

Figure 1.17. Oil outflow considering there is a spill as a function of cargo deadweight (probability of zero
spill equals 0.8).

Statistical model of oil spill
According to result of research carried out by Maxim and Niebo (Trans Alaska Pipeline System
Owners 2001) the lognormal distribution provides an adequate representation of oil spill volume
data. The lognormal distribution was also applied by Juntunen (Juntunen 2005) when estimating
oil outflow from ship casualties in the Baltic Sea area. Although such approach is rough and
simple it can be a usefull tool for oil spill probabilities and spill sizes estimation when the mean
outflow is known.
The statistical model is widely applied in a variety of fields due to a couple of reasons. One is
that it can depending on its parameters assume a variety of shapes, including distributions with
long right tails. The lognormal distribution function applied in the model is given by the equation:

P ( x) =

1
xσ y

 1

2
exp−
(ln
x
−
µ
)
,
y
2
2π
 2σ y


(1.59)

where x is the size of the spill, µy is the mean, and σy is the standard deviation of the logtransformed spill size y. (i.e., y = ln(x)). The density function of the variable y, which follows a
normal distribution, is given as follows:

f ( y) =

1

σy

 1

2
exp−
(ln
x
−
µ
)
,
y
2
2π
 2σ y


(1.60)

where y=ln(x).
The parameters of a lognormal distribution applied in the presented analysis were evaluated
using oil outflow data provided by Herbert Engineering Corp. (1998). The distribution of the
different tank arrangements and dimensions for the fleet operating in the Baltic Sea were
however not taken into consideration and the results might not be accurate as all possible
construction alternatives were expected equally common.
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Using the lognormal distributions the probabilities for different spill sizes are calculated for
tankers of 5000, 20000, 40000, 60000, 95000, 115000 and 150000 tons cargo DWT. The mean
value of oil outflow is taken as the expected oil outflow considering there is a spill (Figure 1.17),
and the probability of zero spill is assumed to be 0.8. The probabilities are calculated for spill
sizes of below 1000 tons, from 1000 to 5000, 5000 to 15000, 15000 to 30000 and for spills
above 30000 tons. As it is considered there is a spill the sum of the probabilities of the different
spill sizes equal to 1 for each tanker size. When performing the calculations mean outflow
considering there is a spill (µ) and standard deviation (σ) shall be taken as the natural logarithm
of the values presented in Table 1.6. Standard deviation was calculated based on the
assumption that one in 100 casualties where a cargo tank is damaged will lead to loss of entire
cargo deadweight. This was done by assuming the mean value (outflow considering there is a
spill) given and then letting 99% of the area under the distribution curve to fall in the range
between 0 and entire cargo deadweight.
Table 1.6. Parameters of tankers and outflows considered
DWT

Mean outflow
(tons)

Mean outflow cons.
there is a spill: µ

standard deviation: σ

(tons)

5000

63.5

318

3.27

20000

261

1285

3.25

40000
60000

548
828

2740
4140

3.16
3.15

95000

1511

7552

2.97

115000
150000

1899
2520

8847
12088

3.01
2.89

Table 1.7. Spill probabilities for tankers of different size
DWT

0-1000

1000-5000

5000-15000

15000-30000

30000-

5000
20000

0.83
0.42

0.16
0.46

0.01
0.11

0.00
0.01

0.00
0.00

40000

0.19

0.51

0.23

0.05

0.02

60000
95000

0.11
0.03

0.46
0.32

0.30
0.38

0.09
0.16

0.04
0.10

115000

0.03

0.28

0.38

0.18

0.13

150000

0.01

0.19

0.37

0.23

0.20

The distributions of probable spill volumes for the analysed tankers are depicted in Figure 1.18.
The following notations were applied: A(x)0 refers to the 5000 ton cargo deadweight tanker,
A(x)1 to the 20000 ton tanker and so on. The finite integral taken from 0 to 1000 tons for the
graph of a particular tanker gives the probability of a spill between 0 and 1000 tons as
presented in Table 1.7.The finite integral from 0 to ∞ for the graph of each tanker equals to 1.
As the probability of loosing entire cargo is taken as 0.01, the finite integral from 0 to ship
deadweight equals to 0.99. One can recognize that the mathematical distribution model
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indicates small probabilities for spill volumes larger than the cargo capacity. For this exceeding
1% the spill volume shall naturally be taken as the entire ship deadweight.

A(x)0
A(x)1
A(x)21 .10 4
A(x)3
A(x)4
A(x)55 .10 5
A(x)6

0
0
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1 .10
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8000
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1.2.10

4
1.4.10

4
1.6.10

4
1.8.10

2 .10

4

x

Figure 1.18. Distribution of probable oil spill volume for different tankers where x is the spill size in tons.

In the previous example accidental oil outflow was calculated according to IMO methodologies
(IMO, 2003 and 2004) by combining the probable oil outflow due to collision and grounding in a
ratio of 0.4 and 0.6. For the purpose of creating a risk based model for oil spill estimations and
consequences it is however beneficial to be able to calculate the estimated oil outflow in the
case of collision and grounding separately. This can be done by strictly following the IMO
outflow estimation methodologies or by using a more simple approach as proposed by Smailys
and Česnauskis (2006). Comparing calculations performed by Smailys and Česnauskis showed
differences of 10 to 15 percent in the results when comparing different methodologies.
According to IMO (2004) the probabilistic methodology gives the most accurate results for the
separate cases of grounding and collision. Oil outflow due to collision and grounding as a
function of cargo deadweight considering there is a spill calculated according to the IMO
probabilistic methodology is presented in Figure 1.19. The reference points are presented in
Table 1.8.
Table 1.8. Tanker parameters
Cargo DWT

Oil outflow, side

Oil outflow, bottom

(tons)

damage (tons)

damage (tons)

5000

436

274

40000

3839

2249

60000

6378

3561

95000

11790

5451

150000

21452

7776

Calculations were performed in the same manner as presented previously for the combined
case. The spill probabilities were calculated for tankers of 10000, 35000, 50000, 75000, 115000
and 150000 DWT in order of representing the upper limit of chosen tanker categories. Expected
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mean outflow considering there is a spill and standard deviations for the tankers are presented
in Table 1.9. The spill probabilities are shown in Table 1.10 and Table 1.11.

Figure 1.19 Oil outflow due to collision and grounding considering there is a spill as a function of cargo
deadweight as calculated according to IMO probabilistic methodology.

Table 1.9. Oil outflow parameters for given tanker type
Cargo DWT

Oil outflow, Side

Standard

Oil outflow, bottom

Standard

(tons)
10000

damage (tons)
811

deviation: σ
2,94

damage (tons)
536

deviation: σ
3,52

35000

3423

2,70

2073

3,37

50000
75000

5231
8643

2,64
2,53

2936
4273

3,38
3,42

115000

15143

2,36

6153

3,52

150000

21881

2,29

7536

3,61

Table 1.10. Spill probabilities for side damage. Cargo deadweight and spill sizes are presented in tons
DWT

0-500

500-1000

1000-5000

5000-15000

15000-30000

30000-

10000

0,33

0,25

0,38

0,04

0

0

35000
50000

0,03
0,01

0,08
0,04

0,54
0,43

0,28
0,38

0,06
0,10

0,01
0,04

75000

0

0,01

0,26

0,44

0,19

0,10

115000
150000

0
0

0
0

0,10
0,04

0,40
0,29

0,29
0,32

0,21
0,35
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Table 1.11. Spill probabilities for bottom damage. Cargo deadweight and spill sizes are presented in tons
DWT
10000

0-500
0,48

500-1000
0,21

1000-5000
0,27

5000-15000
0,04

15000-30000
0

300000

35000

0,12

0,16

0,49

0,18

0,04

0,01

50000
75000

0,07
0,04

0,12
0,08

0,48
0,43

0,24
0,30

0,06
0,10

0,03
0,05

115000

0,02

0,05

0,36

0,33

0,14

0,10

150000

0,02

0,04

0,32

0,33

0,15

0,14

Spill estimations performed in this report show undoubtedly that the threat of a large scale spill
in the Baltic Sea is present and the probable spill volumes are significant. In the current situation
with growing volumes of oil transported through the Baltic Sea one can easily say that we have
been lucky when experiencing only one severe tanker spill accident (the collision between Baltic
Carrier and Tern resulting in a spill of 2700 tons) during the 21st century. When looking only at
calculated probabilities for spill accidents and statistical models we should in fact already have
seen more severe accidents. Fortunately the most severe cases have been only near misses,
which indicates that actions as forbidding single hull tankers, development of the AIS system
and the introduction of the GOFRep system, performed to improve traffic safety have been
successful. Despite this one should still be aware of the fact that a collision involving a tanker of
150000 tons where a cargo tank is damaged will most probably result in a spill of at least 20000
tons and the probability of a spill volume larger than 30000 tons is still more than 30%.
The estimation of probable accidental oil spills is very complex. What really happens in a
particular accident is impossible to predict, but based on accident statistics and simulations
average estimations can be performed. Existing methodologies however often do not show
satisfying accuracy, but can at the same time be seen as too calculation intensive. The IMO
methodologies are today taken as default, but how they really represent real accidental
conditions is questionable. Especially when considering collision incidents it is quite obvious that
further improvements are needed. As the IMO regulations stand as a basis for tanker design it
would be extremely important that they directed the designs towards improved environmental
performance. The introduction of the mean outflow parameter as the key factor is a step in the
right direction, but as long as the calculation methodologies do not for instance encourage
improvement of the crashworthiness of the hull structure the result is far from satisfying.
For accurate outflow estimations hull deformation due to collision and grounding should be
properly evaluated. Databases of past accidents used as reference should definitely be more
complete than those used by IMO. It is of no sense to regulate double hull tankers on the basis
of very limited accident statistics mostly involving single hulled ships. Much improvement in
tanker safety has happened during the last decades, but by just looking at this trend and
ignoring visible shortcomings with current regulations the consequences might be disastrous.
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2. Marine traffic risk modelling based on AIS data and ship manoeuvrability– static
approach
This chapter presents detailed description of new model for marine traffic risk assessment,
called henceforth the MDTC model. Main assumptions, preliminary results and model’s
validation and limitations are presented. In the preliminary study the MDTC model was used to
calculate the risk that is posed by double hull tankers navigating through the Gulf of Finland. As
a research area the busy waterways junction between Helsinki and Tallinn was chosen.

Collision probability assessment – MDTC model
The collision probability prediction model presented in this report is based on a molecular
collision model and is supported by a model of ship dynamics. The molecular collision model is
one of the several models used in aviation for the probability analysis of aircraft colliding [28]. Its
application for marine purposes was firstly presented by MacDuff (1974), but in his approach
ship manoeuvrability was not considered. This report presents a two-dimensional model, which
was reduced from the original three-dimensional case for the purposes of marine navigation. In
this model the vessel is represented as a particle surrounded by a disc of a given radius
(Fig.2.1a), which constitutes a “no-go area” for other objects. Some researchers define the
vessel static domain in the similar way (Szlapczynski 2006, Pietrzykowski & Uriasz 2009), while
others call it the bumper (Fujii et al. 1984) or the guarding ring (Kao et al. 2007). The definition
of the domain expresses it as the area around the vessel that the navigator wants to keep clear
of other vessels or objects (Fujii et al. 1978, Goodwin 1975), and therefore a violation of the
vessel’s domain is not tantamount to a collision. In the presented model a violation of the outer
boundary of the disc is equal to a collision (Fig.2.1). A collision between two vessels (two discs)
is described as an overlap of these two discs. The occurrence of such an overlap is equivalent
to an event in which a point representing the centre of one vessel enters the disc of which the
radius equals the sum of the radii of two original discs (Fig2.1b).

Figure 2.1. Representation of vessels as discs and definition of collision situation.
The diameter of the greater disc (Fig.2.1b) is not fixed, and is computed for each type of vessel
and encounter individually, thus it changes with the situation. The value of that disc diameter is
considered the MDTC. If the distance between these two vessels becomes less then MDTC, it
means that a collision cannot be avoided by any manoeuvres, and the vessels will collide. In
other words, as long as the disc of radius MDTC is not violated by another vessel no collision
will take place. This situation and relations between MDTC, safe passing, and collision are
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presented graphically in Figure 2.2. The main factors relevant to determine the MDTC value are:
the vessels’ manoeuvrability, the angle of intersection (labelled α in Figure 2.2a), and the
relative bearing from one vessel to the other (angle labelled β in Figure 2.2a). Recent research
has revealed that the vessel’s safety domain, which may be comparable to MDTC, had a
relatively low correlation with the sea state and wind force (Kao et al. 2007). Therefore the
hydro-meteorological conditions are not considered.

Figure 2.2. The relationships between MDTC, safe passing distance, and collision.

The MDTC model description
This chapter contains the formulae used in the model, and presents the results of the analysis of
three main types of vessel encounters: overtaking, head-on, and crossing.
Vessels on parallel courses – overtaking
In this case, the vessels are navigating along the same route, on mutually parallel courses, with
the difference between their courses not exceeding 10 degrees, but at different velocities. The
geometrical probability of a collision between two vessels while overtaking, also referred to as
the numbers of candidates for collision during overtaking, is expressed as follows:

N overtaking = TO PO ,

(2.1)

where TO is the overtaking rate and PO is the probability that the vessels’ domains are violated
during overtaking. The overtaking rate is the number of vessels which will overtake another
while on parallel courses, irrespective of the passing distance. The overtaking rate is not a
collision frequency, unless the waterway width is zero. It is calculated with the following formula
(Endoh 1982):

TO =

N2
E '[Vij ] ,
2L

(2.2)

where N is the expected number of vessels in the waterway on parallel courses, L is the length
of waterway, and E’(Vij) denotes the expected relative velocity of all pairs of vessels of types i
and j. The expected relative velocity is determined as follows (Endoh 1982):
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E '[Vij ] =

1 N
∑ E[Vij ]
N − 1 i, j

(2.3)

E[Vij ] = (Vi 2 + V j2 − 2Vi V j cos θ ) ,

(2.4)

where Vi is the velocity of a vessel of given group [m/s], Θ means the angle of intersection,
which is defined as the difference between the courses of vessels in groups i and j, and Pv(V)
denotes the probability density function of velocity for given type of vessel. The expected
relative velocity taken over all possible pairs of vessels is computed as follows:
The probability that the vessel domains will be violated while overtaking (PO) equals the
probability of the event that two vessels will pass each other at a distance less than the adopted
value and is expressed as follows:

B + B2 

PO = P x ≤ 1
,
2 


(2.5)

where x is the distance between two ships while overtaking and B is the breadth of a vessel of a
given class.
Vessels on parallel courses – head-on
The number of collision candidates during head-on meetings is calculated using the formulae
presented in Equations (2.1) to (2.5). It is assumed that the differences between the two vessel
courses are to be within 180°+/- 10° to consider su ch a situation as a head-on meeting.
Vessels on crossing courses
To calculate the collision rate at the intersections of waterways, it is assumed that the vessels
are entering the waterway with a given velocity, which is modelled by a continuous distribution,
and with a given intensity, which is assumed to be constant. The processes of the flow of
vessels into waterways are independent. The number of collision candidates is determined on
the basis of the following equation (Endoh 1982):

N crossing = ∑i , j

RE '[Vij ]λi λ j
ViV j sin α

,

(2.6)

where R is the MDTC value, λ denotes the intensity of the vessels entering the waterway, V is
the velocity of the vessels according to type, and α is the angle of intersection of the waterways.
The number of collision candidates depends on the vessels’ velocities and dimensions, the
traffic intensity, and the angle of intersection of the waterways. The rate does not depend on the
lateral distribution of vessels across the waterway, whereas it is crucial in the case of overtaking
and head-on situations.
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Assessment of Minimum Distance To Collision
To determine the value of MDTC and the factors that may affect it, an experiment using the
hydrodynamic model of ship motion was conducted and several crossing-type meeting
scenarios were simulated. Analysis was carried out for the following:
• 3 types of vessels (container carrier, passenger vessel, and tanker);
• 9 meeting scenarios, described in the next part of the report;
• 17 crossing angles varying from 10° (almost overta king) to 170° (almost head-on), with
10° increments (Fig.2.3);
• 4 types of manoeuvres conducted by both vessels to avoid collision, as presented in
Table 2.1.
The following assumptions were made:
• initially the vessels are proceeding at full sea speed;
• the vessels are fully laden;
• the vessels start their manoeuvres simultaneously;
• the setting of the steering gear and propulsion during the manoeuvre are constant;
• the initial course of vessel A is always 360° and vessel B changes her initial course in
each consecutive trial by 10°;
• the initial relative bearing from vessel A to vessel B is 45±2° starboard;
• only the “turning away manoeuvres” performed by means of rudder are considered;
• the influence of weather conditions is omitted;
• the curvature of the Earth is omitted because of the small distances being considered.
The “turning-away manoeuvre” implies course alteration away from each other to avoid collision
and to shorten the time at close quarters. The data presented in Table 2.1 define the turningaway manoeuvres according to the initial course of vessel B.
Table 2.1. Turning-away manoeuvres
Type of
manoeuvre
Vessel B’s
course
<190°-270°)
<270°-350°>

Vsl_A

Vsl_A

to port

Both to

Both to

to stbd

Vsl_B
to stbd

port

stbd

Vsl_B
to port

No
Yes

Yes

Yes

No

No

No
No

The initial relative positions of the vessels are presented in Figure 2.3. The crossing angle
number depends on vessel B’s course. Number 1 represents vessel B on a course of 350
degrees and number 17 describes a meeting where vessel B’s course equals 190 degrees.
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Figure 2.3. Vessels relative positions with three chosen crossing angles, before they start to manoeuvre.

The most intriguing question is, if and how the types of meeting vessels affect the value of
MDTC. For that purpose the following meeting scenarios were simulated and appropriate
nomenclature was adopted, then used in Figure 2.6:
• two container ships of the same size (Cont_Cont),
• two container ships of different sizes (Cont_diff),
• two tankers of the same size (Tanker_Tanker),
• two tankers of different sizes (Tankers_diff),
• passenger vessel – tanker (Tanker_Pass),
• two passenger vessels (Pass_Pass),
• passenger vessel – container ship (Pass_Cont),
• RoRo – container ship (RoRo_Cont),
• two RoRo carriers (RoRo_RoRo).
The analysis was conducted for the traffic in the Gulf of Finland (GoF); therefore the sizes of
typical “GoF vessels” are considered. A detailed analysis of marine traffic in this area is
conducted in further chapter, and typical “GoF vessels” are presented. The algorithm for MDTC
assessment is presented further in Figure 2.5. The optimisation process, the aim of which is to
obtain the minimum distance between the initial positions of two manoeuvring vessels (MDTC)
is performed with the use of genetic algorithms. The aim of the optimisation process was to find
the value of B0, which is the initial position of the centre of gravity of vessel B at time instant 0,
as presented in Figure 2.4.
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Figure 2.4. Relations between value to be optimised (an initial position of vessel B at time instant 0) and
value of ei which is to be found a minimum.

An iteration algorithm was used to determine the B0 value for a certain meeting scenario, by
finding a minimum value of ei as follows:

min(ei ) ⇒ B0

(2.7)

ei = Bi − Ai
0.6 LOA > ei > 0.5LOA ,
where Bi is the position of the centre of gravity of vessel B at the time instant i: (XB, YB, ti), Ai is
the position of the vessel A’s centre of gravity at the time instant i:(XA, YA, ti), ei is the distance
between the centres of gravity of two vessels at the time instant i, and LOA denotes the average
value of length over all of two vessels involved. It was assumed that a distance between the
centres of gravity of two appropriate vessels which is larger than 0.5LOA implies non-contact
meeting. The idea of the above process is presented graphically in Figure 2.4, and values of ei
for consecutive time instants are presented.
Results of numerical experiment of MDTC assessment
The results of the experiment are presented in Figure 2.6, together with the corresponding
“collision diameter” values (CD) used in Pedersen’s model (Pedersen 1995). The collision
diameter and MDTC may be considered equivalent in principle, and therefore a comparison of
results is performed, to show the discrepancies between these two values. Figure 2.6 consists
of a number of curves, which represent the meetings of different types of vessels. According to
the legend the values of MDTC and CD are non dimensional, expressed in terms of the average
length of the vessels involved. Depending on the angle of intersection, the discrepancies vary.
For angles in the range 10°-30° and 140°-170° the v alues of MDTC and CD do not differ much
but for the angles 90°-110° the highest discrepancy is observed. That range of crossing angles
is the most unfavourable in the sense of the value of course alteration required to avoid a
collision.
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Figure 2.5.The block diagram of the algorithm for MDTC assessment.
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Figure 2.6. Values of MDTC obtained for all meeting scenarios, with corresponding values of collision
diameters.

Depending on the types of vessels engaged in the meeting, there are slight differences in the
MDTC values. To prove whether these differences are statistically significant, the appropriate
analysis was performed. A hypothesis was formulated that each MDTC curve was drawn from
the same population, and therefore there is no influence of the vessel type on the value of
MDTC. To prove this hypothesis statistical tests were conducted. At first the KolmogorovSmirnov normality test was performed. This test compares the empirical cumulative distribution
function of sample data with the distribution expected if the data were normal. The test
hypotheses are H0: the distribution of the random variable follows the Gaussian distribution,
versus H1: the distribution does not follow the Gaussian distribution. The p-values of this test
were lower than the chosen α level (p<0.05) for 90% of the observations, and therefore it was
concluded that the analysed random variable’s distribution is non-normal.
In the next step a nonparametric Kruskal-Wallis test of the equality of medians for two or more
populations was performed; it tests whether two or more independent samples come from
identical populations. The test hypotheses are H0: the population medians are all equal versus
H1: the medians are not all equal. The test does not require the data to be normal, but instead
uses the rank of the data values rather than the actual data values for the analysis. In the
present case the data was ranked by types of vessels that are at close quarters, and therefore 8
groups were created, and named according to the legend in Figure 2.6. Then the range of
intersection angles was divided into four segments (10°-60°; 70°-100°; 110°-140°; 150°-170°),
and a Kruskal-Wallis test was run for each segment individually. The results of this test are
presented in Table 2.2.
Table 2.2. Results of Kruskal-Wallis test for MDTC values
Segment

α

p

Hypothesis
rejected

10°-60°

0.05

0.213

H

70°-100°
110°-140°

0.05
0.05

0.813
0.899

H1
H 1

150°-170°

0.05

0.518

H
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1

MDTC (LOA)

In all the cases that were analysed the test statistics had a p-value higher than adopted α-value
(p>0.05), indicating that the null hypothesis can not be rejected. Therefore the results allow it to
be assumed that all MDTC values are drawn from the same population. Because of the limited
survey sample, further analysis was based on the Monte Carlo simulation and both mean and
standard deviation values were obtained. Afterwards, both MDTC and CD values at a 95%
confidence level were calculated, and the results are presented in Figure 2.7.
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Figure 2.7. MDTC and CD’s values computed at 95% confidence level by use of Monte Carlo simulations.

Ship dynamics modelling
A vessel’s manoeuvrability is estimated with the quasi-linear modular hydrodynamic model of
the vessel in-plane motion. Ship motion is calculated from the following generalised formulae:
 du ( X resist + X prop + mrv)
 dt =
(m − X u& )

 dv (− mru + Yv v + Yr r + Yr& r& + L)
,
(2.8)
 =
dt
(
m-Y
)
&
v

 dr ( N v v + N r r + N v& v& + LLPP / 0.5)
 =
( I zz -N r& )
 dt
where u is the linear velocity along axis X, Xresist means the ship resistance (Eq.2.9), Xprop is
the propeller thrust (Eq.2.10), m denotes the ship mass, r is the angular velocity along axis Z, v
is the linear velocity along axis Y, L means the lift forces on the rudder (Eq.2.11), Lpp is the
length of the ship between perpendiculars, Izz is a mass moment of inertia, and
X u& , Yv , Yr , Yr& , Yv& , N v , N r , N v& , N r& are hydrodynamics derivates and are calculated using
formulae derived from the literature (Artyszuk 2000, Brix 1993, Molland & Turnock 2007).
0 . 5 ρ u 2 SC T
,
X resist = −
(1 − t )
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(2.9)

where ρ is the water density [tonne/m3], S denotes the wetted surface of the ship hull (Eq.2.17),
CT means the total resistance coefficient (Eq.2.16), and t is the thrust deduction factor (Eq.2.15).
The propeller thrust is calculated with the following conditional equations:
 T TBPn<0 ≤ T ≤ TBP
,
(2.10)
X prop = 
TBP n > 0 ∧ T > TBP
where T is the propeller thrust calculated by means of Equations 2.18-2.20, and TBP denotes the
bollard pull, obtained with the use of Equation 2.20. The lift force on the rudder is calculated by
means of the following formula:

0.5 ρARVR 2πΛ (Λ + 1)
,
( Λ + 2) 2
2

L=

(2.11)

where ρ is the water density [t/m3], AR is the rudder area [m2], VR is the velocity near the rudder
[m/s], and Λ is the aspect ratio calculated as follows:

b2
Λ=
,
AR

(2.12)

where b is the rudder length [m]. The rudder area is estimated on the basis of the following
formula (Molland & Turnock 2007):


 B
AR = 0,01L pp Tmax 1 + 50C B2 
L

 pp







2


,



(2.13)

where Tmax is the maximum draught of the vessel [m], CB denotes the block coefficient and B
means the ship breadth [m]. The block coefficient is calculated using the following formula by
Lee et al (2009):

C B = 2.11 −

4.7
4.03 −

u

,

(2.14)

LOA

where u is the linear velocity of ship [m/s] and LOA is the overall ship length [m]. The thrust
deduction factor is estimated as follows (Soung & Rhee 2005):

L 
B

(2.15)
t = 0.9050.17 + 0.2CB − 0.015 OA  + 0.01 − 2.5  ,
 B 
T


where T is the ship draught [m]. The total resistance coefficient is calculated using the following
formula (Artyszuk 2005):

CT =

8 KT ( J )
,
π J2

(2.16)

where KT(J) is a non-dimensional thrust coefficient, and J an advance coefficient calculated with
the use of Equation 2.19. The wetted surface of the hull is calculated by means of the following
formula (Bertram & Schneekluth 1998):
∇
1. 7
B
(2.17)
S=
+ ,
B C B − 0.2(C B − 0.65) T
where ∇ stands for the volume of ship displacement [m3]. The model of propeller thrust was
calculated using the following formulae:
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T = K T ( J ) ρn 2 D 4
V
J= A ,
nD

(2.18)
(2.19)

where n stands for propeller revolutions [min-1], D is the propeller diameter [m], VA is the speed
of advance of the propeller [m/s]. The values of KT(J) are derived from the literature (Dudziak
2008) for a screw of the Wageningen B series. In some cases, especially for low ship speed,
Equation 2.18 may give unrealistic results. To prevent these abnormally high thrust values, a
limiting value was established, which corresponds to the bollard pull value. The following
formulae are used to calculate the bollard pull, depending on the direction of propeller
revolution:
7.8( P D) 2 3 for n > 0
D
,
(2.20)
TBP = 
2
3
5.5( PD D)
for n < 0
where PD is the power of the ship’s main engine [kW], which is estimated by means of Equation
2.23. Propeller diameter is estimated with the use of the following formula:
D = 0.6Tmax ,
(2.21)
The vessel’s power is estimated on the basis of modified Admiralty formula:

PD =

∇ aV b
,
ηDC

(2.22)

where V is the vessel velocity [kn], ηD the propulsion efficiency, C denotes the Admiralty
constant, a,b are exponents which are estimated for each type of vessel individually.
Each class of analysed vessels that was analysed was studied to find values of ηD, C and
exponents of ∇ and V. The research was focused on the four main groups of ships which
operate most frequently across the Gulf of Finland: these are tankers, ro-ro, passenger vessels,
and containers carriers. For each class of vessel the following data were extracted from a ship
database: length, breadth, draught, service speed, displacement, and main engine power. For
the purposes of this report, two ship databases were studied. One database was provided
online by the Japanese ship classification society Nippon Kaiji Kyokai, from which data
concerning tankers, container carriers, and ro-ro vessels were extracted. Another source of
particulars on vessels was the bulletins issued by the operators of passenger vessels which
cruise across Gulf of Finland. For each type of vessel analysed, a sample of 60 vessels was
extracted from the databases. The exception was the group of passenger vessels (20 vessels);
the sample size was limited by the actual number of vessels in operation. Afterwards the
optimisation method based on genetic algorithms was used to analyse the samples and to find
the values of ηD and C, and exponents of ∇ and V. The aim of the optimisation process was to
minimise the error function (ε) and maximise the prediction interval (Ω) simultaneously. These
two are expressed as follows:
ε → min and Ω → max

ε = 100

P − PD
P
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[%]

(2.23)

Ω = 100 − 100

N P − N PD

[%]

(2.24)

NP
N P − ε ≤ N PD ≤ N P + ε ,

(2.25)

where PD denotes the predicted power of the ship’s main engine, P the power of the sample
vessel, taken from the ship database, NP the number of sample vessels for which the engine
power is known (taken from ship database), NPD the number of vessels for which the predicted
power is within the adopted limit, and ε an error function defined by Equation 2.23. The results
obtained are presented in Table 2.3.
Table 2.3. Approximate values of coefficients used for vessels’ power prediction
Vessel type

ηD

C

a
(exponent
of ∇ )

b
(exponent of
V)

ε

Ω

%

%

Ro-Ro
Tankers

0.7
0.7

918.0
910.5

0.516
0.516

3.6
3.6

25
25

83.5
73.0

Container carriers

0.7

945.0

0.516

3.5

25

92.0

Passenger ships

0.7

640.0

0.516

3.6

25

90.0

Validation of applied ship dynamics model
Although the ship dynamics model used in this study is well known and has been validated
many times (Brix 1993, Abkowitz 1969), it is justified to compare the results coming from the
model with the results of sea trials to assess to what extent the simplification and approximation
adopted in the present study influence the accuracy of the ship motion model. Validation was
carried out for three ship types, the data for which are presented in Table 2.4.
Table 2.4. Main particulars of ships for which the model was validated
Power

Speed

Vessel type

L [m]

B [m]

T [m]

DWT [t]

[kW]

[kn]

Ro-Ro

199.4

23.4

6.08

7400

18900

20.9

Tanker

183.0

32.2

11.0

40000

8848

13.7

Container carriers

220.0

32.24

10.5

42500

26270

22.2

In the experiment described in the previous section, the aim of which was to determine the
MDTC values, the evasive manoeuvre was based on the turning circle performed by both
vessels. Therefore in the validation process two parameters were compared: the ship’s course
and her speed during circle turning. Data from the sea trials of newly-built ships were chosen as
references. The results are presented in Figure 2.9. The validation was carried out in the
domain of time and the time period investigated was 200 seconds. In Figure 2.8 the histogram
and maximum and minimum values of time required by vessels to evade a collision situation by
performing a turning circle are presented. These values were computed in the MDTC
determination process. The time was counted from the beginning of the taking of the anti58
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collision action until the minimum distance between these vessels ei min was reached (Fig. 2.4).
According to these data the maximum time required for vessels to perform a collision avoidance
manoeuvre is 130 seconds.
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Figure 2.8. Time to closest distance between two vessels (ei min) performing collision avoidance
manoeuvres.
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The graphs in Figure 2.9 show good agreement between modelled values and the observed
ones for vessels equipped with conventional single-propeller engines. Differences in the
vessels’ course and speed occur for vessels equipped with twin-screws engines (ro-ro).
However, the differences that occur until the 100-second time instant are acceptable in all
cases. Time duration of most manoeuvres carried out in this study did not exceed 100 seconds,
therefore the results obtained by means of the model that is presented may be considered to be
in conformity with reality for the analysis presented in this report.
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Figure 2.9. Estimated value of ship speed and course versus observed data

Marine traffic modelling
The vessel traffic profiles over the area under analysis are described using data derived from
the AIS transmissions recorded in March and July 2006. The registered data do not fully reflect
the existing traffic, mostly because of the limitations of the requirements for carrying AIS (IMO
2003). Regulation 19 of SOLAS Chapter V requires AIS to be fitted aboard: all ships of 300
tonnes gross and upwards engaged in international voyages, all ships of 500 tonnes gross and
upwards not engaged on international voyages, and all passenger ships irrespective of size.
Because of this, all “small traffic” is not included in the present study, although a large number
of pleasure craft and fishing boats navigate in the Gulf of Finland, especially during the summer.
These boats, despite their small dimensions, may, in some situations, complicate the traffic and
raise the already high risk of collision and grounding in the area. For further research that kind
of traffic should be estimated as well. Another reason behind the difference between registered
59

traffic and the actual situation is the incompleteness of the AIS information transmitted by
vessels. Transmissions without a Maritime Mobile Service Identity number (MMSI) or, latitude or
longitude were not stored in the database. Thus, the total number of vessels recorded in an
area may be smaller than the actual number by some per cent.
Marine traffic profile
The area in question is the junction of two main waterways; one leads N-S and the other E-W.
The N-S stream consists mainly of passenger vessels cruising between Helsinki and Tallinn,
whereas the E-W stream consists of cargo vessels bound for and from harbours located in the
Gulf of Finland. To estimate the number of vessels that arrive in and depart from the Gulf of
Finland, counting gate number 1 was established along meridian 023.5°E. To compute the
traffic volumes of the streams in the junction, another two counting gates were established.
Gate number 2 was established along parallel 60°N t o count N-S traffic, and gate number 3
along the meridian 026°E to count E-W traffic (Fig. 2.10).

Figure 2.10. Waterway junction that was analysed with counting gates and main traffic flows marked.

The types of vessels and their percentage share of the traffic in the Gulf of Finland are
presented graphically in Figure 2.11. The diagram constitutes the results of two months of AIS
transmission recordings, carried out in March and July 2006 at counting gates numbers 1 (all
vessels) and 2 (passenger vessels only). The traffic recorded in March is considered the winter
profile of traffic, whereas the traffic registered in July is a summer profile of marine traffic in the
Gulf of Finland.
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Type of vessels operating in the Gulf of Finland
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Figure 2.11.Types of vessels operating in the Gulf of Finland

In the diagram shown in Figure 2.11 the group labelled “other” consists of tugboats, icebreakers,
research vessels, support vessels, sailing yachts, and vessels for which AIS transmission was
not complete. In the case of messages with an MMSI number, but without vessel details, the
missing information was extracted from the external ship database. That external database was
very helpful in categorising vessels other than passenger ship and tankers, the AIS status of
which was “cargo vessels” (container carriers, general cargo, ro-ro, bulk carriers). Afterwards
the mode and maximum values of length, breadth, and draught in each class of vessel were
calculated, and the results are presented in Table 2.5. The mode value denotes the frequently
recorded values for a given class of vessel, so they may also be called typical parameters of
vessels operating in the Gulf of Finland in the year 2006.
Table 2.5. Types and sizes of typical and maximal vessels operating in the Gulf of Finland in the year
2006.
Vessel type

L_mode

L_max

B_mode

B_max

T_mode

T_max

Ro-ro

162.0

195.0

20.6

28.1

6.7

10.0

Tankers
Container

239.0
124.5

320.0
192.7

27.3
22.5

58.0
25.4

11.2
8.7

22.0
10.5

Passenger
ships

171.3

266.2

28.7

36.0

5.0

8.5

General cargo

85.0

173.5

12.5

27.6

5.3

10.9

carriers

ships

The total number of vessels registered at gates 1 and 2 is presented in Table 2.6. There are no
significant differences in the number of vessels passing gate 1 during each season (winter,
summer). However, such differences exist for gate 2, where the number of vessels in summer is
marked with an asterisk and for winter with double asterisks. The main reason for the difference
is that during wintertime the operations of high-speed craft between Helsinki and Tallinn were
suspended, and therefore the number of passenger vessels on the above route was reduced.
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Table 2.6. Number of vessels passing gate 1 (E-W traffic) and gate 2 (N-S traffic), registered in March (**)
and July (*)2006.
Gate number 1

Gate number 2

East

West

North

South

Ro-Ro

397

400

Tankers

618

607

Container carrier
Passenger ship

470
505

464
502

1140*

1140*

488**

488**

Vessel type

General cargo ships
Bulk carriers

895
153

929
145

TOTAL

3038

3047

Although the number of vessels passing gate 1 is similar throughout the year, the spatial
distribution of traffic is different this depends mostly on icing conditions in the area. As an
example, histograms of the winter and summer traffic are presented in Figure 2.12. The
differences in the distributions are significant and cannot be omitted in risk analysis. The above
relations hold true for the other gates as well.
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Figure 2.12. Traffic flow at gate no 1 in March (to left) and in July (to right) in 2006.

For the purposes of safety assessment and traffic modelling the traffic spatial distributions may
be approximated either by statistical distribution, or by histograms, if the registered traffic fits
any known distribution poorly.

Marine traffic modelling
According to the analysis of traffic composition shown in Figure 2.11, the following main groups
of vessels are considered: container carriers, tankers, general cargo vessels, ro-ro, cruise ships,
and fast ferries. Marine traffic in the area under analysis is assumed to consist of four main
flows: east, west, north, and south, while the north and south flows are assumed to contain
passenger vessels only. Each flow is modelled with the following input parameters: overall
number of vessels, type of vessels, number of vessels of a given type, size of vessel of a given
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type, speed of vessels of a given type, course of vessel, and position of vessel across the
waterway. For modelling purposes most of these values are approximated by continuous
distribution or by histograms. The distribution of the features being analysed is chosen
according to the results of a chi-square test. Those which fitted best (obtained the highest value
of chi-square test) were selected as inputs for the model. In some cases, if none of the available
distributions fitted then recorded discrete values were taken into the model, by random
sampling.
Vessel course and speed modelling
In Figures 2.13-2.15 discrete values of vessels’ speed and courses are presented. Figure 2.13
contains seven graphs which describe the speed of a given class of vessel approximated by
continuous distribution. In all the cases that were analysed the estimated distributions fitted the
observed value well and were adopted for the modelling purposes. In Figures 2.14 and 2.15 the
distributions of vessels’ courses registered at gate 1 are presented. In the case of the East-West
flow shown in Figure 2.14 the continuous distribution describes the analysed variable well and
was chosen as input for the model. In Figure 2.15 the vessels’ courses in North and South flows
are fitted to the distribution. In case of the North flow, the distribution fits well, but for the South
flow, there is a significant difference. One may notice two peaks in the histograms, which are
not considered in the distributions. Therefore this variable can not be modelled by the
distribution, and a random sample from recorded data is used as the input value.
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Figure 2.13. Histograms of velocities for different types of vessels with distributions fitted.
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Figure 2.14. Histograms of vessels’ courses at gate number 1 with distributions fitted
(eastbound traffic to the left, westbound traffic to the right).
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Figure 2.15. Histograms of vessels’ courses at gate number 2 with distributions fitted
(northbound traffic to the left, southbound traffic to the right).
Vessels’ length and breadth modelling
Ship lengths and breadths are modelled for the E-W and N-S streams separately; the
percentage shares of the types of vessels and the distributions used are shown in Tables 2.72.10.
Table 2.7. Vessel types analysed and distributions used for ship length modelling in the E-W flow
Percentage
mode
maximum
minimum
Vessel type
share in E-W
Distribution
[m]
[m]
[m]
flow
Ro-ro
15
162.0
195.0
77.0
triangle
Container carriers
17
124.4
203.0
47.2
triangle
Passenger ships E18
180.7
266.2
79.0
triangle
W
Tankers
20
239.0
320.0
58.3
triangle
General Cargo ships
30
85.0
173.5
42.5
triangle
Table 2.8. Vessel types analysed and distributions used for ship breadth modelling in the E-W flow
Percentage
mode
maximum
minimum
Vessel type
share in E-W
Distribution
[m]
[m]
[m]
flow
Ro-ro
15
20.6
28.0
12.8
triangle
Container carriers
17
22.5
25.4
9.0
triangle
Passenger ships E18
triangle
W
31.5
36.0
15.3
Tankers
20
27.3
58.0
9.3
triangle
General Cargo
30
triangle
ships
12.5
27.6
9.2
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Table 2.9. Vessel types analysed and distributions used for ship length modelling in the N-S flow
Percentage
mode
maximum
minimum
Vessel type
share in N-S
distribution
[m]
[m]
[m]
flow
Passenger
48
triangle/discreet
ships
119.4
242.4
119.0
Fast ferries
52
82.0
119.0
37.5
triangle/discreet
Table 2.10. Vessel types analysed and distributions used for ship breadth modelling in the N-S flow
Percentage
mode
maximum
minimum
Vessel type
share in N-S
distribution
[m]
[m]
[m]
flow
Passenger
48
triangle
ships
24.2
36.0
21.7
Fast ferries
52
16.0
24.2
8.3
triangle

Frequency [*10]

Frequency [*10]

Modelling of lateral distribution of vessel across waterways
As shown in Figure 2.12, the distribution of vessel positions across the waterways differs and
depends on season and geographical location. In this research summer traffic in the junction
between Helsinki and Tallinn is considered. The E-W stream is modelled on the basis of the
data obtained from gate number 3 (Figure 2.10), whereas the N-S stream is modelled on the
basis of data from gate number 2. Data from gate number 2 were filtered and sorted to remove
vessels that did not enter the crossing being analysed (ferries from Helsinki to Stockholm, and
vessels not bound for Tallinn). These two streams were first described by continuous
distributions and the results (number of collision candidates) were compared with the results
obtained from the model, which used the distribution of vessels across the waterways in form of
discrete values. The discrepancies were significant, and it was decided not to model this
variable by means of continuous distribution but use discrete values as the input and random
sampling as the method of data acquisition. Histograms of considered values with the best fit
distributions (to present the discrepancies) are shown in Figures 2.16 and 2.17.
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Figure 2.16. Histograms of vessels distance from the reference point in the W-E stream counted
at gate 3 (west to left).
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Figure 2.17. Histograms of vessels distance from the reference point in the N-S stream counted
at gate 2 (north to left).
The distance between ships’ recorded positions and the fixed reference point for each gate was
computed as follows:
• at gate 2 the position of the reference point was: Latitude 60°00.0’ N, Longitude
024°51.5’E; the distance was computed along the par allel from this position towards the
East,
• at gate 3 the position of the reference point was: Latitude 59°49.5’ N, Longitude
026°21.6’E; the distance was computed along the par allel from this position towards the
North.
Model output
The outputs of the model are: the number of encounters (crossing, overtaking, head-on); the
geometrical probability of a collision for a specified type of encounter, and the mean time
between accidents (collisions). Because of the complexity of the traffic over the junction, it was
divided into four crossing areas, as shown in Figure 2.18, and each area was analysed
separately. The following main interactions between flows were analysed: crossing situations in
four crossing areas, named respectively NE, NW, SW, and SE; overtaking situations in four
traffic lanes – North, South, East, and West; and head-on situations between two pairs of lanes:
East-West and North-South. The length of the E-W leg was 80 Nm, and 30 Nm in the case of
the N-S leg.

Figure 2.18. The junction that was analysed with the four main crossing areas marked.
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Marine accidents analysis
A thorough analysis of accidents for the whole Gulf of Finland was conducted by Kujala et al. in
(2009); in his study the detailed accident statistics for the period 1997-2006 were presented and
the results of theoretical models were compared with these statistics. The present analysis is
limited to the area of the junction between Helsinki and Tallinn, and therefore only accidents
which happened there are considered. Data about marine accidents in the Gulf of Finland were
extracted from the HELCOM accidents database, which covers the period between 1987 and
2007. According to this database, in the junction between Helsinki and Tallinn there have been
3 collisions during the last 20 years. The positions of these collisions are listed in Table 2.11
and a graphical presentation is provided in Figure 2.19. It may be noticed that two collisions
happened during the winter season (in the years 1996 and 2003); one of them involved an
icebreaker, but there is no additional information. According to the archive reports concerning
the ice cover in the Gulf of Finland issued by the Finnish Meteorological Institute, at the
beginning of March 2003 the maximum ice extent was reached, and the whole Gulf of Finland
was covered with ice; in 2001 the ice cover started to develop in the Gulf of Finland in late
December; in February 1996 the ice cover extended from the east as far as the longitude of
Helsinki, and the rest of the Gulf was ice-free. Therefore it may be assumed that the collision
which took place in a presence of ice shall be considered a winter traffic collision; otherwise it is
a summer traffic collision. Thus the collision which involved the icebreaker in 2003 was a winter
traffic collision, whereas the other two were summer traffic collisions.
Table 2.11. Positions and dates of collisions in the junction that was analysed in the period 1987-2007
Type of
Date

Latitude [N]

Longitude [E]

vessel
involved

02.02.1996

60°00’

25°00’

Reefer

15.11.2001
25.3.2003

59°50’
59°48’

24°48’
24°30’

Ro-ro
Ice breaker

Type of
traffic
Summer
Summer
Winter

The positions of the all collisions that happened in the period under analysis are marked in
Figure 2.19. The collisions that happened in the area of the junction between Helsinki and
Tallinn are labelled with exclamation marks; other collisions are labelled with flags.

Figure 2.19. Positions of ship-ship collisions in the Gulf of Finland between years 1987 and 2007.
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Drawing inferences about navigational safety from the accident statistics only or carrying out the
validation of models which assess the probability of a collision on the basis of number of
accidents only, which are very rare, is quite difficult and highly uncertain. Therefore it seems
justified to analyse the safety of navigation on the basis of the numbers of both accidents and
near-miss situations, which may better reflect the collision hazard (Inoue & Kawase 2007). In
their report Berglund&Huttunen (2008) analysed the meeting situations in the Gulf of Finland for
summer traffic (May, July, July) in 2006, 2007, and 2008. They provided data concerning nearmisses for crossing, overtaking, and head-on encounters. A near-miss situation was defined
there as a meeting of two vessels being on collision courses at a distance of less than 0.3 Nm.
In this report the number of near-miss situations is roughly equivalent to the number of collision
candidates computed by the model presented. In the analysis an assumption, which is in
common use, about blind navigation was made, which means that vessels do not perform any
manoeuvres to avoid each other. In the case of real encounters vessels are able to steer, and
therefore it may be said that the near-misses are controlled, and the number of near-miss
situations is affected by human factors; therefore the assumption of blind navigation is not met.
Therefore, the numbers of near-misses in the case of blind navigation may be expected to be
even higher than those presented in the report. The abridged results of the analysis are
collected in Table 2.12
Table 2.12. Number of near misses, according to type of encounter, summer traffic (May-July) in the Gulf
of Finland in 2006 (Berglund&Huttunen 2008).
Encounter/

Head-on

Crossing

Overtaking

Total

8.0

419.0

943.0

Per month

2.8

142.7

321.1

Number

The MDTC model validation
Using the model described above, the number of encounters per month for three types of vessel
meeting situations are obtained. The calculations were performed on the basis of the summer
traffic profile, based on AIS data recorded in July 2006. The modelled values are compared with
the number of encounters observed. The results of this experiment for each crossing area
according to Figure 2.18 are shown in Table 2.13.
Table 2.13. Monthly number of encounters observed and estimated.
Data source

Type of meeting
Crossing

Overtaking

Head-on

Berglund&Huttunen [45]

142.7

321.1

2.8

MDTC based model

169.0

407.0

6.8

In the next step the probability of a collision is computed on the basis of the number of
encounters obtained and the causation probability values adopted. This report uses two of
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causation probability values, which are commonly accepted: 1.3x10-4 for crossing courses and
4.9x10-5 for parallel courses. The obtained values of the probability of a collisions and the time
between collisions are presented in Table 2.14.
Table 2.14. Number of encounters, probability of collision, and collision recurrence for junction of
waterways for summer traffic profile
Probability of

Number of

Time between

collision
per year

candidates
per year

collisions
in years

0.057

440

17.6

Crossing
Crossing area NE
NW

0.077

593

13.0

SW
SE

0.054

415

18.5

0.075

576

13.3

TOTAL

0.263

2024

3.8

Overtaking
Traffic lane E

0.120

2568

8.0

W

0.144

2304

8.8

N
S

0.009
0.009

180
180

113.0
113.0

TOTAL

0.282

5232

3.5

Head-on
Traffic lane E-W

0.004

82

249.0

N-S

0.033

667

35.0

0.037
0.582

749
8005

27.0
1.7

TOTAL
GRAND TOTAL

The differences between the estimated and observed values are presented in Figure 2.20. They
are expressed as a percentage of observed values according to the formula:

N
− N OBS
∆ =  EST
N OBS



100


(%),

(2.26)

where: NEST denotes the number of encounters estimated by means of the appropriate model;
NOBS is the number of encounters observed.
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Figure 2.20. The differences between numbers of encounters estimated and observed.

For all the meeting cases that were analysed the presented model slightly overestimates the
number of encounters in comparison to the observed values, whereas Pedersen’s model
underestimates this number. The overestimation of the results given by the MDTC based model
seems natural. In real traffic ships have the opportunity to avoid each other; therefore the
assumption of blind navigation, which is the principle of the geometrical model, is not met.
Because of this discrepancy one may expect models to give larger results than those that can
be gained by the observation of real traffic.

Accident consequences modelling
In this chapter the model of accident consequences is presented, which assesses the overall
costs due to an oil spill from double hull tankers. Therefore only the monetary perspective is
considered, and both loss of humans’ life nor structural damages are not considered in this
model. Presented model combines a probability of an oil spill coming out from double hull
tankers that operate in the Baltic Sea and costs of cleaning the oil spill according to data
provided by International Oil Pollution Compensation Funds (IOPCF). Therefore the process of
modelling an accidental oil spill from tankers consists of four steps as follows:
• on the basis of AIS the fleet of tankers operating in the Baltic Sea was described,
• on the basis of tanker sizes the probability of oil outflow in case of accident was
calculated, using modified IMO methodology presented in Chapter 1.4.1,
• the probability of no spill in case of accident was estimated, using (Marine Board &
Transport Research Board 2001),
• the costs of spill were estimated based on IOPCF data (Yamada 2009).
The deadweight of a tanker as a function of her length is presented in Figure 2.21, these data
were derived from the AIS records carried out in March and June 2006. Therefore it was
assumed, that the size of the tankers was irrespective of a season of the year. A function that
fitted best the discrete recorded data was a power function, which form is as follows:

DWT = f ( Lpp ) = 0.0015Lpp 3.3008 ,
70

( 2.27)

DWT (tons)

where DWT is a tanker’s deadweight (t), Lpp is a tanker’s length between perpendiculars (m).
Tanker's DWT as a function of her length
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Figure 2.21. Baltic Sea tankers DWT as a function of the length, observed data with power function fitted.

Probability of oil outflow was calculated for double hull tankers only and it was assumed that the
lognormal distribution provided an adequate representation of oil spill volume data (Trans Alaska
Pipeline System Owners 2001). When performing the calculations mean outflow considering there
is a spill was computed by means of modified IMO methodology. The methodology is presented
in details in Chapter 1.4.1 of this report. The parameters of lognormal distribution for certain
types of tankers are presented in Table 2.15.
Table 2.15. The parameters of distribution oil outflow for certain types of tankers.
Tankers
DWT (tons)

Mean value for
side damage

Standard
deviation

(tons)

Mean value for
bottom

Standard
deviation

damage (tons)

10000
35000

811
3423

2.94
2.70

539
2093

3.52
3.37

50000

5231

2.64

2971

3.38

75000
115000

8643
15143

2.53
2.36

4345
6309

3.42
3.52

150000

21881

2.29

7791

3.61

The regression formulae used for the calculation of the mean value of oil outflow volume in case
of collision and grounding are presented in Figure 2.22. The discrete data for five typical sizes of
tanker obtained by means of the IMO modified methodology in case of collision and grounding
was plotted and the best fits were found. In both cases the polynomials of second order showed
a good agreement with calculated data, and were used for further modelling.
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Figure 2.22. The values of mean oil outflow from tanker due to collision or grounding, considering there is
a spill.

On the basis of tabulated value of the standard deviations for certain types of tanker presented
in Table 2.15, the general formula to calculate this value in case of collision was derived as
follows:

σ COLL = 6.99 DWT −0.092

( 2.28)

In case of grounding the following equations were applied:

9 ⋅10 −12 DWT 2 + 5 ⋅10 −7 DWT + 3.34

forDWT > 10000



forDWT < 10000

σ GRND = 

3.52

(2.29)

In the next step, on the basis of formerly defined parameters of the lognormal distributions as
functions of tanker’s deadweight, the Monte Carlo simulations with 10000 iterations were run.
As a result the discrete values were obtained which described the probability of an oil spill of
certain size, taking into account the size and frequency of tankers of given size navigating in the
Gulf of Finland. The continuous distributions that fitted best these discreet data were Pareto2
distributions, both for collision (summer and winter traffic) and grounding cases, but with
different parameters. Henceforth the probability density function of oil spill volume (POS) in the
Gulf of Finland is expressed as follows:

POS = f ( x) =

qb q

(x + b )q +1

,

(2.30)

where q in case of collision is 1.9 for summer, 8.4 for winter and in case of grounding 1.5, b in
case of collision is 9009.1 for summer, 49459.0 for winter, and 3847.6 in case of grounding, x is
a volume of spill size in tons. The appropriate probability density functions are depicted in
Figures 2.23 and 2.24.
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Figure 2.23. The probability of an oil spill from the tankers operating in the Gulf of Finland in case of
collision, estimated by Pareto2 distributions for summer (to left) and winter traffic (to right).
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Figure 2.24. The probability of an oil spill from the tankers operating in the Gulf of Finland in case of
grounding, estimated by Pareto2 distribution for summer traffic.

The probability of no spill (PZERO_OS) refers to the likelihood of no spill in all potential collision and
grounding scenarios, and the following values were adopted (Marine Board & Transport
Research Board 2001):
• for collision: 0.86 irrespective of tanker’s size,
• for grounding:
o for tankers of 40000 DWT: 0.94,
o for tankers of 150000 DWT: 0.73.
In the risk analysis process, it is more useful to use the conditional probability of spill given an
accident (POS|A) instead of the probability of no spill (PZERO_OS), and it is expressed as follows:

POS | A = 1 − PZERO _ OS

,
(2.31)
For the purposes of economic quantification of an oil spill, the regression analysis between the
cost of an oil spills and the volume of the oil spilled was carried out using historical oil spill data
from tankers reported by International Oil Pollution Compensation Funds (Yamada 2009). A
nonlinear regression formula was estimated from the historical data, and the following equation
for oil spill cost estimation was arrived at (Kontovas & Psarafitis 2008):
(2.32)
C = 35951W 0.68 ,
where C denotes a total cost of an oil spill in USD, and W a weight of the oil spill in tons.
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Risk due to collision and grounding assessment
Risk may be expressed in several ways, by distribution, expected values, or single probabilities
of specific consequences, but probably the most commonly used is the expected values
(Vinnem 2007). Approach presented in this report uses the latter that describes the risk, which
was considered a random variable. Expressing the random variable risk as a distribution is very
useful, it takes into account uncertainties of input values, and seems mode accurate than single
value. The risk that tankers colliding or grounding posed to the environment was calculated
using the following formula:
R = PA ⋅ POS | A ⋅ POS ⋅ C ,
(2.33)
where PA means a probability of accident (collision or grounding), and the others factor were
defined in chapter 4. The generic diagram of the risk assessment process implemented in this
study is shown in the Figure 2.25.

Figure 2.25. Block diagram of risk assessment process applied in presented study.

The expected numbers of collision candidates, collision probability, and a mean time between
collisions are shown in Table 2.16. The estimated yearly mean volumes of oil accidentally
spilled to the sea due to collision are shown in Table 2.17. Presented data concerns the annual
volume of traffic in the junction between Helsinki and Tallinn only, and were computed
separately for summer and winter traffic conditions. The oil spill volume concerns double hull
tankers only.
The probability of spills of given magnitude were estimated from distribution described by
equation (2.30), and the obtained results are presented in Table 2.18. To estimate the costs of
an oil spill of certain size the Monte Carlo simulations were adopted, and the continuous
distributions that fitted best the obtained data and used for further modelling are presented in
Table 2.18.
The risk that was posed by tankers involved in collisions in the analyzed area, in the yearly
perspective, calculated for summer traffic is presented in Figure 2.26 and for winter traffic in
Figure 2.27. The risk is expressed in USD, and distributions that fitted best the calculated
discrete data were as follows: the LogNormal distribution for summer traffic and the Gamma
distribution for winter traffic.
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Table 2.16. Estimates of collision candidates number, collision probability and collision reoccurrence for
tankers in the crossing between Helsinki and Tallinn
Area

Number of

Causation

Probability of

Collision reoccurrence in

candidates per year

probability

collisions per year

years

Summer

Winter

Summer

Winter

Summer

Winter

Cross SE

111.0

92.3

1.3·10

-4

0.014

0.012

76.6

90.3

Cross SW

79.0

65.8

1.3·10

-4

0.010

0.010

112.2

131.8

Cross NE
CrossNW

88.5
111.3

79.2
106.2

1.3·10
-4
1.3·10

-4

0.012
0.014

0.010
0.014

101.0
82.3

110.0
87.5

Overtk E

155.4

153.7

4.9·10

-5

0.0077

0.0075

131.0

133.3

-5

Overtk W
Head-on for W

197.5
265.0

199.5
251.3

4.9·10
-5
4.9·10

0.010
0.011

0.010
0.011

105.0
106.0

103.5
91.0

Head-on for E

195.5

219.8

4.9·10

-5

0.011

0.011

95.0

92.0

Table 2.17. Estimate of annual accidental oil spill volume for double hull tankers in the crossing between
Helsinki and Tallinn
Meeting type

Accidental oil spill volume [t]
Summer traffic

Winter traffic

Crossing S-E
Crossing S-W

15.8
10.7

12.3
8.7

Crossing N-E

12.1

10.9

Crossing N-W
Overtaking E

15.5
7.0

14.5
6.7

Overtaking W

9.1

8.9

Head-on for Wbound tankers

4.4

4.5

Head-on for E-

4.2

4.3

bound tankers
Total

78.8

70.8

Table 2.18.The parameters of distribution oil outflow in case of collision for certain types of tankers
Cost of oil spill of
Oil spill
size in
tons

Probability of
oil spill of
given size
POS

given size modelled
by following

Probability
Probability of collision
PA

distribution:

of spill
given
accident

Summer

Winter

Summer

Winter

POS|A

0-500

0.098

Beta

Beta

0.091

0.076

0.14

500-1k
1k-5k

0.084
0.388

Unif
Beta

Unif
Unif

0.091
0.091

0.076
0.076

0.14
0.14

5k-10k

0.190

Beta

Beta

0.091

0.076

0.14

10k-30k
30k-60k

0.179
0.061

Triang
LogNrm

Beta
Exp

0.091
0.091

0.076
0.076

0.14
0.14
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Figure 2.26. Probability and cumulative density functions of variable “risk” in case of tankers collision in
the GOF, summer traffic
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Figure 2.27. Probability and cumulative density functions of variable “risk” in case of tankers collision in
the GOF, winter traffic
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Figure 2.28. Cumulative density functions of risk due to tankers collisions in the Helsinki-Tallinn crossing

for summer and winter traffic
The risk of collision for tankers in case of summer traffic (RS) was defined by Lognormal
distribution, which satisfies the following equations:

RS = f ( x ) =

1
x 2πσ '

e

 ln x − u '  2
− 0.5 

 σ' 

,

(2.34)

where x is a random variable “risk” in case of collision, µ’ and σ’ were defined as follows:

  σ 2 


µ2
u ' ≡ ln 
 , and σ ' ≡ ln 1 +    ,
  µ  
 σ 2 + µ 2 
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(2.35)

where µ equals 200662, and σ equals 222270. Whereas the risk of collision in case of winter
traffic (RW) was described by Gamma distribution, which follows the equation:

1 x
RW = f ( x) =
 
βΓ(α )  β 

α −1

−

e

x

β

,

(2.36)

where β equals 81656, Γ(α) is the Gamma Function, and α equals 1.72.
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3. Marine traffic risk modelling based on AIS data – dynamic approach
The main contributions of the model proposed in this paper, are:
•
Time domain micro-simulation is performed to assess whether or not ships actually
come into contact.
•
The traffic model is route-based, where routes are obtained from detailed AIS data and
a statistical study of relevant traffic and ship particulars on each route is performed.
•
The influence of non-stationary Poisson departures is taken into account. The model
output can provide detailed information about the circumstances of the collision
candidates, such that a coupling to more realistic consequence model can be done

General outline of the collision probability model
At the basis of the detection of collision candidates lays a simulated representation of ship
traffic. The ships represented in the traffic simulation are evaluated on a pair-wise basis to either
be a collision candidate or not. The criterion for the assessment of collision occurrence is taken
as follows: whenever two vessels are at the exact same geographic location at the same time, a
collision occurs. This corresponds to Pedersen’s concept of the collision diameter [8], meaning
that ship maneuverability as represented by the MDTC value [9], is not taken into account. Even
though the authors agree that the vessel maneuverability should be taken into account, the
results given in [9] are valid only for vessels sailing at full speed and provided the vessels start
taking evasive action simultaneously. As these limitations were considered too restrictive, the
MDTC approach is at this stage not included in the model.
The set of all collision candidates is the output of the collision detection algorithm model, which
is stochastic in nature, because the input of the collision detection algorithm is itself a stochastic
representation of the traffic situation. Therefore, the Monte Carlo technique is applied,
generating replications of the traffic simulation and the collision candidates. According to the
central limit theorem [34], analysis of a sufficient number of such replications ensures
convergence to a “mean” output. The collision candidates give detailed information about the
collision event, which is further analyzed to serve as input for consequence models. By
application of an appropriate causation factor for each collision candidate, the actual probability
of collision is obtained. The overall process is illustrated in Fig. 3.1.
Traffic simulation model
The dynamic traffic simulation is a micro-simulation, which implies that the movement of each
individual vessel operating in the area is simulated in the time domain [35]. At the basis of the
simulation lays the concept of a so-called traffic event. A traffic event signifies one voyage of
one ship from a given point of departure to a specific destination along a predefined route. Each
traffic event is given a number of attributes, relevant for the assessment of collision probability.
The features retained in the presented model are shown in Fig. 3.2.
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Figure 3.1. General schematic of collision probability model

Figure 3.2 Definition of a traffic event

Following general assumptions are made in the concept of a traffic event and in the traffic
simulation:
• A ship follows a predefined route according to a route plan, represented by a series of
waypoints.
• Upon reaching a waypoint, the vessel turns instantly. Ship dynamics in terms of turning
radius or possible speed reduction is thus ignored.
• A ship does not interact with her environment, in the sense that vessels do not make any
sort of evasive action in the model. This corresponds to the assumption of blind
navigation [8], which is compatible with the concept of the causation probability.
• Meteorological conditions are not included in the model. This implies that the simulation is
strictly speaking only valid for open sea conditions in weather conditions not disrupting
normal shipping activity.
The traffic for one year of simulated time is obtained by generating, for each route, a number of
traffic events corresponding to the traffic volume over that route during that year. This implies
that for each traffic event, all the features from Fig. 3.2 are to be obtained from a random
sampling of certain input distributions. The set of all generated traffic events is a stochastic
representation of the traffic for the studied year.
The process of obtaining one representation of the simulated traffic is illustrated in Fig. 3.3.

81

Figure 3.3 Traffic simulation algorithm
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Collision detection algorithm
The determination of the number of collisions occurring in a given time in a given location is
performed using a two-stage approach, based on a concept introduced in [6] and applied in
other models such as [8] [9] [19]. The number of collision candidates NA is multiplied with the
appropriate causation probability PC, obtaining the number of collisions Ncoll.
3.3.1 Collision candidates

The collision candidates are obtained based on the generated set of traffic events, according to
the algorithm shown in Fig. 3.4. The main idea of the algorithm is to check for each combination
of traffic events if there is any moment in time for which the ship contours corresponding to
these traffic events overlap. If there is an overlap, this indicates a collision candidate.
Conversely, if there is no overlap, no collision occurs. As is illustrated in Fig.3.5, the actual
spatial contours of the ships in terms of length and width are taken into account in the timedomain simulation of the vessel positions. The algorithm given in Fig. 3.4 assesses the
occurrence of this spatio-temporal ship position overlap, narrowing down the cases which need
a detailed time-domain simulation of ship contours, which is computationally expensive.
It should be noted that the ship position data as retrieved from the Automatic Identification
System (AIS) is given in the non-Euclidian WGS-84 reference system [36]. Therefore, distances
and courses have been computed using formulae appropriate for geodetic computations [37].
For each collision event, the collision time and location are stored together with the details of
each traffic event. These results are further analyzed across Monte Carlo simulation runs.
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Figure 3.4. Collision candidate detection algorithm

Figure 3.5. Time-domain simulation of vessel contours in collision candidate detection algorithm.
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3.3.2 Causation probability
A comprehensive state-of-the-art related to causation probability factors is given by Kujala et al.
[2]. The values for PC recommended in the relevant publications are given in Table 3.1 for
vessels in a crossing encounter and in Table 3.2 for meeting and overtaking ships. In this
section, the distinction between crossing, overtaking and head-on encounters follows the
definition given in the Collision Regulations [38], as illustrated in Fig. 3.6.

Figure 3.6. Encounter types according to COLREG.

Based on this, knowing that the GOF is a VTS zone, the causation probabilities used in this
paper are given in Table 3.1.
Table 3.1: Causation factors for vessels in a crossing encounter; updated from [2]
Value of PC
Reference Remarks
-4
1.11 10
[8]
Without Traffic Separation Scheme (TSS)
-5
9.5 10
[8]
With TSS
-4
[7]
1.2 10
-4
1.48 10
[12]
Oil tanker
-4
1.3 10
[14]
8.48 10-5
[39]
In good visibility, passenger vessel
In good visibility within Vessel Traffic System (VTS) zone,
-5
6.83 10
[39]
passenger vessel
-4
[39]
In poor visibility, passenger vessel
5.8 10
-4
4.64 10
[39]
In poor visibility within VTS zone, passenger vessel
In the GoF with mandatory reporting system, VTS and AIS; at least
-4
-4
5.10 10 – 6.00 10
[40]
one of the colliding vessels is a tanker
Table 3.2: Causation factors for vessels in a head-on or overtaking encounter; updated from [2]
Value of PC
Reference
Remarks
-4
5.18 10
[8]
Without Traffic Separation Scheme (TSS)
-4
3.15 10
[8]
With TSS
-5
4.9 10
[7,14]
-4
1.48 10
[12]
Oil tanker
-5
[41]
2.7 10
In geographical areas where the frequency of visibility less than
-5
8.4 10
[14]
1 km is 3%
-5
9.00 10
[11]
In the GoF with mandatory reporting system, VTS and AIS; at
-4
-4
5.10 10 – 6.10
[40]
least one of the colliding vessels is a tanker
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Table 3.3: Applied causation factors in the simulation model
PC for crossing
Situation
encounter
-4
At least one tanker involved
5.60 10
-5
At least one passenger ship
6.83 10
involved,
good visibility †
-4
At least one passenger ship
4.64 10
involved,
poor visibility †
-4
3.14 10
One tanker and one passenger
ship
or
HSLC involved, good visibility
-4
One tanker and one passenger
5.12 10
ship
or
HSLC involved, poor visibility
-4
All other ships
1.3 10
† This value is also taken for High Speed Light Craft (HSLC)

PC for head-on and
overtaking encounter
-4
5.60 10
-5
4.9 10

-5

4.9 10

Reference
[40]
[39,7]

[39,7]

3.05 10

-4

[40,39,7]

3.05 10

-4

[40,39,7]

-5

4.9 10

[14,7]

Simulation input based on detailed AIS analysis
The input distributions for the traffic simulation are obtained based on an extensive analysis of
AIS data. This data is gathered by the Finnish Transport Agency (FTA) for the Gulf of Finland
and is from the period January to December 2006. The Gulf of Finland was selected because of
the availability of data and because of the existence of other studies for this area, enabling a
validation and comparison of the results. In this paper, the studied area is the open sea area
(thus excluding harbor areas, fairways and archipelagic waters) north of 58°54’00” N and east of
21°28’00” E.
In 2000, the International Maritime Organization (IMO) introduced the mandatory carriage of AIS
for merchant vessels in an amendment to the SOLAS convention, coming into force by 31
December 2004. The regulation makes AIS mandatory for all merchant ships of 300 gross
tonnage (GT) engaged on international voyages, cargo ships of 500 GT and upwards not
engaged on international voyages and all passenger ships, irrespective of size [42].
The Automatic Identification System is a short range tracking system used onboard ships,
connecting the vessel’s global positioning and speed measurement systems to a VHFtransponder. This transponder sends certain navigational data of the ship on which it is installed
to other nearby ships and to shore-based stations, assisting watchkeeping officers and
operators of Vessel Traffic Services (VTS) in the monitoring of vessel movements. The
transmitted data is divided in static, voyage-related and dynamic data [36]:
• Static data: unique ship identification number (MMSI number), ship type, length and
breadth
• Voyage-related data: ship destination, hazard level of cargo and ship draft
• Dynamic data: time of broadcast, ship speed, position, rate of turn, heading, course over
ground
Using a time-multiplexing technology called Self-Organized Time Division Multiple Access
(STDMA), it is ensured that VHF transmissions of different transponders do not occur at the
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same time. In order to make optimal use of the available bandwidth, the transmission rate for
dynamic data depends on the ship’s speed and maneuver situation, according to Table 3.4 [36].
The high data transmission rate makes a detailed study of traffic features possible, but results in
a huge data set to be analyzed.
Table 3.4: Sample rate of dynamic data from AIS; [36]
Maneuvering Situation
At Anchor
Speed 0 – 14 knots
Speed 0 – 14 knots and changing course
Speed 14 – 23 knots
Speed 14 – 23 knots and changing course
Speed > 23 knots
Speed > 23 knots and changing course

Sample Rate
3 min
12 s
4s
6s
2s
3s
2s

For the purposes of this paper, a limited number of the transmitted variables is used. These are
summarized in Table 3.5, where the data accuracy is also shown [36].
Table 3.5: AIS data variables used in this paper, with data accuracy; [36]
Transmitted variable
Accuracy
Unit
Maritime Mobile Service Identity * Timestamp: UTC time
1
s
Position: longitude and latitude †
1/10000
min
Speed over ground
0.1
kn
Ship type ‡
Ship length
1
m
Ship width
1
m
* MMSI: a 9-digit code uniquely identifying a vessel
† WGS-84 reference system
‡ Cargo ship, tanker, passenger vessel, HSLC or other vessel, according to classification in [42]

It has been recognized that AIS contains various types of errors [44-46]. These include data
corruption, erroneous MMSI numbers, faulty position reports and errors in transmitted speed
over ground. These errors further complicate the data handling, as a data error checking
algorithm should precede the actual data analysis.
Notwithstanding these difficulties, AIS data has been used for a range of purposes such as
traffic anomaly detection [47], ship trajectory studies [48] and maritime risk studies [49-52].
3.4.1 AIS data analysis methodology
In an area the size of the Gulf of Finland, tens of millions of AIS messages are transmitted
during a period of one year. The data stored in the database of the Finnish Transport Agency
(FTA), used in this paper, does not contain all these messages: an additional sampling of the
messages has been performed. The available database contains almost 20 million data
samples, each containing the data listed in Table 3.5.
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Ship trajectory construction
The AIS reports in the FTA database are not given in sequential data series for a given ship, but
are stored in order of registration. A first step in the analysis is thus to reconstruct time series for
individual vessels. This is performed by gathering all data per unique MMSI number and sorting
this chronologically according to the timestamp for each data sample. This is further split up into
individual ship trajectories, by first deleting all the data points representing zero ship speed,
which correspond to a vessel loading or unloading in a harbor. Large discontinuities in time
indicate that the vessel either has called a port or has left the analyzed area, and are taken to
signify the start of a new ship trajectory. These large discontinuities are detected through the
mean and standard deviation of the sample rate for each MMSI number, a procedure also
followed in [48].
Erroneous MMSI numbers are difficult to compensate for in situations where multiple
transponders broadcast the same number. Target swaps and duplicate MMSI numbers were
filtered out using a technique described in [48]. The distance between successive samples in
the time series is compared with the possible distance covered at the reported speed and time
difference. If the discrepancy is too big, the data point is deleted. If the vessel speed is not
available, this filtering is not performed.
Faulty vessel speeds occur when the vessel data is not transmitted due to a technical failure in
the onboard AIS transponder: in such cases, the speed is reported as 127 (all 8 bits set). In
these cases, the speed is calculated based on the distance travelled between successive points
and the elapsed time.
For certain MMSI numbers, the static data concerning ship dimensions and ship type is not
available. These cases, amounting to 7.3 % of the registered vessel movements, are not taken
into account in the analysis of ship dimensions and type per route, nor in the distribution of the
vessel speed. In the analysis of other input distributions, this static data is not required and
consequently, these data reports are taken into account.
Grouping ship trajectories into routes
A next step in the data analysis is the grouping of individual vessel trajectories into routes,
which are defined as the set of vessel trajectories corresponding to voyages between a certain
departure and arrival harbor. This set generally shows a certain geographic clustering of the
vessel trajectories as individual ships follow a similar path to their destination [48]. Routes are
found by first creating for each of the harbors in the Gulf of Finland a polygonal zone
representing the area covered by the harbor and the approach fairways. For each vessel
trajectory, the position corresponding to the first and last point in the time sequence is then
evaluated with respect to these polygons. The labels of the polygons in which the first and last
point are found, are added to the trajectory. This label pair provides the information about
departure and arrival harbor, and thus the route.
In the above, it should be noted that departure points or destinations can also be sea areas
where the origin or termination point of vessel trajectories concentrate, such as the location
where the traffic separation scheme intersects with the boundary of the studied area.
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Due to the presence of shallow sea areas or islands, ships follow a number of alternative paths
between departure and arrival harbor. These are designated as route alternatives and can be
exemplified by methods such as described in [48].
The set of vessel trajectories grouped as routes lays at the basis of the analysis of the traffic in
the GOF, from which a number of distributions is extracted, see Section 4.3. In the analysis for
the case study, only the open sea routes with more traffic than one vessel per every second day
are retained. These routes are shown in Table 3.6, along with the number of vessel movements
on that route. The total number of recorded vessel movements is 44324, and the 34 analyzed
routes represent 29155 vessel movements, implying that 65.7 % of the traffic is accounted for. It
should be noted that the above mentioned number of vessel movements is not corrected with
respect to missing data, whereas the numbers given in Table 3.6 are corrected.
Table 3.6: Analyzed routes in the GOF, data for 2006
No.
Departure harbor
Arrival harbor
No. of ships
1
St. Petersburg
Baltic Sea *
3728
2
Helsinki
Tallinn
3654
3
Tallinn
Helsinki
3285
4
Baltic Sea
St. Petersburg
3495
5
Baltic Sea
Helsinki
1756
6
Helsinki
Baltic Sea
1411
7
Kotka
Baltic Sea
1087
8
Baltic Sea
Hanko
1104
9
Helsinki
Sweden †
818
10
Hanko
Baltic Sea
1139
11
Baltic Sea
Kotka
892
12
Paldiski
Sweden
925
13
Sweden
Helsinki
834
14
Muuga
Baltic Sea
947
15
Sweden
Paldiski
797
16
Vyborg
Baltic Sea
614
17
Primorsk
Baltic Sea
514
18
Baltic Sea
Hamina
602
19
St. Petersburg
Sweden
608
20
Baltic Sea
Muuga
498
21
Hamina
Baltic Sea
560
22
Sköldvik
Sweden
492
23
Sweden
Tallinn
422
24
Sköldvik
Baltic Sea
386
25
Sweden
Sköldvik
413
26
Tallinn
Sweden
385
27
Baltic Sea
Primorsk Wait Area
271
28
Primorsk Wait Area
Primorsk
288
29
Sweden
St. Petersburg
432
30
Baltic Sea
Sköldvik
366
31
Baltic Sea
Vyborg
312
32
Paldiski
Hanko
234
33
Hanko
Paldiski
176
34
Baltic Sea
Primorsk
177
* “Baltic Sea”: the area in the main traffic separation zone around 22° N and 59°10’ E, either towards the Baltic Sea
(heading southwest), or coming from the Baltic Sea (heading northeast).
† “Sweden”: the area west of 22° N, where traffic i s heading either west or east.
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Accounting for missing data
The AIS-database contains a number of periods for which there is no data available due to
technical problems with the data storage system. As this has implications for the number of
vessels found to sail on each route and the distributions of departure times, these gaps must be
accounted for in the analysis. It is assumed that this missing data has no significant effect on
the distributions of vessel types, dimensions or speed.
The data voids are assessed by counting the number of data messages per hour over a oneyear period. Based on this, it is calculated how big a share of the data is missing per hour of
day, per day of the week and per month of the year. The results of this analysis are shown in
Table 3.7.
Table 3.7: Percentage of month, day and hour for which no AIS data is available, data for 2006
Percentage of days for which no data is available PU,M, per month of year
Month
Jan
Feb
Mar
Apr
May
Jun
Jul
Aug
%
0.00
0.00
0.00
0.00
29.03 70.00
0.00
58.06

Sep
0.00

Oct
0.00

Percentage of days for which no data is available PU,D, per day of week
Day
Sun
Mon
Tue
Wed
Thu
%
13.42
17.26
13.42
15.34
12.15

Fri
13.42

Percentage of hours for which no data is available PU,H, per hour of day
from
0:00
1:00
2:00
3:00
4:00
5:00
6:00
7:00
to
1:00
2:00
3:00
4:00
5:00
6:00
7:00
8:00
%
4.16
4.24
4.08
4.08
4.08
4.08
4.08
4.08
from 12:00 13:00 14:00 15:00 16:00 17:00 18:00 19:00
to
13:00 14:00 15:00 16:00 17:00 18:00 19:00 20:00
%
4.16
3.99
4.16
3.99
3.99
4.08
4.08
4.08

9:00
10:00
4.16
21:00
22:00
4.16

8:00
9:00
4.08
20:00
21:00
4.08

Nov
0.00

Dec
0.00

Sat
13.42

10:00
11:00
4.08
22:00
23:00
4.16

11:00
12:00
4.24
23:00
0:00
4.16

Input distributions for traffic simulation
Departure time distribution
The time of departure of a vessel on its journey (or, equivalently, the appearance of a vessel in
a certain area) is usually taken to follow a stationary Poisson process [8,19]. This approach is
highly questionable, since it may be expected that during certain hours of the day, more ships
leave port than during other hours. This will be especially true for scheduled traffic such as
passenger ferries, but it can be expected that also for cargo vessels, departures are not
uniformly distributed over the course of a day. Likewise, a variation in shipped volumes and
related traffic intensity over the duration of a week and per season may be expected. At least
the seasonal traffic variations have been found to be significant for the GOF [10].
The departure time can be evaluated from AIS data. The times of departure of all vessels are
gathered per route. The number of departures per hour of day, day of week and month of year
are determined. There are a number of periods in which no data was recorded. These must be
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accounted for in the construction of the departure time distributions. The probability distribution
for ship departures per month PM, per day PD and per hour PH is determined as follows:
(3.1)
(3.2)
(3.4)
where N(i) is the number of departures found in the ith interval and PU,M, PU,D and PU,H the
percentage of instances with missing data per month, day and hour, respectively, according to
Table 3.7. Ntot is the total number of departures over the course of a year, determined as:
(3.5)
The yearly number of departures per route, corrected based on Eq. (3.5), is shown in Table 3.6.
In Fig. 3.7, the distributions PM, PD and PH are shown for the route from Helsinki to Tallinn and
the route from Paldiski to Sweden. It is clear that a significant variation exists in number of
departures over the course of a day, week and year. Moreover, this variation is highly
dependent on the route.
Based on the histograms PM, PD and PH, a departure time distribution PDEP for the whole year is
constructed. This is done by modulating and appending, for each day of the year, the histogram
PH by the probability of departure according to PD and PM for that specific day. This procedure is
illustrated in Fig. 3.8. The resulting departure time distribution for the route from Helsinki to
Tallinn is shown in Fig. 3.9. For reasons of readability, the probability of departure per hour is
shown only for January and February.
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Figure 3.7. Departure time distributions per month, day and hour for the route from Helsinki to Tallinn and
the route from Paldiski to Sweden, based on AIS data of 2006
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Figure 3.8. Algorithm for the construction of a route-specific departure time distributions for a year

Figure 3 9. Constructed departure time distribution for the route from Helsinki to Tallinn, based on AIS
data from 2006. Only the months January and February are shown.
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The constructed departure time distributions confirm that a stationary Poisson process is not a
good model for the departure time. Hence, the departure times for the traffic events are
modeled as a non-stationary Poisson process, as seen in the algorithm in Fig. 3.3. This is done
using a thinning algorithm [34,53].
The last week of the departure time distribution is added to the beginning of the distribution, to
allow for a so-called warm-up period in the simulation [34]. This is necessary in order to start the
collision detection algorithm with a number of vessels already present in the studied area. Not
doing this would result in an underestimation of the number of collision candidates. One week of
simulated time is sufficient for this, as the slowest vessel on the longest route takes about two
days of simulated time to reach her destination. The number of departures as stated in Table 6
is corrected to reflect a simulated time of 372 days. Collision candidates found in this warm-up
period or later than the end of the simulated year are not taken into account in the output
analysis.
Routes
In the traffic simulation model, the ship trajectories are represented by a series of waypoints,
between which ships are taken to follow a straight course. These waypoints have been obtained
from AIS data by visual estimation of the mean and standard deviation of a bivariate Gaussian
density in areas where ships take a turn in the route, as approach also used in [23]. If there are
several route alternatives, this estimate of waypoints has been performed for each of these, and
the fraction of vessels taking each alternative is determined.
An important constraint on ship routing is the Collision Regulations [38], which require that »A
vessel using a traffic separation scheme shall […] proceed in the appropriate traffic lane in the
general direction of traffic flow for that lane«. This implies that no cross sailing along the traffic
lane is permitted. In the simulation, this behavior is assumed for all routes, not only lanes in
traffic separation schemes.
This COLREG-rule is implemented in the model according to the algorithm given in Fig. 3.10.
The first waypoint is generated randomly in the first bivariate Gaussian. The subsequent
waypoints are generated in their respective bivariate Gaussians, but only accepted if the thus
generated trajectory does not cross the middle line of the track. If it crosses, the waypoint is
generated anew.
The rather empirical method of estimating waypoint probability density functions is certainly
open for improvement, but the current method leads to acceptable results for the purposes of
this study, as can be seen in Fig. 3.11 by comparing the simulated trajectories for the traffic
from Helsinki to Tallinn with the recorded vessel trajectories, obtained from AIS. The
correspondence is, at least qualitatively, satisfactory. Methods such as [48] could be further
developed to provide useful trajectories for the traffic simulation and collision detection. All
simulated trajectories for a year are shown in Fig. 3.12.
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Fig. 3.10. Algorithm for the generation of a simulated ship trajectory

Fig. 3.11. Comparison of ship trajectories obtained from AIS data (left) with simulated trajectories (right);
route from Helsinki to Tallinn, based on AIS data of 2006.
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Fig. 3.12. Simulated trajectories for one year, routes as in Table 3.6.

Ship type distribution
Due to the different nature of the goods shipped to and from various geographic locations,
different routes have a distinctly different distribution of ship types sailing on that route. For
instance, between Helsinki and Tallinn, there is mainly passenger traffic, whereas traffic to and
from Primorsk consists almost exclusively of tankers.
The distribution is determined by counting the number of vessel movements for each ship type
for a given route, which is normalized to unity to represent a probability. The results of this
analysis are shown in Fig. 3.13 for a number of routes.

Fig. 3.13. Distributions of ship type per route; routes as in Table 6, based on AIS data from 2006

Ship dimensions distribution
Because of certain limiting dimensions of waterways and harbor facilities and due to reasons of
economics of scale, where larger vessels are utilized on routes with higher trade volumes,
different harbors are visited by ships of distinctly different sizes. This can be established by
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comparing the histograms of ship length for the traffic visiting two different harbors. In Fig. 3.14,
these histograms are shown for vessels visiting Hanko and Primorsk.
In addition, the distribution of ship size depends on the type of vessel, as can be evaluated from
the histograms in Fig. 3.15, where the ship lengths for ship types in the GOF are compared.

Fig. 3.14. Comparison of ship length distributions for ships calling the port of Hanko (top) and Primorsk
(bottom), based on AIS data of 2006.

Fig. 3.15. Comparison of ship length distributions per ship type sailing in the Gulf of Finland, based on
AIS data of 2006.

Hence, it is decided to evaluate the ship length based on the route and on the ship type, as
seen in the algorithm in Fig. 3.3. An example of such a length distribution is shown in Fig. 3.16,
for cargo vessels leaving St. Petersburg en route to the Baltic Sea. Since it is clear that no
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mathematical distribution can describe the empirical histogram, it is decided to use random
sampling from the empirical distributions obtained from AIS analysis, for the given route and the
chosen ship type.

Fig. 3.16. Ship length distribution, route from St. Petersburg to Baltic Sea, cargo vessels, based on AIS
data of 2006.

For reasons of hydrodynamic resistance, ships have a high length-to-width ratio. This implies
that the width B is correlated with the length L, where some variation exists depending on the
ship type and the specific ship design. Usually, slower vessels such as tankers have a lower L/B
ratio than faster ships such as container carriers and passenger vessels [54]. This relationship
can be evaluated from AIS data, as can be seen in Fig. 3.17, where histograms of the L/B ratio
are shown for tankers, passenger vessels and cargo vessels. It should be noted that the larger
variation in L/B for cargo vessels is due to the fact that in AIS data, no distinction can be made
between the faster and slenderer container carriers and the slower and broader bulk carriers.

Fig. 17. Length-width ratio for tankers, passenger vessels and cargo vessels sailing in the Gulf of Finland,
based on AIS data of 2006.
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In the model, this correlation is taken into account by constructing distributions for ship width,
per ship type and for the chosen ship length. An example of such a width distribution is shown in
Fig. 3.18. Generally, no mathematical distribution can in a statistically acceptable manner
describe the empirical distribution obtained from AIS data. Hence, the width is determined
based on random sampling from these empirical distributions.

Fig. 3.18. Width distribution for cargo vessels en route from St. Petersburg to Baltic Sea, L=134 m, based
on AIS data of 2006

Ship speed distribution
For economic reasons, various ship types sail at different operational speeds: tankers are
generally slower than cargo vessels, while passenger vessels operate at even higher speeds
[54]. Environmental conditions permitting, ships usually sail at their design speed in open sea
areas, regardless of the destination. This implies that the ship speed distribution can be taken to
be route-indifferent, but should be taken as strongly dependent on the ship type.
The ship speed probability distribution function is determined by calculating the average speed
for all individual ship trajectories, counting the number of such speeds for intervals of 0.1 knots
width and normalizing to unity. As the average speed over trajectories is taken, local changes in
speed are not considered. Another approach, based on the statistics of all the collected data
points for all the ships of a given type, may result in somewhat different distributions. However,
this kind of approach would be heavily biased by the number of data points gathered per vessel
and per voyage, as this number is not equal for all voyages. Averaging the vessel speed over
the voyage filters out this bias.
The probability density functions for the ship speed of the considered ship types are shown in
Fig. 3.19.
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Fig. 3.19. Ship speed distribution in Gulf of Finland per ship type, based on AIS data of 2006

Results & discussion
The results presented in this Section are obtained based on a set of 30 replications of the traffic
simulation and the collision-detection algorithm. Even though this is a rather modest number of
replications, due to the discrete spatial aggregation in the post-processing stage, it gives
significant and consistent results, as seen in this section.
Yearly number of collisions
The yearly number of collisions for the whole Gulf of Finland is given in Table 3.8. A distinction
is made between overtaking, crossing and head-on collisions. In addition, the yearly number of
crossing, overtaking and head-on collisions with at least one ship of the given type, is shown.
The 95%-confidence interval for the resulting mean number of collisions is calculated using the
following equation:

(3.6)
where is the mean over n simulation replications, S2(n) is the variance over n replications and
z95% is the upper 95% critical point for a standard normal random variable [34]. In the
calculations, the specific causation factor for each collision event is obtained according to Table
3.3. For collision candidates in a crossing encounter with a passenger vessel involved, the
visibility is assessed in terms of daylight, using the time of sun rise and sun set for each day of
the year, as shown in Fig. 3.25.
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Table 3.8: Yearly expected number of collisions for whole GOF, based on data for 2006
All
Overtaking
Head-on
Any ship type
1.294 ± 0.103
1.086 ± 0.087
0.029 ± 0.002
At least one tanker involved
1.037 ± 0.083
0.919 ± 0.073
0.017 ± 0.001
At least one passenger vessel 0.228 ± 0.018
0.121 ± 0.010
0.011 ± 0.001
involved
At least one cargo vessel involved 0.963 ± 0.077
0.830 ± 0.066
0.015 ± 0.001
At least one HSLC involved
0.012 ± 0.001
0.006 ± 0.001
0.001 ± 0.0001
At least one other vessel involved 0.031 ± 0.003
0.025 ± 0.002
0.0002 ± 0.000
02

Crossing
0.180 ± 0.014
0.101 ± 0.008
0.097 ± 0.008
0.119 ± 0.009
0.005 ± 0.0004
0.006 ± 0.0005

According to the simulation model, about 1.29 collisions occur on a yearly basis in the whole
Gulf of Finland. 83.9 % of the cases are overtaking collisions, 2.2 % are head-on collisions and
13.9 % are crossing collisions. Yearly, 1.04 collision accidents occur in which a tanker is
involved, whereas 0.23 accidents include a passenger vessel and 0.96 accidents include a
cargo vessel.
Collision locations
In Fig. 3.20, the probability of collision by location irrespective of ship type is shown, where the
total probability has been normalized to unity. The probabilities have been assessed based on a
clustering of results in bins of size 5x5 km. Fig. 3.21 shows the location-specific probability of
collision with respectively at least one tanker, passenger vessel or cargo vessel involved,
normalized to unity. Fig. 3.22 shows the probability of collision by encounter type, irrespective of
the ship types involved, again normalized to unity. The actual collision probability per location
can be found by multiplying the location-specific value with the appropriate total yearly collision
probability from Table 3.8, which is given in the top right corner of the figures for convenience.
The results indicate that the probability of collision is very dependent on the geographic location:
areas with intense traffic of a certain ship type are naturally more prone to collisions with that
ship type involved. Due to the traffic pattern, the crossing between Helsinki and Tallinn (Fig. 20
B) is the most probable location for ship collisions. Other areas which present higher collision
probabilities are the junction towards Primorsk (Fig.3.20 C), the traffic lane south of Suursaari
south of Kotka (Fig. 3.20 D) and an area of the traffic separation zone in the Baltic Sea,
southwest of Hanko (Fig. 3.20 A). This picture is significantly different for passenger vessels, for
which the crossing between Helsinki and Tallinn, the approach to Helsinki and some locations in
the Baltic Sea, southwest of Hanko are more probable to see a collision.
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Figure 3.20 Probability of collision in Gulf of Finland by geographic location. Yearly number of collisions:
multiply cell-value by value in top-right corner

102

Figure 3.21. Probability of collision in Gulf of Finland by geographic location for various ship types
involved; Yearly number of collisions: multiply cell-value by value in top-right corner.
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Figure 3.22. Probability of collision in Gulf of Finland by geographic location for various encounter
situations; Yearly number of collisions: multiply cell-value by value in top-right corner

Predominant time of collision
Another interesting factor in the collision events is the predominant time of day at which
collisions occur. Knowledge about the collision time can be useful e.g. in planning rescue
operations. For risk modeling purposes, the collision time can be related to the visibility
conditions in terms of daylight. Information about this can be used in a more advanced model
for causation probability: studies with Bayesian networks suggest that visibility conditions have a
significant impact on the causation probability [11]. The collision time can also be of interest for
104

consequence analyses. For example, in a risk assessment of passenger traffic, the evacuation
time is related to the time of day [55,56]: at night, when most passengers are asleep, the
evacuation time is longer than during day time. This can have implications for the expected
number of casualties.
In Fig. 3.23, four histograms of collision time over the course of a day are shown, for the whole
Gulf of Finland and for 3 locations A, B and C as shown in Fig. 3.20. Clearly, the results are very
different for these locations. This is of course directly related to the departure time distributions
for ships from each harbor, which govern, in combination with the vessel speed, which ships
appear at which time in the sea area.

Fig. 3.23. Distributions of collision time per hour of day for Gulf of Finland and three locations as indicated
in Fig. 3.20

This statistical information is used in each cell to evaluate the likelihood of the accident
occurring at night for accidents involving a passenger ship. Night-time is taken here as 22:00 to
07:00, during which passengers are assumed to be asleep. The results are shown in Fig. 3.24.
It follows that for passenger traffic between Helsinki and Tallinn, accidents generally occur when
passengers are awake, while in other areas in the Gulf of Finland, especially for traffic to and
from Sweden, accidents are more likely to occur with passengers asleep.
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Figure 3.24 Probability of passengers asleep at time of accident, for accidents where at least one
passenger vessel is involved

The time of collision for each collision candidate is evaluated with respect to visibility in terms of
daylight. To this effect, the time of sunrise and sunset is calculated for each day of the year,
using an algorithm described in [57]. The day length distribution and time of sun rise and sun
set, shown in Fig. 3.25, is evaluated for the location 25°E, 60°N and assumed to be valid for the
whole studied area. Twilight is not taken into account as it is assumed that darkness falls as
soon as the sun sets, which evidently is a simplification. The results are shown in Fig. 26 for the
period of one year. Even though the results are somewhat biased due to the route-specific
monthly variation in traffic volume, it is clear that the results differ significantly by location:
collision events near Helsinki, Tallinn, Kotka and Vyborg occur more frequently during daylight
conditions, whereas accidents en route to and from Sweden occur mostly in darkness. Collision
events in the traffic separation zone are about as frequent for both visibility conditions.

Figure 3.25. Time of sun rise and sun set and day length for 25°E, 60°N, based on [57]
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Figure 3.26. Probability of daylight at time of collision, for accidents irrespective of ship types involved

Detailed collision statistics
The most crucial characteristic of the presented collision simulation model is the ability to
provide accurate information about at least some of the detailed conditions in which the collision
occurs. This is important for a proper evaluation of the accident consequences. The number of
expected collisions and the time of collision can be evaluated per location. Moreover, the
encounter angle and the main dimensions, types and speeds of striking and struck vessel can
be statistically studied per location. Information like this can be used as input in consequence
models such as that of Ståhlberg [32].
In Fig. 3.27, the encounter angle distribution is shown for the whole Gulf of Finland, and for
location A, B and C as shown in Fig. 3.20. The encounter angle is taken with the centre line of
the struck vessel as reference. In Fig. 3.28, the distribution of ship types is given for the whole
Gulf of Finland and for the same 3 locations, both for striking and struck vessel. The distribution
of ship length is given for the same locations, both for striking and struck vessel, in Fig. 3.29 and
Fig.3.30, respectively. In this distribution, no distinction is made per ship type. Finally, in
Fig.3.31 and Fig. 3.32, the ship speed distributions for respectively striking and struck vessel
are shown for the same locations. Again, no distinction is made per ship type.
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Fig. 3.27. Distributions of encounter angle in collision accidents relative to centre line of struck ship, for
Gulf of Finland and three locations as indicated in Fig. 3.20

Fig. 3.28. Distributions of striking and struck ship type, for Gulf of Finland and three locations as indicated
in Fig. 3.20
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Fig. 3.29. Distributions of ship length of striking ship, for Gulf of Finland and three locations as indicated in
Fig. 3.20

Fig. 3.30. Distributions of ship length of struck ship, for Gulf of Finland and three locations as indicated in
Fig. 3.20
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Fig.3.31. Distributions of ship speed of striking ship, for Gulf of Finland and three locations as indicated in
Fig. 3.20

Fig. 3.32. Distributions of ship speed of struck ship, for Gulf of Finland and three locations as indicated in
Fig. 3.20

It is clear from Fig. 3.26 to Fig. 3.31 that the variables affecting the consequences of the
collision accident are very dependent on the geographic location. Locations A, B and C all have
significantly different distributions for the encounter angle. In addition, the ship type, length and
speed distributions of striking and struck vessel clearly differ on the geographic area. This of
course follows from the specific ship types frequenting the different harbors in the area, with the
appropriate boundary conditions in terms of length and speed.
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Model validation
A detailed analysis of the maritime accidents in the Gulf of Finland was performed by Kujala et
al. [2] for the period 1997-2006. For the purposes of this paper, only the ship-ship collision
accidents in the open sea area of the Gulf of Finland are retained from the HELCOM accident
database, which covers the period 1996-2007. Some relevant details of these accidents are
listed in Table 3.9, and their position is shown in Fig. 3.33.
Table 3.9: Collision accident data in Gulf of Finland during the period 1996-2007, HELCOM
Latitude Longitude
Struck
Date
[N]
[E]
vessel type
02.02.1996
25°00’
60°00’
Cargo
07.03.2000
29°04’
60°01’
Other
19.03.2000
29°23’
60°01’
Cargo
02.04.2000
29°25’
60°02’
Cargo
01.10.2001
25°02’
59°35’
Tanker
15.11.2001
24°49’
59°84’
Cargo
11.03.2003
28°01’
60°10’
Cargo
25.03.2003
24°30’
59°48’
Other
05.11.2003
29°25’
60°02’
Cargo
02.01.2004
24°43’
59°28’
Cargo
02.03.2004
28°12’
60°07’
Cargo
28.10.2004
28°38’
60°20’
Other
08.07.2005
28°26’
60°12’
Cargo
27.01.2006
26°54’
60°02’
Cargo
23.02.2006
26°20’
59°53’
Cargo
05.03.2006
26°18’
59°52’
Cargo
23.09.2006
28°19’
60°04’
Cargo
22.02.2007
23°08’
59°32’
Cargo
31.05.2007
27°30’
60°15’
Cargo

Fig. 3.33. Positions of ship-ship collisions in the open sea area of the Gulf of Finland during 1996-2007.
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According to the accident statistics, 19 collision accidents occurred in the studied area during
the period 1996 to 2007, or about 1.6 per year. In 79 % of the cases, the struck vessel was a
cargo vessel, 5 % were tankers and 16 % were other vessels. No collision accidents with
passenger vessels were recorded. These numbers indicate a general agreement, at least in
order of magnitude, with the results obtained by the simulation model. It should be borne in
mind though, that the traffic volume and organization and ship type distribution has changed
considerably during the period for which the accident data is valid and that not all traffic has
been included in the simulation. As mentioned only 65.7 % of the vessel movements in 2006
have been retained. Hence, the accident data is only in the most general terms comparable with
the studied collision analysis based on data for the year 2006. Comparison of the accident
locations with the probability of an accident occurring as predicted by the model as shown in
Fig.3.20, indicates a certain measure of agreement.
However, drawing inferences about the model validity from accident statistics is perforce highly
uncertain due to the very limited number of such events. As suggested by Inoue et al. [58], the
assessment of navigational safety can be done in a somewhat more justifiable way by analyzing
near-miss or close encounter situations. An analysis for close encounter situations for ships in a
part of the Gulf of Finland for summer traffic (May, June and July) in 2006, 2007 and 2008 was
performed by Berglund et al. [59] and used as well by Montewka et al. [9]. A distinction was
made for head-on, crossing and overtaking close encounters. Abridged results of the analysis
are given in Table 3.10.
Table 3.10: Comparison of close encounters [59] and collision candidates
Head-on
Crossing
Overtaking
Berglund et al Total
8.0
419.0
943.0
[59]:
close Per month
2.8
142.7
321.1
encounters
In percent
0.6
30.6
68.8
Simulation
Total
21.8 ± 2.0
114.9 ± 9.6
582.1 ± 46.4
model: collision Per month
7.3 ± 0.7
38.4 ± 3.0
194.6 ± 14.2
candidates
In percent
3.0
16.0
81.0

These near miss-situations are roughly equivalent to the number of collision candidates as
calculated by the presented simulation model. These collision candidates are filtered to contain
only those occurring in the same geographic area as in [59], in casu a polygon with vertices as
shown in Fig. 3.34. Additionally, only the collision events occurring in the months of May, June
or July are retained. The locations of these collision candidates for one simulation run are
shown in Fig. 3.34. Comparison with the analysis performed by Berglund et al. [59], shown in
Fig. 3.35, indicates a reasonable qualitative agreement.
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Fig. 3.34: Collision candidate locations as obtained from one simulation run; geographic area as in [59].

Fig. 3.35. Locations of close encounters in area shown in Fig. 34 for May-July 2006; [59]

The number of head-on, crossing and overtaking encounters for the collision candidates in the
area is shown as well in Table 3.10, where the 95%-confidence interval is calculated according
to Eq. (3.6). Despite a certain discrepancy, the overall trend is similar: overtaking encounters
are by far the most frequent, followed by crossing encounters. Head-on encounters are
relatively rare.
The lower number of collision candidates compared with the observed number of close
encounters, is partly due to the fact that the near misses are controlled, i.e. with a navigator on
the bridge. This is not quite the same situation as blind navigation, used for the evaluation of the
collision candidates. Another factor to keep in mind is the fact that only the main traffic routes
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are retained in the evaluation of the collision candidates, amounting to 65.7 % of the vessel
movements. For the near miss analysis, all trajectories were used.
Ylitalo [10] performed an analysis of the frequency of maritime accidents in the Gulf of Finland
for the year 2008, using Pedersen’s model. The studied area is limited to the open sea areas
east of the 22°50’00” E-longitudinal and is thus sm aller than the area studied in this paper.
Abridged results are presented in Table 11. According to a somewhat ad-hoc extension of
Pedersen’s model, after Friis-Hansen [60], merging collisions occur when two waterways merge
into one, and are calculated as the crossing case with additional probability of 0.5. Collisions
occurring in a bend of a waterway are evaluated by assuming that the probability of a vessel not
taking that bend in time, resulting in a collision course with a second vessel, is taken as 0.01.
Table 3.11: Number of collision candidates and
Pedersen’s model; [10]
Encounter type
Bend
Overtaking
Collision
758
630
Candidates
-4
-5
Causation factor
2.56 10
5.62 10
Number of
0.194
0.035
accidents

estimated yearly number of accidents according to
Crossing
73
2.56 10
0.020

-4

Merging
44
2.56 10
0.011

-4

Head-on
386
1.01 10
0.004

-5

Total
1890
0.26

The results obtained by the simulation model presented in this paper, limited to the same
geographic area as the one used by Ylitalo are presented in Table 3.12.
Table 3.12: Number of collision candidates and estimated yearly number of accidents according to
simulation model; limited to same geographic area as in [10]
Encounter type
Overtaking
Crossing
Head-on
Total
Collision
4130 ± 28
567 ± 9
283 ± 7
4980 ± 36
Candidates
Causation factor
-- see Table 3.3-Number of
0.870 ± 0.009
0.159 ± 0.003
0.032 ± 0.001
1.06 ± 0.01
accidents

A comparison of both results reveals significant differences. The simulation model predicts a
higher number of collisions than Pedersen’s model: 1.06 versus 0.26 accidents per year. An
important reason for this is the use of a stationary Poisson process in the Pedersen model to
evaluate the number of encounters, which is generally a poor assumption. When traffic intensity
increases during certain periods of the day, the probability of encounter is clearly higher than in
a scenario in which all traffic is uniformly spread out over the course of a day. Another obvious
difference is the relative share of each of the encounter types: according to the Pedersen
model, 20.4 % are head-on collision candidates, far more than the 5.7 % obtained by the
presented simulation model. Finally, as pointed out by Ylitalo [10], the bend and merging
collisions as obtained by the Pedersen approach are highly questionable due to the rather
unfounded assumptions involved. In the simulation model, these two categories do not exist as
each meeting between vessels is classified according to the case-specific encounter angle.
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4. Recommendations for future work
This report presents two models for marine traffic risk assessment; due to novelty of the models
they need some adjustments. In this chapter the main drawbacks of the models, at present
stage of its development are presented.
Collision probability modelling
This report presents a new approach for the modeling of ship collision probability.
Two models were presented, static and dynamic. The static model allows computation based on
available traffic statistics obtained from AIS system. The static model utilizes ship’s
maneuverability model. Future works should be focused on analysis of ships behavior in a
meeting situation. Especially detailed assessment of space needed to perform a collision
evasive maneuver for different ship types, different maneuvering patterns (one vessel is
maneuvering or both vessels are performing collision evasive maneuvers) and weather
conditions should be studied. The static model is robust and performs computations very
quickly, but is lacking some information that the dynamic model provides.
The dynamic model is capable of providing detailed information about the circumstances in
which ships encounter each other: geographic location, encounter angle, time of day and type,
size and speed of striking and struck vessel can be analyzed from the model output. This
information is valuable for consequence analyses, which, combined with the probability analysis
directly obtained from the model, provide the risk level. The application of AIS data to model the
traffic is done to obtain an as realistic as possible description of the maritime traffic. In principle,
the simulation can also be performed in absence of AIS data, starting from estimated input
variables, e.g. in order to study the effect on collision probability of increased traffic volumes, a
new traffic lane due to opening of new harbor facilities or a reorganization of the traffic scheme.
Even though the dynamic model in the presented form is bound by some rather stringent
idealizations and assumptions, such as omission of vessel maneuverability and the negligence
of environmental conditions, the results seem reasonable by virtue of comparison with analysis
of accident statistics and close encounters.
Nevertheless, more validation is needed: both models could be applied in other sea areas for
which near-miss data is available and an analysis based on AIS data of 2007 and onwards can
be performed for the Gulf of Finland and compared with near-miss data.
The presented models will in future research be coupled to appropriate consequence models,
such as capsizing of a passenger vessel due to collision (loss of life) and oil spill of tankers due
to collision (environmental damage). Finally, a complete risk map for the Gulf of Finland will be
obtained.
Causation probability
The main issue of presented model that needs more attention is a causation factor. At present
most of data about it comes from researches that was carried out in the seventies and the
eighties last century. However, the accidents statistics for the Baltic Sea show a slight increase
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of number of accidents over the last decades, the intensity of shipping activities in the Baltic has
been growing very rapidly at the same time, and there is no sign of this process slowing down.
Not only has the number of ships increased, but also their size: today some ships in the Baltic
carry as much as 100,000 tons of oil. As the sizes of the ships increase, the risk of a major oil
spill also increases. Every year about 70 shipping accidents occur in the Baltic Sea. Fortunately
most of them do not cause notable pollution, but even one large-scale accident would seriously
threaten the Baltic marine environment.
In that situation, the geometric probability of collision shall increase, even if precautionary
measures are taken. Assuming the causation factor to be constant, the number of accidents
shall linearly increase, which according to statistics does not.
Also, all commonly used causation factors seem to be adjusted to work together with
geometrical models, rooted in Fujii and MacDuff’s approach. Introducing a new geometrical
model a new causation factor shall be implemented in order to reflect correctly the present
situation.
Moreover the presented new geometrical MDTC based model for estimation a number of
collision candidates shows good agreement with a historical data of number of near-miss
situation. The number of collision candidate in this case is equivalent to number of near-misses.
The analysis shows that the MDTC based model satisfy present situation, but combined with
commonly adopted causation factors in overestimate number of accidents in an analyzed area,
therefore a value of risk calculated by means of this model is overstated.
At present stage of research the model has been applied in chosen area of the Gulf of Finland,
to estimate a risk level, and to identify all drawbacks that need attention.
Bayesian network approach has been adapted in several risk assessments, also in few cases
from marine domain. The benefits of using Bayesian networks in modeling are that they are
easily understandable, complicated causal interrelations and dependencies of model
parameters are clearly visible, and the effects of risk-control options to accident frequencies can
be done easily. Bayesian networks are acyclic graphs, so compromises in modeling may have
to be made in order to avoid cyclic influences. Modeling the interrelations of factors affecting
marine accident causation may be difficult and information on prior and conditional probabilities
of the network may be difficult or impossible to obtain. This is a challenge common to all
quantitative modeling approaches, not just of Bayesian networks.
In a light of theories of human error and accident causation, the causation probability models
used in marine traffic risk assessments have been rather simple and incomplete. If different
Bayesian network models are compared, it can be seen that some parameters that exist in one
network are lacking from another, and vice versa. It also seems that the expert groups used in
constructing of many models’ structures or probability tables had been biased either to marine
domain experts or human factor specialists, but not both.
In the future, a model for accident causation in marine traffic of the Gulf of Finland will be
developed for risk assessment of the Gulf of Finland’s marine traffic. In the first phase the
network will be validated with expert judgment. In normal winter at least the eastern part of the
Gulf of Finland will be wholly covered by ice. Navigation in ice differs in many ways from open
sea navigation and has multiple risks. In a report of incidents and accidents in the Baltic Sea
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during winter 2002-2003, causes for damages to ships were listed. Some of these causes
related to winter navigation were:
• Colliding with ice edges with high speed
• Ship-ship collision when moving with short lead in ice channel and the first ship gets
stuck in ice
• Collision with an icebreaker during assistance
• Contact with ice channel edges when turning
• Stuck in compressive ice due to moving ice field
• Darkness and snowfall
• Inexperienced crew in winter navigation
In none of the collision causation model descriptions found in the literature, the challenges that
winter navigation proposes to marine traffic safety was discussed. Since the majority of shipship collisions in the Gulf of Finland have occurred in ice conditions (Kujala et al. 2009), these
factors must be included in a model for assessing the human failure probability in the marine
traffic of the Gulf of Finland.
Effect of winter conditions
All existing models that assess collision or grounding probability does not take into account
winter navigation. In the presence of ice, the navigation is no more the same as without ice.
At first the ice, depends on its thickness, produces additional resistance that ship must
sustained, reducing therefore her manoeuvrability. Usually ships are navigating in ice with
reduced speed, leaving more time for collision evasive manoeuvres, but due to ice resistance
characteristics of given manoeuvre are different that in ice free water.
I case of thick ice, where vessels are not able to proceed by themselves, the ice breaker
assistance is required. In such situation vessels are proceeding in a convoy, and different
collision scenarios are more probable than in case of open water navigation.
The influence of ice presence on ship manoeuvrability has been widely studied, but ice impact
of ship behaviour in close quarter situation has not been analyzed so far.
Also influence of ice condition of human behaviour and assessment of ice related causation
factor has not been studied yet.
Another factor, which needs attention, is related to costs of oil spill in presence of ice. The
model presented in the report concerns only ice free conditions. The oil spill in presence of ice is
expected to have different characteristic than in ice free water. Therefore costs model may be
different.
Presented model for marine traffic risk assessment at current stage of development does not
consider winter related factors, which makes it not fully reliable while analyzing a marine traffic
under harsh winter conditions.
Oil outflow estimation - proposed improvements to the IMO probabilistic methodologies
The IMO methodologies presented in the report are not completely adequate and contain many
simplifications that in certain conditions might give misleading results. The accuracy of the
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methodologies could however be improved with rather small modifications and extensions.
Proposed improvements and further discussion are presented in this chapter.
The probability of zero outflow should definitely be more properly evaluated for future purposes.
The dependence of ship size is likely to be more significant than the values estimated by IMO
for the reference ships, but as there are not comparable statistical data easily available, and for
simplicity, 0.8 value has been used in presented report.
The probability of zero spill is significantly lower for small ships in collisions and bigger ships in
grounding based on a number of accident databases. On average the probability of zero spill
seemed to be slightly lower than expected by IMO. Records collected by Helcom of past
accidents in the Baltic Sea during the period 2000-2008 indicate that the probability of zero spill
in grounding and collision cases for double hull tankers is in contradiction significantly higher. Of
85 grounding or collision incidents only 2 resulted in pollution which gives the probability of zero
spill a value of 97.6%. All other recorded tanker accidents that have resulted in pollution have
occurred during loading or unloading a ship or due to some other reason. The total amount of
tanker accidents including all types of accidents and also single hulled ships is 133. The
database includes all accidents in the Baltic Sea area reported by the authorities of the Baltic
Sea countries and even if the total number of accidents is not especially big, it has statistical
value.
As mentioned before a problem with many accident databases is that the data consists mostly
of accidents involving single hulled ships. The probability of zero outflow is significantly lower for
single hulled ships and if the accidental outflow is expected given the use of a too low value for
zero outflow might underestimate the probable outflow considering there is a spill. Proper
outflow estimations for future purposes should naturally be based on statistics covering only
double hulled ships, but as this is often impossible in large scale the data used should be
properly evaluated in order to give comparable results.
Probability of damage extent
In the probabilistic methodologies the probability of damage extent is given irrelevant to the
longitudinal location of tanks. According to Endo (2004) the damage on side hull is usually more
severe at midship. This tendency can be explained by the momentum theory. When a ship is
struck by another ship into the fore or aft part of the ship the kinetic energy of the striking ship
will depending on the collision angle try to turn the struck ship and less energy is absorbed by
hull deformation. A model estimating the effect of longitudinal offset has been evaluated based
on the theory of motion (Endo, 2004). To illustrate the phenomenon energy absorbed in collision
damage as a function of longitudinal location of damage is presented in Figure 4.1. The
influence of the relationship between the size of the striking and the struck ship is shown in the
figure. It can be seen that when the striking ship is a VLCC (350000dwt) the influence of the
location is much more significant than in the case where both the striking and the struck ship are
aframax tankers (112000dwt). In the collision case the angle between the striking and the struck
ship’s course is 90 degrees. The situation is different for other angles, which will be discussed
later in this chapter.
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Figure 4.1. Energy absorbed in collision damage as a function of damage location. (Endo, 2004)

As a result of current regulations the spaces of double-side skin on double hulled tankers are
distributed almost uniformly along the longitudinal way. Due to structural reasons wider spaces
are often allocated at fore and aft tanks. However learning from collision accidents and FEM
simulation analyses it has been recognized that the magnitude of the damage extent on side
hull is usually much greater near the center of gravity than in the fore or aft part of the ship.
The model used by Endo does however not completely represent a real collision case. When
both ships involved in a collision are moving, as is the case in normal operational conditions, the
distribution of absorbed energy as a function of the longitudinal location is not completely
symmetric even in the case where the angle of collision is 90 degrees. The difference is though
not significant and the method gives an almost accurate assumption at right angles.
An even bigger shortcoming with the IMO methodology is that it does not take the angle of
collision into consideration. The amount of absorbed energy as well as the distribution of energy
as a function of damage location is highly dependent on the angle between the courses of the
colliding ships. This can be seen in Figure 4.20 where the energy ratio is defined as the ratio
between the energy loss and the total kinetic energy of the ships before the collision (Zhang,
1999). The curve representing the collision in the angle of 90 degrees is almost symmetric, but
slightly weighted to the fore part of the ship. The calculations were performed for collision cases
where two 4000 ton supply vessels both with an initial speed of 4.5 knots collide at angles of 60,
90, 120 and 150 degrees at different longitudinal locations. A comparison to a calculation made
for two 25000 ton containerships showed no big difference in the shape of the curves and one
can assume the situation to be similar for a case where two aframax tankers collide. When both
of the ships involved in the collision are of the same size the shape of the curves is given
irrelevant to ship size. It is only the shape of the hull that influences the curves. For a tanker with
a very long straight part in the hull side the point in the bow part where the 120° and 150°
curves start to rise is likely to be slightly closer to the ship’s bow.
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Figure 4.20. The ratio between the energy loss and the total kinetic energy before the collision as a
function of collision location on the struck ship at different collision impact angles. (Zhang, 1999)

The IMO methodology could be further improved by taking also the angle of collision into
consideration. Casualty statistics indicate that collisions where the impact angle is larger than
90 degrees are more common than cases where the angle is below 90 degrees. This means
that colliding ships are more often on encountering than overtaking courses, which seems
reasonable. For the purpose of creating a more accurate model a probability distribution
function of the collision angles should be created. The ratio between the energy loss and the
total kinetic energy before the collision as a function of damage location should then be
weighted with that pdf. As a result an equation, similar to the one created by Endo (2004), but
with significantly better representation of real accidental conditions, could be created and added
as a multiplier to the IMO side damage probability equation. The distribution of collision angles
from accident statistics by Lloyd’s register of shipping for the years 1990-1997 can be seen in
Figure 4.21. The mean collision angle was 93 degrees, mode and median values were 90
degrees (Tuovinen, 2005). A problem with the data is though a probable lack of accuracy. In
many accidents the angle was not reported, and how it is measured is not completely clear. The
collision case is always complex when both ship are turning during the collision event and the
angle of the first impact might be something else than the angle in which most damage has
occurred.

Figure 4.21. Collision angle distribution (Tuovinen, 2005)
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For the case of bottom damage due to grounding the IMO regulations seem to have a more
rational approach as the probability of bottom damage extent at fore is much greater than the
one at midship or aft (Endo 2004). The difference between the treatment of bottom damage and
side damage can be seen when comparing the tables (IMO, MEPC.117(52), 2004) presented in
in Figure 4.22. The treatment of bottom damage seem to affect the tank arrangement scheme of
double hull tankers as the greater bottom spaces in the fore tank is evaluated as advantageous
design which decreases probabilistic oil outflow in case of grounding accident. Due to structural
reasons a majority of tankers currently in operation have however uniform double skin
dimensions for both side and the bottom spaces along entire ship length.
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Figure 4.22. Probability of longitudinal damage location for bottom and side damage, assuming a tank
length as 0.1L, according to current IMO regulations (MEPC.117(52), 2004).

For future tanker designs built according to the accidental oil outflow requirements (Regulation
23) this might change and especially if the outflow requirements are tightened. For future
development of the regulations the treatment of side damage should definitely be updated by
taking the collision angle and the distribution of damage extent along the ship length into
consideration. This could be done by introducing a weighting term into the damage probability
equation in a similar manner as proposed by Endo (2004) or by simply redefining the table of
properties for side damage to represent more accurately real accidental conditions.
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