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Summary of Conceptual Approach

1.1 Theoretical Approach

Fault Trees for Collision, Striking and Grounding were developed within work package 1 of S@S project on the basis of results of previous projects and WP1 brainstorming sessions. The objective of developing these FTs was the identification of Basic Events leading to Collision, Striking and Grounding Top Events.

According to the FTs developed, BEs related to manoeuvring errors are:

· Last minute avoidance too late: failed to turn in time to avoid collision, for encountered ship sea state, with actual ship speed, and accounting for manoeuvrability performance in open sea.

· Remaining distance too short for crash stop for encountered environment condition.

These BEs are the only ones that are exclusively related to the manoeuvring capabilities of the design vessel in normal conditions of operation (no human error or mechanical failure). Nevertheless, the position of these BEs in the various Top Events FTs should be taken into account in the modelling of these Basic Events. Therefore, scenarios have been defined for every Basic Event in order to determine the associated parameters and the collision avoidance trajectories. 

These scenarios of last minute collision avoidance have been defined with respect to the rules of navigation when sailing (COLREGS rules).

A complete description of the manoeuvring error model can be found in [1].

For each Top Event, one or two Basic Events are related to manoeuvring errors. The Basic Events for two different Top Events can have the same name but to build an accurate model, a definition of scenarios specific to each Basic Event has been necessary. Moreover, the capabilities of the manoeuvring model and the outputs of this model have also been taken into account in the formulation of the scenarios. The manoeuvring model allows determining the conventional IMO manoeuvrability criteria for a given design (Length, Breadth, Draft, and Displacement) in a sailing configuration (Depth, Speed).
1.1.1 Top Event N°1: Striking with a floating object

The corresponding Basic Event to model is:

“ Last minute avoidance too late: failed to turn in time to avoid collision, for encountered ship sea state, with actual ship speed, and accounting for manoeuvrability performance in open sea”

Two scenarios were defined from this description and the model consisted in evaluating the probability of striking with a floating object. To simplify the model, two main cases can be considered: 

· When the floating object is on the vessel course and has a drift speed with the same direction as the vessel speed (Figure 1).

· When the floating object has course perpendicular to the vessel course (Figure 2).
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Figure 1: Striking with a floating object: head-on encounter
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Figure 2: Striking with a floating object: crossing encounter
For such scenarios, the following parameters that are taken into account are described hereafter.

· For the design vessel:

· Initial Speed: V0 (kts)

· Length between perpendicular: L0 (m)

· Breadth: B0 (m)

· Draft: T0 (m)

· Displacement: ( (m3)

From L0 and B0, the radius of the safety area is defined:
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· For the floating object:

In order to simplify the model, the floating object was considered as a cargo container, therefore the dimensions are fixed:

· L=6.1m

· B=2.4m

Other sizes of container can be found but the first tests have shown that small variations in the size of the floating object have minor impact on the probability of striking.

From L and B, a safety area is defined as the disc of radius:
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The drift speed of the floating object V could also be a parameter but as this speed varies between 0.1 to 0.2 ms-1 (5 to 10 nautical miles per day), with regard to the speed of the vessel, it is negligible. Indeed, the model with such a speed has been developed and the first tests have shown no influence of the floating object speed. Therefore in the model, the speed of the floating object is considered as null: V=0. As a consequence, the only scenario to consider is a head-on encounter with a fixed object.

The distance d0 at which the collision avoidance manoeuvre is launched is also a parameter that depends on the efficiency to detect the floating object. It should be assumed that the distance of detection of the floating object depends on the level of automation, the training of pilots, the visibility, etc.

Top Event N°2: Striking with a fixed object in open sea

The corresponding Basic Event to model is:

“ Last minute avoidance too late: failed to turn in time to avoid collision, for encountered ship sea state, with actual ship speed, and accounting for manoeuvrability performance in open sea”

According to what is described in the previous paragraph, the model and the parameters for fixed object avoidance in open sea are the same as for a floating object.

The only difference consists in the choice of typical fixed object. Two types were chosen: A fixed object the safety area radius of which was defined as R1=50m and a large object such as an offshore platform, the safety radius of which was defined as R1=500m.

As previously, the distance at which the manoeuvre is launched depends on visibility, level of automation etc. But as the fixed object is different from the floating object (larger), d0 should also be larger.

1.1.2 Top Event N°3: Striking with a fixed object in restricted water:

The corresponding Basic Event to model is:

“ Remaining distance too short for crash stop for encountered environment condition”
One scenario was defined from this description and the model consisted in evaluating the probability of striking with a fixed object in restricted water. The scenario is represented in Figure 3. The only action necessary for avoiding striking is a crash stop manoeuvre characterised by the stopping distance Ds.

[image: image5.png]Share

a

r
Fixed object

esign Vessel

Share




Figure 3: Striking with a fixed object in restricted water

The parameters of the model are:

· For the design vessel:

· Initial Speed: V0 (kts)

· Length between perpendicular: L0 (m)

· Breadth: B0 (m)

· Draft: T0 (m)

· Displacement: ( (m3)

The radius of the safety area is defined as:
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The stopping distance Ds is derived from the RSM manoeuvring model.

· For the fixed object:

As it is the case in open sea, two types of fixed objects are present in the model. A fixed object, the safety area radius of which was defined as R1 = 50m and a large object such as an offshore platform, the safety radius of which was defined as R1 = 500m.

The distance of launching of the striking avoidance manoeuvre is defined as previously.

1.1.3 Top Event N°4: Collision in open sea:

The corresponding Basic Event to model is:

“ Last minute avoidance too late: failed to turn in time to avoid collision, for encountered ship sea state, with actual ship speed, and accounting for manoeuvrability performance in open sea”

The scenarios associated with this Basic Event are very similar to the ones related to striking with a floating object. Indeed, three scenarios were defined: 

· When the vessel encountered is on the vessel course and has a speed with the same direction as the vessel speed (Figure 4).

· When the vessel encountered has a course perpendicular to the vessel course (Figure 5).

· When the design vessel is overtaking the encountered vessel (Figure 6).
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Figure 4: Collision in open sea: head-on encounter
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Figure 5: Collision in open sea: crossing encounter
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Figure 6: Collision in open sea: overtaking
For such scenarios, the following parameters that are taken into account are described hereafter.

· For the design vessel:

· Initial Speed: V0 (kts)

· Length between perpendicular: L0 (m)

· Breadth: B0 (m)

· Draft: T0 (m)

· Displacement: ( (m3)

The radius of the safety area is defined as:


[image: image10.wmf]2

0

2

0

0

2

2

*

5

.

1

÷

ø

ö

ç

è

æ

+

÷

ø

ö

ç

è

æ

=

B

L

R


· For the encountered vessel:

In order to simplify the model, the encountered vessel is of 6 different types. The dimensions and the sailing speed are defined hereafter:

· Oil tanker (L=300m, B=50m, V=15kts)

· Bulk carrier (L=215m, B=32m, V=15kts)

· Container vessel (L=150m, B=25m, V=18kts)

· Passenger vessel (L=295m, B=32m, V=24kts)

· Ro-Ro vessel (L=180m, B=28m, V=28kts)

· Small vessel (L=40m, B=10m, V=12kts)

From L and B, a safety area is defined as the disc of radius:
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The percentage of vessel of various type encountered is depending on a parameter TD called: “Traffic Distribution”. To simplify the choice of traffic description, 3 configurations of traffic are defined. For instance, if the end user choose TD=1, model assumes that the traffic in the zone concerned consists in 16.66% of oil tanker, 16.66% of Bulk carrier etc. The following table presents the various configurations available.

Value of TD
1
2
3

Oil tanker
16.66 %
25 %
10 %

Bulk carrier
16.66 %
15 %
10 %

Container vessel
16.66 %
15 %
15 %

Passenger vessel
16.66 %
10 %
5 %

Ro-Ro vessel
16.66 %
25 %
30 %

Small vessel
16.66 %
10 %
30 %

Table 1: Ship type distribution

Finally, the distance d0 at which the collision avoidance manoeuvre is launched is a parameter. This parameter depends on the efficiency to detect the ships encountered. It should be assumed that the distance of detection of the ships encountered depends on the level of automation, the training of pilots, the visibility, etc. 

1.1.4 Top Event N°5: Collision in restricted water:

The corresponding Basic Event to model is:

“ Remaining distance too short for crash stop for encountered environment condition ”

The scenarios associated with this Basic Event are very specific as we assume that the design vessel is on a collision course with an encountered vessel and has no other alternative than launching a crash stop manoeuvre to avoid collision. Two cases are considered: 

· When the vessel encountered has course perpendicular to the vessel course (Figure 7).

· When the design vessel is overtaking the encountered vessel (Figure 8)
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Figure 7: Collision in restricted water: crossing
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Figure 8: Collision in restricted water: overtaking

For such scenarios, the parameters that are taken into account are described hereafter.

· For the design vessel:

· Initial Speed: V0 (kts)

· Length between perpendicular: L0 (m)

· Breadth: B0 (m)

· Draft: T0 (m)

· Displacement: ( (m3)

The radius of the safety area is defined as:
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· For the encountered vessel:

As for collision in open sea, various types of encountered vessel are considered. The percentage of the types of vessel is depending on the value of the parameter called Traffic Distribution. The characteristics of these 6 types of vessels are described in the previous paragraph.

The distance d0 at which the collision avoidance manoeuvre is launched is a parameter. This parameter depends on the efficiency to detect the ships encountered. It should be assumed that the distance of detection of the ships encountered depends on the level of automation, the training of pilots, the visibility, etc. 

1.1.5 Top Event N°6: Powered Grounding:

For this top Event, the two Basic Events to model are:

“Last minute avoidance too late: failed to turn in time to avoid collision, for encountered ship sea state, with actual ship speed, and accounting for manoeuvrability performance in open sea.”

“Remaining distance too short for crash stop for encountered environment condition”

The figure 9 presents description of the scenarios to model.
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Figure 9: Powered grounding

For such scenarios, the following parameters that are taken into account are described hereafter.

· For the design vessel:

· Initial Speed: V0 (kts)

· Length between perpendicular: L0 (m)

· Breadth: B0 (m)

· Draft: T0 (m)

· Displacement: ( (m3)

The radius of the safety area from L0 and B0 is defined:
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The ground safety radius is constant and chosen as R1=500m.

The distance d0 at which is launched the collision avoidance manoeuvre is defined as previously.

1.1.6 Modelling of manoeuvring criteria and of time dependent trajectory:

The simplified manoeuvring model was undertaken using Response Surface Methodology. RSM, is a collection of mathematical and statistical techniques useful for the modelling and analysis of problems in which a response of interest is influenced by several variables. RSM techniques are used in engineering design to construct approximations of these analysis codes and then used as synthetic approximation of them. These synthetic models, when found to be satisfactory, effectively replace the simulation in the next steps of optimisation or design space exploration. The important point to note is that these simplified models will calculate a response in near instantaneous time, with obvious advantages over an alternative such as manoeuvring simulation.

The first step in the development of the RSM model was to obtain a training set allowing developing response surfaces. This training set consists in a set of IMO manoeuvring criteria for various fast vessel designs. These data can be derived from sea trial results or simulations. Due to the lack of material in literature on manoeuvring sea trial results of fast vessels, it has been decided to perform numerical manoeuvring simulations.

From simulations carried out by DMI with the software DENMARK, a database of IMO manoeuvring criteria of similar fast vessels has been developed. These five criteria are:

For the stopping test: 


Ds the stopping distance,

For the initial turning ability: 
Lt distance travelled along initial direction when the ship has turned 10°

Dt distance travelled transversely to initial direction when the ship has turned 10°

For the turning circle tests: 

A the advance parameter,

Td the tactical diameter,

The simulations are carried out for fast vessels similar to the “SSC3” already used within the scope of S@S project. Indeed, different models of fast vessels are derived from the Silvia Ana hull form by modifying the following parameters:

· the length between perpendicular : Lpp,

· the draft T,

· the breadth Bwl,

· the displacement DELTA,

For the manoeuvring simulations, the operational parameters taken into account are:

· the depth D,

· the ship speed V.

Once the manoeuvring criteria are obtained from RSM for a given design, the time dependent trajectory during a turning circle and a crash stop manoeuvre is derived. 

Turning avoidance trajectory

In a first step, the collision avoidance trajectory is supposed to be very close to the turning circle manoeuvre trajectory. Therefore, it should only depend on the criteria A and Td. An analysis of the simulated trajectories allowed to model the turning circle trajectory as constituted of a straight line for the first instants and then an ellipse characterised by Td and A (see example on fig. 10). The first quarter of the turning circle is considered as the collision avoidance trajectory. The characteristics points are O, A and B.

The co-ordinates of O, A and B are assumed to be:

XO = 0 m
YO = 0 m

XA = Td/2 m
YA = A m

XB = 0 m
YB = A/5 m

Indeed, it was noticed that for all the simulations, during the first instants of the manoeuvre the trajectory is a straight line on 20% of the distance A. Afterwards, the trajectory is an ellipse whose axis are defined in figure 11.

The equation of this ellipse is therefore:
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Figure 10: Collision avoidance trajectory on a turning circle trajectory
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Figure 11: Ellipse for second part of collision avoidance trajectory

In order to obtain the position of the vessel on the trajectory at a given instant t, the trajectory should be time dependent. Therefore the speed of the vessel on the trajectory was derived from the results of the simulations carried out at the DMI.

An analysis of the variations of vessel speed on the trajectory during simulations was performed to undertake regression. The equation of Vy as a function of Y, Fl, ∆, and A is:
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Note: This regression is based on the results of the DMI simulations and is therefore dependent on the number of simulations available. The level of accuracy could be implemented by extensive analysis or the adding of new simulations or sea trial results. Nevertheless, for the scope of the basic design and the interest of the tool, which is to compare designs, this level of accuracy is acceptable.

Crash Stop Manoeuvre trajectory

The modelling of the crash stop manoeuvre is based on the knowledge of the stopping distance Ds. From analysis of the DMI simulations, we tried to derive a model allowing determining the position of the design vessel for each instant ti during the crash stop manoeuvre.

A regression function was derived as for the turning circle trajectory, based on the knowing of Ds and Ts: time to stop.
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1.1.7 Calculation of Collision Probability

According to the description of the manoeuvring model, the position of the design vessel with regard to the obstacle can be known for each instant t. By a time simulation, the occurrence of collision can be derived from the model. One example of Basic Event modelling is presented in the following paragraphs:

The Basic Event to model is

“Last minute avoidance too late: failed to turn in time to avoid collision, for encountered ship sea state, with actual ship speed, and accounting for manoeuvrability performance in open sea”

Once the design parameters have been chosen by the end user and the manoeuvring criteria have been derived from the RSM algorithms, the occurrence of collision is modelled according to the following algorithm:

Collision probability algorithm for collision in open sea

Loop on scenario (i=1 to 3)

Loop on ship type encountered (j=1 to 6)

Loop on distance d0 of manoeuvre launching

(d = d0-10% to d = d0+10%, step k= 1%)


Loop on time (t)

Calculation of position of encountered vessel (X1, Y1)

Calculation of position of design vessel (X0, Y0) 

(from manoeuvring criteria and regression functions already presented)

Calculation of Safety Distance: 
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If D<0: Collision



End Loop on Time

End Loop on d0

If collision for this distance then N (k)=1
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End Loop on ship type

End Loop on scenario
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For the other Basic Events, the principle of calculation of the probability is the same. For a set of design and operational parameters tuned by the end user, time simulations are carried out for various values of other model parameters (ship types, distance of manoeuvre launching, etc). The probability of collision, striking or grounding is finally the number of collisions, grounding or striking divided by the number of simulations.

The values of probability depend on some fixed values predefined in the model such as the percentage of various ship types according to the traffic distribution or the size of the encountered vessel. Such values have been derived from literature or estimated by model developers. They are not specific to a sailing zone or derived from specific databases. Nevertheless, these values are not fixed definitively and could be adapted to specific cases by end user.

1.2 General Steps

The procedure consists in:

First Step:

Calculating the manoeuvring criteria of the design vessel once the design and operational parameters are tuned.

Second Step:

Tuning the specific parameters of each Basic Event scenario according to other Basic Event scenarios.

Third Step:

Launching the Probability Calculations.

1.3 Architecture of the Program

The manoeuvring errors model has been implemented in the Excel file S@S_WP1_collision_striking_grounding_vi.ii.xls and coded in Visual Basic. The file contains nine worksheets.

· ‘Manoeuvring criteria’: for the input of the designed ship parameters and for the calculation of corresponding ship manoeuvring criteria.

· Six worksheets defining the scenarios for the six top events considered:

· ‘Collision in open sea’

· ‘Collision in restricted water’

· ‘Striking with a floating object’

· ‘Striking with a fixed object in open sea’

· ‘Striking with a fixed object in restricted water’

· ‘Powered grounding’

· ‘Probabilities’: for the input of one parameter (distance d0), the calculation and display of probabilities of each basic event.

· ‘Encountered vessel’: for the definition of the type, dimensions of possible encountered vessels, and the definition of traffic distributions of these vessels.

Installing the program

Five files need to be installed:

· S@S_WP1_collision_striking_grounding_vi.ii.xls

· S@S.exe

· RSM_criteria.hpp

· Var.dat

· Output.dat

The installation consists in copying these files in one sub-directory and not directly at the root (C:\ or D:\). The pathname should not contain spaces. 

Then open the Excel file and update the pathname in the left top corner of the ‘manoeuvring criteria’ worksheet (cell ‘B4’). The pathname should be ended by ‘\’.

Save the Excel file.

The worksheet can now be used.

2. Entering Inputs

Manoeuvring criteria calculation input:

On the excel sheet ‘Manoeuvring criteria’, the end-user chooses the values of the RSM program inputs in the blue box at the left handside top corner:

· The length between perpendiculars: Lpp (m) ; range: 80 to 140m 

· The breadth maximum: Bmax (m) ; range: 15 to 22.40m 

· The draft: T (m) ; range: 2.03 to 3.05m 

· The displacement: ((m3) ; range: 780 to 3750m3
· The ship speed: V (kts) ; range: 5 to 50kts 

· The depth: D (m) ; range: T*1.5 to 100m 

The RSM method needs Bwl as input. This is obtained according to the following formula used by DMI for their simulations:

Bwl = 0.755 * Bmax

In order to respect the constraints on the geometry of the hull and to stay close to the basic design, constraints on the following ratios should be respected:

T/L 
[image: image26.wmf]Î

 [0.0185; 0.0278]

B/L 
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 [0.1366; 0.2048]

B/T 
[image: image28.wmf]Î

 [5.8898; 8.8346]

The block coefficient should not be too modified:

Cb 
[image: image29.wmf]Î

 [0.3209; 0.3923]

The Froude in depth should not be superior to 1.

These constraints derive from the range of validity of the DENmark manoeuvring model. But extrapolation should be possible with the RSM model close to the range of validity.

For instance, the SuperSeaCat 3 has the following characteristics:

Lpp = 88m

Bmax = 17.1m

T = 2.60m

( = 1209.17m3
Therefore, it does not respect the following constraints:

T/L = 0.0295 > 0.0278

Cb = 0.309 < 0.3209

Nevertheless, these values are not too far from the boundaries of the range of validity.

A test showed that the extrapolation for the SSC3 gives reasonable results.

Generally speaking, extrapolation is feasible with the RSM model proposed while the values of parameters are not too far from the boundaries presented previously.

In order to extend clearly these boundaries, additional points should feed the RSM model (sea trial results, numerical simulation results, etc.)

As a guideline, if extrapolation is possible, the end user should try to stay as close as possible of the validity range when using the RSM model.

At this stage, the calculation of manoeuvring criteria must be launched (see section 4) before going to the next step.

Basic Event Parameters input:

For some basic events, specific parameters can be tuned by the end user in order to refine its risk evaluation. 

For each Basic Event, the specific parameters to input are presented hereafter:

Collision in open sea:

· Traffic distribution index: values: 1, 2 or 3 correspond to various distributions of ship types (see ‘encountered vessels’ worksheet).

· Scenario Percentage: numerical values between 0 and 100. The sum of the three should be equal to 100.

Three different scenarios can be considered for a collision in open sea. The choice of the percentage of scenarios allows adapting the model to specific known cases or specific area.

Collision in restricted water:

· Traffic distribution index: values: 1, 2 or 3 correspond to various distributions of ship types (see ‘encountered vessels’ worksheet).

· Scenario Percentage: numerical values between 0 and 100. The sum of the two should be equal to 100. 

Two different scenarios can be considered for a collision in open sea. The choice of the percentage of scenarios allows adapting the model to specific known cases or specific area.

Striking with a floating object:

No other parameter is needed.

Striking with a fixed object in open sea:

No other parameter is needed.

Striking with a fixed object in restricted water:

No other parameter is needed.

Powered grounding:

No other parameter is needed.

Encountered vessels:

This worksheet contains the definition of types and dimensions of the ships that can be encountered for collision in open sea and in restricted water. This worksheet also defines three possible traffic distributions: probability of encountering the vessels of each type.

The ship types, dimensions and the traffic distribution figures can be modified by the operator in case that more accurate data for a specific operating zone are available.

Probabilities Calculation Input

Go to “Probabilities” worksheet and input the distance d0. This parameter is common to all basic events and corresponds to the distance between the obstacle and the design vessel when the avoidance manoeuvre is launched

The probability calculation can then be launched (see section 4).

3. Running the program

· Enter input data for manoeuvring criteria calculation as described in section 3.

· Click on the button:  “Manoeuvring Criteria Calculation”.

· Once the calculation is completed, click on “Import Criteria”. At this stage, the IMO Manoeuvring Criteria have been calculated by the RSM program for the set of inputs tuned by the end user. They appear in red in the table at the right hand side.

· Enter input data for basic event parameters as described in section 3.

· In “Probabilities” worksheet, input the distance d0 and click on the button “Calculation”. The values of probabilities of the various basic events are displayed on this excel sheet in the various related boxes.

The different calculation phases take few seconds with a 1.2 GHz processor.

4. Understanding the outputs

The probabilities of basic events are displayed in the ‘Probabilities’ worksheet.

They give the probability of the basic events to occur once the ship is on a collision or grounding route. Consequently, they have to be multiplied, in the FTs of WP1, by the probabilities of being in such routes.

The values of probability depend on some fixed values predefined in the model such as the percentage of various ship types according to the traffic distribution or the size of the encountered vessel. Such values have been derived from literature or estimated by model developers. They are not specific to a sailing zone or derived from specific databases. Nevertheless, these values are not fixed definitively and could be adapted to specific cases by end user.

Troubleshooting

The calculation of manoeuvring criteria is performed by an external program called from the ‘manoeuvring criteria’ worksheet. Problems can occur when the calculation is launched if the pathname is not correct (see section 2 on program installation).

No other problem reported so far.

5. References

[1]
Implementation of models for manoeuvring errors, S@S deliverable No. D1.3.3, ID S101.33.11.052.001B.
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