DEVELOPMENT OF CRITERIA FOR CERTIFICATION OF 

THE MATHEMATICAL MODELS USED BY MARINE SIMULATORS

By: Dr. M.P. Lebedeva, NAVIS, St-Petersburg, Russia,

Professor A.D. Gofman, SUWC, St-Petersburg, Russia

Dr. Y.V Yatsuk, SUWC, St-Petersburg, Russia

A.V. Vladimirzev, Russian Register, St-Petersburg,Russsia

S.D. Aisinov, Marine Merchant Academy, St-Petersburg, Russia

Dr. B.V. Afanasiev, Marine Merchant Academy, Russia

Dr. V.K. Ankudinov, Transas USA Inc., USA

Dr. L.L Daggett,Waterway SimulationTechnology,USA

A. C. Landsburg, US Maritime Administration, USA

Abstract: The paper formulates the main principles and justified the method of mathematical models used in marine training simulators adequacy valuation. A variant of mathematical models division by the level of adequacy with regard to the problems solved by the simulator. The ways of modeling errors evaluation are analised. 
1. INTRODUCTION
Necessity for assessment of ships mathematical models, used in marine training simulators, appeared in the early nineteen’s of the last century. The principal motivation of these efforts is a highlighted concern for marine safety and a need to establish the objective requirements to modeling adequacy of various simulators used for training of marine operators as required by the International Convention STWC-78/95. The first researches dedicated to this matter were introduced at the Conference IMSF by A. Gofman and A Zhuhlin (Russia) [ ] and L.L. Daggett (USA) [ ]. These works highlighted  the significance of the problem. It should be mentioned that despite of the strong STWC-78/95 requirement that simulator “must realistically model a ship dynamics” neither this document nor any other cite the objective criteria for assessment. The current revision of the STWC guidelines is expected to contain guidelines for simulators, but not expected to propose technical specifications in the near future.

There are no industry wide standards and validation criteria for marine simulators, their mathematical models and the very simulation.  
In connection with the STWC 78/95 requirements and Resolution A.960(23) IMO the Ministry of transportation of the Russian Federation approved the technical and maintenance requirements to the maritime training simulators designed for ships crew. According to these requirements a simulator may be successfully certified if it contains not less then 5 mathematical models of ships of various displacement, the adequacy of which is approved Currently in Russia on the Russian Register initiative the development of methods that allow performing the assessment of a mathematical model adequacy is being carried out. 

2. PRINCIPLES OF CHECKING THE MATHEMATICAL MODEL ADEQUACY.

At present the quality assessment of mathematical models is accomplished by the simulators designers and customers in compliance with their own experience. Subjectivity of such assessment and lack of single methods of mathematical models quality assessment do not enable to judge by true mathematical model adequacy. 
The investigation made with approval of Russian Register had the goal to present some regulating  methods of carrying out adequacy assessment and criteria values allowing to evaluate the modeling accuracy. 

The main principles using as the base of criteria system are as follows

- principle of decomposition: simulated ship motion is considered as a complex of particular tasks. The adequacy assessment is performed for each particular task separately. The model is believed to be adequate if all the particular tasks are adequate. 

- principle of comparison: the adequacy assessment of ship motion parameters and its mathematical model is accomplished by means ofcomparison of the corresponding kinematical parameters. 

Using the motion kinematical parameters for adequacy assessment permits to check values monitored by a deck officer (ship speed alteration, angular velocity, approaching a berth at mooring etc). This principle makes the certification process more obvious.
- step estimation principle: mathematical models are subdivided in accordance with the adequacy level, which is directly connected with the requirements to the simulator and also with the volume of initial information about the ship.

Application of this principle will allow to form the mathematical models using limited volume of initial information in the number of certified mathematical models.
3. MANEUVERS SYSTEM SELECTION.

According to the principle of comparison mention above, the ship model adequacy could be accomplished by means of the relevant kinematical parameters comparison. 
Obviously, it is impossible to check all the maneuvers that a deck officer is to perform. Therefore one of the problems when developing the methods was the search of methods allowing to choose the optimum number of maneuvers and designing the maneuvers system. 

3.1 The adequacy conditions
Ship motion is subordinated to the 2nd Newton’s law. This law determines the connection between kinematical motion parameters and forces and moments that cause this motion. Generally the equations are presented as a set of equation of force and moments. The equations are as follows
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 linear and angular acceleration.
Using the set of equations the adequacy conditions could be formulated
direct adequacy condition – if all the powers affecting the vessel are indicated correctly, the calculated values of kinematical parameters will comply with the kinematical parameters of  the vessel motion.

reverse adequacy condition – if all the possible kinematical parameters of the ship and it’s mathematical model are coincide, the forces used in the mathematical model are described correctly and the ship model is adequate. 

The kinematical parameters of ship motion are as following
· acceleration components 
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· speed components 
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· motion parameters
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Any of the listed parameters may be used for adequacy assessment. 

3.2 Motion in deep still water
Mathematical model describing arbitrary ship motion includes two obligatory forces: the inertial forces (moments) and hydrodynamic forces (moments). These forces determine the ship motion in still deep water. Consequently, the mathematical model that does not describe correctly ship motion in deep still water cannot be adequate at all. 

To form the maneuvers system for deep still waters, values of drift angle and relative path curvature were used as kinematical parameters. These values are directly connected with speed components (4) by the following equations 
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where L – ship length, 
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The range defined in the axes «drift angle – path curvature» (Fig.1) is the range of definition of hydrodynamic characteristics. Using this range the maneuvers system can be formed, the range of definition limits being within: (
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Fig. 1.
Range of definition.


3.3 Forming maneuvers system 

The necessary requirement when choosing the maneuvers is the simplicity of performing  sea trial or model tests and the range of kinematical parameters variation.
The number of such maneuvers must include the maneuvers usually used for ship propulsive ability or ship manoeuvrability (the standard maneuvers). This will enable to utilize the statistics data collected by now. Standard maneuvers are the following «Ship Acceleration – Deceleration», «Reverse and Direct Spiral», «Zigzag» etc., determined by [1], [2]. 
If necessary the list of standard maneuvers may be supplemented with other maneuvers reflecting the motion characteristics of a particular vessel.

To form the maneuvers system the range of definition is divided into three sub ranges: sub ranges of utmost small values of parameters (I), sub ranges of small values of parameters (II), sub ranges of big values of parameters (III). 

The sub ranges of utmost small values of parameters. Adequacy of the model within the sub ranges (I) is determined by adequacy of mathematical description when ship is steering with utmost small rudder angles. For unstable ship the sub ranges (I) is the range of hysteresis loop. The maneuvers determining motion in this range are «Reverse spiral» and «Pull out». 

It is necessary to stress, that the problem of ship straight-line stability obtain is in fact excluded out off IMO requirements [1]. That is why we have practically no information about the stability of newly built ships.

Meanwhile, the motion of ships of different stability will be different both in deep calm waters and after the hydrodynamic contact with the wall or with the other ship, at “stopping” maneuvers etc.
That is why it is necessary to admit the assessment of parameters determining the ship straight-line ability. 

Sub ranges of small values of parameters. Adequacy of the model within the sub ranges (II) is determined by the correctness of mathematical description when ship is steering with large rudder deflections, i.e. out of range of hysteresis loop.

The list of standard maneuvers, i.e. “Direct spiral”, “Zigzag”, “Pull out”, could include such maneuvers as «Man Overboard», «coordonat» etc.
But as it follows from calculation results any maneuver fulfilled with rudder at constant engine frequency, the instant values of drift angle and relative path curvature negligibly deflect of the curvature
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, determining characteristics of ship at steady turning. The calculation results for tanker of 160000 t displacement are shown on fig. 2 as an example.
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The dots shows the value of kinematics parameters at ship turning maneuvers with different rudder angle, line shows the value of kinematics parameters at Zigzag maneuvers, dot-line shows the value of kinematics parameters at «Man Overboard» maneuver.
Fig.2 
The kinematics parameters of different maneuvers using for obtaining model adequacy  in sub region II. 
If the kinematics parameters are close, then the relevant values of hydrodynamic characteristics will be close too. Thus, if the adequacy of the mathematical model for the selected maneuvers system is approved, the mathematical model will be adequate also for any another maneuver.

The set of “Direct Spiral” maneuvers could be used for obtaining model adequacy within the range (II)  (Fig. 3).
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Fig.3 
The kinematics parameters of set of “Direct Spiral” maneuver to model adequacy obtain in sub ranges II. 
The sub ranges of big values of parameters.

Adequacy of the model within the sub ranges (III) can be determined upon the results of performing maneuvers with simultaneous changing of engine frequency. Maneuver “Crash stop” and maneuver “Steering with Thruster” can be considered as standard maneuvers for a single screw vessel. For a twin screw ships the results of maneuvers, when one propeller is working ahead and another is working astern could be used.

It is also possible to use any other maneuver accompanied by significant speed reduction and direction alteration. 
That can be explained by the following: when longitudinal speed runs to zero and transverse speed is not zero, drift angle runs to 90о. The maneuvers “Crash stop” and “Turn with stern thruster” comply with this condition. As an example, Fig. 4 shows the values of kinematical parameters for the tanker “Crash stop” with different initial speed. Kinematical motion parameters when performing the maneuver “Turn with stern thruster” are shown at Fig. 5.
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Fig.4 
The kinematics parameters of the set of “crash stop” maneuver to obtain model adequacy in sub ranges III.
The maneuver “Turning tests with bow thruster” is unique in set of maneuvers. The drift angle of the ship moving under the only bow thruster  is negative, i.e. the ship is turning in right hand direction with bow turned outside the center of rotation.
The mathematical model adequacy shows the corrections of hydrodynamic characteristics description in additional range.

It can be affirmed that if the adequacy of the mathematical model for maneuvers systems “Crash stop” and “Turning tests with bow and stern thruster” is approved, the mathematical model will be adequate for any other maneuver kinematical parameters of which are varied within the sub ranges (III).
The variant of the whole maneuvers system to the ship model adequacy obtain is shown in table 1. 
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Fig.5 
The kinematics parameters of the set of “turning tests with thruster” maneuver to model adequacy in sub ranges III obtain.
Table 1. The variant of the whole maneuvers system to obtain the ship model adequacy . 

	
	Maneuvers
	sub ranges parameters

	1
	“Reverse Spiral”

(
[image: image31.wmf]o

o

10

10

+

£

d

£

-

)
	
[image: image32.wmf]3

.

0

r

3

.

0

£

¢

£

-



[image: image33.wmf]o

o

5

5

+

£

b

£

-



	2
	“Direct Spiral”
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	“Inertion stop”
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	3
	“Cash stop”
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	4
	Turning with bow thruster
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3.3 Adequacy Criteria
Motion parameters determined when performing each of the maneuvers, can be presented as the ship centre of gravity path, ship speeds, ship accelerations in according to the equations (3) – (5). 

The mathematical model adequacy can be determined by the results of direct comparison of the relevant parameters defined both for the ship and for the mathematical model. The model is considered to be adequate to the ship, if the relevant rated points are within the area of admissible error.
The area dimensions of which are defined as a numeral value selected as value criteria is the area of admissible error. The area of admissible error can take different shapes depending on the kind of values compared. 
For assessment of calculation error of the motion trajectory the area of admissible error limited by circumference formed around the point, corresponding to the instant position of the vessel gravity centre can be used (Fig. 6). Radius of the circumference ds defines the numeral criteria value. The model is considered to be adequate to the ship, if the length of line section, joining the positions of points corresponding to the same moment of time, is less than the radius of the circumference determining the area of admissible error.
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Fig.6 
The error region for ship model path correlation.

To check up the speeds and accelerations calculation results the area of admissible error can be defined as a rectangle, one side of which defines the admissible error when assessing the time of maneuver and the other defines the admissible error of assessment of the considered value (speeds, accelerations and i.e.). 
The example of rectangle admissible error area is shown on fig. 7. 
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Fig.7 
The error region for ship model speed and the length of the ship path correlation

The model is considered to be adequate to the ship, if the rated point is inside the area of admissible error. 

4. INFLUENCE OF EXTERNAL CONDITIONS
4.1. Influence of Wind
The sea trial results show significant influence of wind to the ship motion parameters. We can suppose that the degree of such influence is connected with the stable straight-line motion of the vessel. 
The data of the “Zigzag 10/10” maneuver for tanker of 123000 tons displacement in the loaded condition is shown on Fig.8 as an example. The tanker was has not the straight-line stability. The width of the hysteresis loop was 
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, and the height of the hysteresis loop was 0.6. The maneuver was carried out at wind speed of 7.5 m/s and direction 
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 to initial ship course. At the beginning of the manoeuver the ship speed was 13.8 kn. 

The sea trial data and the calculation results with/without wind influence are shown at Fig. 8. 
Calculation result for ship maneuvering in still water is shown with solid line. Calculation result fulfilled taking into account the wind influence is shown in dot-line. 
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Рис. 8. 
Wind influence on ship motion parameter.
Taking into account the results mention above, the possibility of using sea trial data received in wind conditions was considered separately.
It was decided to admit using sea trial data received in wind and waves as well. But in this case the initial information about a ship should indicate the height and direction of waves, wind direction and speed and the direction of ship motion in the beginning of the maneuver. 

Corresponding to it calculating values of kinematical parameters using for ship model adequacy obtain must be obtained for the same wind and wave condition.

However, it is prohibited to use natural data received in condition of wind and wave and corrected them for the conditions of still water. 

4.2 Motion in restricted water.

Providing correct mathematical description of a ship maneuvering in restricted water, is one of the most important and difficult tasks, when designing mathematical models for maritime simulator. 

Particular tasks of adequacy assessment of mathematical model of ship motion in restricted water or when passing and overtaking vessels differ from the ones described above. For such tasks there is no statistic material and there is no standard maneuvers system. When evaluating such motion parameters it is necessary to take into account form, dimensions and speed of transferring of external objects (canal walls, bottom characteristics, motion form and parameters of oncoming or overtaking vessel etc.), that can hardly be formulated.

Finally, kinematical motion parameters and trajectory of the vessel motion are determined not only by the features of the mathematical model but also by the actions of navigator in the course of performing the maneuver, requiring formalization as well. This problem requires special attention. 

5. PREPARING THE MATERIALS TO THE MATHEMATICAL MODEL ADEQUACY ASSESSMENT

The mathematical model adequacy assessment presupposes comparison of data received for the vessel and calculation data on the mathematical model. Solution of this problem is impossible without using the complete and qualified information about these objects. That is why it seems obvious to include in the composition of the methods a special document regulating form and content of the initial information about the modeling vessel.

5.1 Initial information

Initial information about a ship must include general information and data of running, maneuvering characteristics and seaworthiness. 

General information comprises all the technical data, information of basic dimensions of the hull and features of the hull lines, information of aids to propulsion and navigation, roll and pitch reduction system, main engines, mooring and anchoring facilities and other information important for description of the modeling object behavior. 

Information of running, maneuvering characteristics and seaworthiness must include data on the vessel motion parameters when performing particular maneuvers. 
Initial information about the vessel must comprise the results of calculations performed by means of the mathematical model and be presented in a certain form.

5.2 Ways of Receiving the Initial Information

The initial information about a vessel as well as the quality of its mathematical description must be certified. In the course of this certification the following should be considered: volume of the presented information, way of receiving it and compliance with the statistic data for the same type vessels. 

The information received on the basis of sea trial is considered to have priority. Trial is to be carried out in the conditions of both deep still water and wind and waves. The results of the trial must be presented with indication of force (balls) and direction of waves, true direction and wind force, direction of the vessel motion in the beginning of the maneuver. 

It is prohibited to use the results of the sea trial received in conditions of wind and waves and corrected for the conditions of deep still water.

As initial information the model test data can be used. The test is to be carried out in compliance with the following requirements:

· modeling considering the similarity criterion by Frud number– for assessment of parameters of steady-state motion;

· modeling considering the similarity criterion by Frud and Strukhal numbers- for assessment of parameters of nonsteady motion;

5.3 Adequacy Level

In connection with the difference of requirements to simulators it is advisable to make different requirements to their mathematical models as well. Taking into account this fact the term “adequacy level of mathematical model” was introduced.

Mathematical model may comply with one of three adequacy levels:

· mathematical model of the highest adequacy level (level А) – is a mathematical model designed using general information about a particular vessel, her motion parameters and considering data of running, maneuvering characteristics and seaworthiness;

· mathematical model of the medium adequacy level (level В) – is a mathematical model designed using general information about a particular vessel its motion parameters determining her running and maneuvering characteristics as required by regulations of IMO [1];

· mathematical model of the lower adequacy level (level С) – is a mathematical model designed using prototype data and statistic parameters reflecting the principal conformity for the vessels of this class.

The model adequacy level is to be set in advance before commencement of conformity assessment of the mathematical model. The stated adequacy level is to be determined in compliance with the volume and quality of initial information and nomenclature of problems solved by the simulator. In the course of the mathematical model adequacy assessment the stated level is acknowledged or rejected.

5.4 Methods of Adequacy Assessment

Comparison of rated values of ship motion kinematical parameters and parameters presupposes the assessment of their compliance both according to the parameters values and the period of time required to achieve them since the beginning of the maneuver. Irrespective of the level of mathematical model adequacy each parameter taken separately  may be assessed by means of one of the three methods. The choice of the assessment method is to be determined by initial information.

Conformity assessment for every particular parameter may be accomplished by means of one of three methods:

· assessment of quantitative conformity;

· assessment of statistic conformity, 

· assessment of qualitative conformity.

Assessment of the quantitative conformity presupposes the defining of calculation error of kinematical motion parameters and the following assessment of such error admissibility for this particular vessel as it was described before.

Assessment of statistic conformity presupposes the defining of calculation error of kinematical motion parameters and the following assessment of such error admissibility for this particular vessel.

Assessment of quantitative conformity is accomplished by the method of comparison calculation results with the data for the vessel. Assessment of statistic conformity is carried out using the same method but the numerable criteria values will correspond to the statistic data for vessels of this type.

Assessment of qualitative conformity presupposes defining of physical likelihood of the model behavior.

The maneuver calculation results are considered to be reliable, if relevant rated points are within the area of admissible error. 
CONCLUSION
1. The general principles of mathematical model adequacy assessment are described: principle of comparison, principle of comparison, step estimation principle It is shown that the adequacy assessment of vessel motion parameters and her mathematical model may be accomplished by means of comparison of the relevant kinematical parameters (in accordance with the principle of comparison). 

2. The methods of determining maneuvers system that allows performing the mathematical model adequacy assessment is developed.

3. The term adequacy level that allows evaluating truth of mathematical description considering requirements to the simulator on one hand and the volume of initial information on the other hand is introduced. The mathematical model can comply with one of three adequacy levels.
4. It is considered advisable when assessing the mathematical model adequacy to examine two documents: document containing description of initial information on the modeling vessel and the document containing description of calculation results performed by means of the mathematical models. 
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