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Ship Manoeuvring Performance and
Construction of its Metamodels

LI Dong-qin', Philip A. WILSON?, JIANG Zhi—yong'
(1 School of Naval Architecture & Ocean Engineering, Jiangsu University of Science and Technology, Zhenjiang,
China, 212003; 2 Fluid Structure Interactions Research Group, Faculty of Engineering and the Environment,
University of Southampton, Southampton, UK, SO17 1BJ)

Abstract: To improve the efficiency of ship manoeuvring calculation technique, NAPA -based cal-
culations and Support Vector Regression (SVR) were combined to predict the manoeuvring perfor-
mance of the Offshore Support Vessels (OSV), and enough ship information about the offshore sup-
port vessel were gathered; a series of 30 similar hull bodies was adopted by the Latin Hypercube
Design which were employed to explore the design space and to sample data for covering the design
space. The ship hull series were generated from the affine and displacement transformation and some
adjustments in NAPA according to the ship design variables, thus creating the calculation model for
the hull geometry expression. For each of the ship models, 5 different manoeuvrability criteria were
calculated, which were the advance, tactical diameter, transfer, 10°/10° first overshoot angle and 20°
/20° first overshoot angle. To improve the efficiency of manoeuvring calculation, the Single—parame-
i ter Lagrangian Support Vector Regression (SPL-SVR) was adopted and trained to establish the meta-
models and predict the manoeuvring performance and this new algorithm was first proposed by the

author and combined with Laplace loss function, which has only one parameter to control the errors

2
and adds b /2 to the item of confidence interval at the same time, For the OSV case, the manoeuvra-

bility criteria were predicted with the SPL-SVR and compared with the NAPA —based calculation

results with manoeuvring manager, the Artificial Neural Network results and classical SVR results.

The results agreed well with each other. Instead of requiring the evaluation of expensive simulation
codes, the metamodels of ship manoeuvring performance were suitable for the practical application in
ship preliminary design stage and all the numerical results show the effectiveness and practicability
of the new approximation algorithms.

Key words: metamodel; Support Vector Machine; ship manoeuvring
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0 Introduction

In real world ship design problems, there is often more than one area of element in the

overall design; that is, there may be different disciplines that contribute to the ship design!~%,
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such as structures, economics, resistance, manoeuvring and seakeeping performance, and so on.
How to evaluate these ship performances efficiently is still a research hotspot®. Now manoeu-
vring performance is considered in the preliminary ship design stage because ship manoeuvra-
bility is directly related to navigation safety and economy. Ship manoeuvrability is the ability
for a ship to keep or change motion state under the control actions, i.e., to keep the straight—a-
head course with constant speed, or to change the speed, the course and or the position of the
ship, according to the intention of the helmsman.

Each ship will has its own manoeuvring characteristics. The position of the pivot point will
vary performance, while performance itself can be affected by numerous factors. The develop-
ment of new ship design technology is dependent upon a cooperative, multidisciplinary design
approach. To reduce the computational cost of implementing computer—based simulations and
analyses in ship design, a variety of metamodeling techniques have been developed®, for in-
stance Response Surface Model (RSM), kriging and ANN. Metamodel is a key element of the
Multidisciplinary Design Optimization (MDO). In this paper, a new simple and effective algo-
rithm of Support Vector Machines is proposed and used to establish the alternative metamod-

els of ship manoeuvring to provide the approximation of a design space.
1 Mathematical model of SPL-SVR

Accordingly, it is really important to improve the accuracy and robustness performance of |
metamodeling techniques especially when the sample size becomes small, limited and scarce. }
The Support Vector Machines (SVM)®9 aims at the limited samples and has a good general-
ization performance as well as global optimal extremum which have been proved by many re-
searchers!. In this paper, we will use a new support vector regression algorithm SPL-SVR
which is proposed by authors in Ref.[12] to construct the implicit metamodels of ship manoeu-
vring performance as shown in red frame of Fig.1. The detailed description of this algorithm
and its applications can be found in the author’s previous work™. Here, we will recall the

mathematical theory of this algorithm for the readers’ convenience and it is named Single—pa-

rameter Lagrangian Support Vector Regression (SPL-SVR). The formula is listed as follows:

&

l
Min —;— (wTw+b2 ) +C _21

st |yw'o(x)-b | <6+t (1)

£.20, 1=1, v, ]

where, only one parameter £ is used to control the approximation error while there are two pa-

rameters £ and f* in the classical SVR, which means the calculation efficiency will be im-

2
proved more or less. At the meantime, we choose the Laplace loss function and join b /2 to the

item of confidence interval. Then, the formula (1) can be transformed into the dual optimiza-

tion problem. A kernel function K (x,, %;)= (¢ (%) P (x;)) is introduced into the formula, which
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can map the nonlinear high-dimensional design space into linear low —dimensional design

space. In this paper, we select a normal kernel function-Radial Basis Function (RBF) in use,
K (xi'xj):exp(_lgf Ixi—xj‘ ‘2) A Lagrange function can be built and the dual optimization prob-

lem is shown as follows:
!

l
Min % z (ai—a;) (aj_a;) [K(xi.xj>+1 I- z (ai_a:) “WtE 2 (ai+ai )
i, j=1 i=1

s.t. (ai-{-aj) <C (2)

a, a =0
The above optimization problem can be stated as standard formulized quadratic program-

ming. The dual problem can then be expressed as the following standard quadratic program-

ming form.
1T T
Min 7XHX+dX
st. AX<C 3)
X=0
1 0 O 1 0 0
_| ¢ [ K -K [ e~y |0 1 0 0 1 0
Where’X‘l o } ’ ‘[ K K }’d‘[ ety LM’ ) ’
2 0 0 1 0 0 1 s
K(x, %) K(x,%,) - K(x,x)
K= K (%, %)) K(% %)) -+ K(%,, %))
K%, %) K(%,%,) - K(%, %)

Ixl

Thus, the estimation function is calculated as follows:
!

flx)= 2 (a—a ) (K (%% )+1) @)

i=1

With this simpler algorithm, we can obtain the black box which describes the complicated
mapping relation without knowing the connection between the dependent variables and inde-
pendent variables. Therefore, this new algorithm is well suited for the construction of ship ma-

noeuvring approximation model in the preliminary and early-stage design.
2 Establishment of metamodels of ship manoeuvring performance

In this work, the Single—parameter Lagrangian Support Vector Regression is used to es-
tablish the metamodels of ship manoeuvring performance, which can reduce the huge calcula-
tion cost of the simulation codes and satisfy the growing needs of computation in the multidis-
ciplinary ship design optimization.

2.1 Distribution of ship samples

Before constructing the metamodels of ship manoeuvring performance, we need to gather
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plenty of ship information to decide the scope of design variables and select the training ship
data set. At the same time, plenty of data about the offshore support vessels were gathered from
the shipping companies and design institutions. The distributions of main principal character-

istics are showed in Fig.1, in which the red points represent the 30 training ship data from
DOE method.
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Fig.1 Distribution of vessels’ principal characteristics
2.2 Design of experiments

Latin Hypercube Designs'™ is adopted here as design of experiments (DOE) to sample
out the points of the ship design variables. The Latin Hypercube method chooses points to
maximize distance between design points, but with a constraint which maintains the even spac-
ing between factor levels.

As is well known, there are many variables which affect the ship manoeuvring perfor-
mance. We chose the length between perpendiculars, breadth, depth, design draught, the lon-
gitudinal centre of buoyancy, ship velocity and diameter of propeller as the design variables,
and these seven parameters can show the geometrical characteristics of ship hull. Also, the
standard Model-based calibration toolbox from commercial software Matlab is used to choose
30 testing data set with Latin Hypercube Design and the space distribution of these ship types
is showed in Fig.2. Once the fixed parameters are established, the design variables are chosen
and we just select 30 testing ships data here listing in the Tab.1.

Tab.1 Design variables of selected 15 training ship data

Ship  Length Breadth  Depth  Draught Velocity Propeller diameter Longitudinal centre of buoyancy
type L,,/m B/m D/m T/m V, /Knot D,/m L, /m
1 116.6 22.9 9.9 6.4 14.5 35 53.42
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Continue Tab.1
Ship  Length  Breadth  Depth  Draught Velocity Propeller diameter Longitudinal centre of buoyancy

type L, /m B/m D/m T/m V,/Knot D,/m L, /m

2 113.0 22.4 11.8 6.0 14.5 34 57.25

3 98.4 26.3 9.6 6.4 14.5 32 55.48

4 102.1 23.7 10.7 6.9 14.5 35 48.31

5 107.5 254 11.6 6.2 14.5 3.7 50.13

6 105.7 22.0 114 6.3 14.5 33 52.78

7 120.3 24.6 10.3 6.8 14.5 34 51.90

8 109.4 25.0 10.5 6.5 14.5 3.7 59.06

9 96.6 25.0 10.5 6.1 14.5 3.5 5371

10 111.2 27.6 9.4 6.6 14.5 33 47.43

11 109.4 24.1 9.2 6.7 14.5 3.6 54.60

12 114.8 25.9 10.1 6.1 14.5 3.6 53.49

13 118.5 233 11.1 6.5 14.5 33 56.36

14 103.9 27.1 9.0 6.9 14.5 3.5 58.18

15 100.2 26.7 10.9 6.6 14.5 3.7 51.01

16 121.2 26.1 11.9 6.8 14.5 3.6 59.51

17 97.5 27.6 10.2 6.4 14.5 35 47.87

18 122.1 28 9.8 6.5 14.5 3.6 59.95

19 106.3 22.6 11.3 6.1 14.5 34 52.19

20 99.2 26.3 12 6.6 14.5 3.6 48.71

21 115.9 255 .99 6.7 14.5 3.6 56.90

22 119.5 249 . ) 9.5 . 7 14.5 3.7 58.67

Y 23 110.7 23 11.2 . 64 14.5 34 54.35
; 24 102.8 25.1~ 11.6 6.6 14.5 3.5 50.47
25 108 25.9 10.6 6.5" 14.5 35 53.03

26 115.1 253 ! 97 6.3 14.5 33 56.51

' . 27 101 266 109 6.3 14.5 34 49.59
) ‘V 28 113.3 22 117 6.9 7145 3.6 ' 55.63
: 29 104.5 24.3 10 6.2 14.5 3.2 51.31

} 30 117.7 22.8 103 67 v 145 3.5 57.79

| A

I . : 2 3 Limit 1.

Xeaxis Y-axis L Zaxis Color factor:

- o | o | |
Fig.2 The space distribution of ship training data set
2.3 Establishment of metamodels of ship manoeuvring performance

The ship hulls of these thirty ship samples were generated from the parent ship by the
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software NAPA within several steps. Firstly, construct the hull of the parent ship in NAPA.
Secondly, transform the parent frame area distribution into the needed one according to the
difference of the longitudinal coordirates of buoyancy between the parent ship and the design

ship. Thirdly, combine the affine and displacement transformation into the design values L,

B, D, T under the task TRA in NAPA. Finally, make some adjustments of the ship hull in lo-

cal place from the personal experience. The ship hull of one training ship is shown in Fig.3.
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Fig.3 Transverse section and 3D lay—out of ship hull

Before establishing the metamodels of manoeuvring performance in Multidisciplinary
Ship Design Optimization, the ship manoeuvring performance of OSV will be calculated at first.
To develop a practical approximation models of ship manoeuvring performance in the hydro-
dynamic —based multidisciplinary design optimization of offshore support vessel at the early
design stage, a practical calculation tool, based on the MMG (Ship Manoeuvring Mathematical
Model Group) Model called Manoeuvring Manager from the commercial software NAPA, is used
to compute the manoeuvring criteria. '

The coordinate systems used in the manoeuvring calculations are as follows: for all input
data of manoeuvring devices and hydrostatics, etc, the normal NAPA coordinates are used with
X axis starting from the aft perpendicular and the positive ¥ coordinate to port for the default
right handed coordinates; maneuvering derivatives are defined in the manoeuvring coordinate
system fixed to the midship; all results for location, velocities, etc, are presented in the ma-
noeuvring coordinate system fixed to the centre of gravity. These coordinate systems and rota-
tions in NAPA are shown in Fig.4. The simulation of turning circle manoeuvre is shown in Fig.5;
the simulations of Zigzag tests for different turning angles are shown in Fig.6 and Fig.7.

The International Maritime Organization (IMO) proposed criteria for parameters derived
from the standard manoeuvres. These criteria, described in IMO Resolution A.751 (18) (1993)1,
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Fig.4 System of coordinates in NAPA Fig.5 The simulation of turning circle manoeuvre
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Fig.6 The simulation of Zigzag test 10°/10° Fig.7 The simulation of Zigzag test 20°/20°
are commonly used to judge the manoeuvring characteristics of a vessel. Here we choose ad-
vance, tactical diameter, transfer, 10°/10° first overshoot angle and 20°/20° first overshoot an-
gle as manoeuvring criteria to evaluate the performance for the offshore support vessel. These
calculated manoeuvring criteria of 30 selected ship types are listed in Tab.2.

Tab.2 Calculated manoeuvring criteria of selected 30 training ship data

Ship type Advance  Tactical diameter — Transfer 10°/10° first overshoot angle  20°/20° first overshoot angle

1 390.0 368.5 172.9 115 16.9
2 235.8 246.6 96.2 10.2 19.9

3 197.7 188.3 53.9 115 21.1

4 205.3 196.6 63.6 114 209

5 219.6 209.2 65.6 12.0 20.5

6 215.8 207.5 70.9 9.5 17.6

7 2375 231.8 77.1 10.7 17.4

8 2239 214.4 69.8 11.2 19.6

9 195.4 183.5 54.9 11.4 21.0

10 229.6 219.0 69.6 11.3 225

11 244.8 232.3 80.6 8.5 14.4

12 240.1 227.4 76.7 11.3 18.4

13 247.1 241.2 87.3 9.0 18.0

14 208.8 201.3 59.1 12.0 21.6

15 202.0 193.0 56.2 11.7 20.1

16 270.7 245.7 106.0 10.5 18.7

| 17 211.0 194.1 69.9 11.0 19.8
18 255.5 237.8 74.4 10.7 19.2
| 19 219 214.9 82.1 10.2 18.2
20 215.1 205.2 71.1 112 20.0

21 2513 242.7 78.7 11.5 206

22 2622 2375 88.5 10.6 18.9

23 250.0 214.1 69.5 11.6 208

, 24 2133 199.0 62.3 11.2 202
25 228.0 2153 81.6 9.5 17.1

26 251.4 231.8 75.3 10.9 19.4

27 208.9 2105 76.2 115 20.6

28 232.0 218.1 73.6 11.8 212

29 237.1 203.4 60.9 10.1 18.0

30 259.8 232.6 81.9 9.7 223
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Here, the first 20 ship types created with DOE method are selected as training data set
and the last 10 ship types as test data set. The chosen variables are the length between per-
pendiculars, breadth, depth, design draught, the longitudinal centre of buoyancy, ship veloc-

: ity and diameter of propeller as the design variables, and the ship advance, tactical diame-
ter, transfer, 10°/10° first overshoot angle and 20°/20° first overshoot angle as each output
variable. The calculation results were compared with Manoeuvring Manager, ANN and clas-
sic SVR which were shown as Fig.8. Here the calculation results for advance and 10°/10° first
overshoot angle are just listed in Tabs.3 and 4 for instance. The Relative Error (RE) and Mean

relative error (MRE) are applied as performance indexes:

RE=2Y:%100%, MRE=L 3 | Y%
Yi = Yi
where y, is the real value and yj is the predicted value.

Tab.3 Calculation results with Relative Error (RE) for advance

Ship type Manoeuvring manager ANN SVR SPL-SVR
number Value Relative Value Relative Value Relative Value Relative
(m) Error (m) Error (m) Error (m) Error

20 251.3 — 238.4 -5.15% 255.3 1.60% 254.2 1.13%

21 262.2 — 248.4 -5.28% 258.3 -1.49% 261.8 -0.14%

22 250.0 - 236.2 -5.53% 239.2 -4.30% 242.9 -2.84%

23 213.3 w2 198.3 -7.02% 217.5 1.98% 214.2 0.41%

24 228.0 — 238.1 4.43% 236.6 3.76% 229.7 0.74%

25 2514 — 238.3 -5.20% 2472 -1.69% 254.6 1.26%

26 208.9 — 194.6 -6.86% 216.4 3.61% 214.3 2.57%

27 232.0 — 248.3 7.05% 243.5 4.94% 236.5 1.92%

28 237.1 = 217.6 -8.21% 215.6 -9.06% 225.8 -4.78%

29 259.8 — 238.4 -8.25% 255.6 -1.62% 257.0 -1.09%

30 251.3 — 238.4 -5.15% 2553 1.60% 254.2 1.13%

Tab.4 Calculation results with Relative Error (RE) for 10°/10° first overshoot angle
Manoeuvring manager ANN SVR SPL-SVR
Ship type

umber Value Relative Value Relative Value Relative Value Relative

(m) Error (m) Error (m) Error (m) Error
20 11.5 — 10.4 -9.29% 10.8 -5.84% 11.0 -4.43%

21 10.6 — 10.2 -3.30% 10.9 2.38% 10.5 -1.00%
22 11.6 o 10.5 -9.20% 10.7 -7.87% 112 -3.78%

23 11.2 — 12.1 8.05% 11.4 2.03% 11.3 0.78%
| 24 9.5 — 10.3 8.16% 10.1 5.91% 9.2 -2.83%
\ 25 10.9 o 10.0 -7.98% 10.3 -5.75% 11.5 5.32%
*1 26 11.5 — 11.2 -2.94% 11.7 1.32% 114 -1.17%
27 11.8 — 11.0 -6.44% 11.9 1.18% 11.6 -2.05%

28 10.1 e 10.9 8.01% 10.8 6.81% 10.3 2.34%
29 9.7 . 9.2 -5.06% 10.0 3.42% 9.6 -0.79%
30 115 — 104 -9.29% 10.8 -5.84% 110 -4.43%
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Fig.8 Approximation results of manoeuvring criteria for ship type 20 to 30
Considering the above circumstances, the proposed SPL-SVR algorithm shows a good ap-
proximation and prediction performance. The comparison of relative errors is listed in Tab.5.
The maximum MRE within the five manoeuvring criteria comparing to the result of Manoeu-
vring Manager for ANN is 7.77% and the minimum MRE is 5.97%; the maximum MRE for
SVR is 4.89% and the minimum MRE is 3.41%; the maximum MRE for SPL-SVR is 3.15%
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and the minimum MRE is 1.69%. It can be seen that the results are acceptable and agree well
with each other. Obviously, if the training ships data set, the kernel parameters and the cal-
culation method for manoeuvring are chosen properly, we can use these metamodels to predict
the ship manoeuvring performance in the preliminary ship design stage.

Tab.5 The errors comparison for the five manoeuvring criteria

ANN SVR SPL-SVR
Manoeuvring criteria .
Unit
Min Max Min Max Min Max
MRE MRE MRE
RE RE RE RE RE RE
Advance m -825% 7.05% 630% -9.06% 4.94% 3.41% -4.78% 2.57% 1.69%
Tactical diameter m -470% 8.65% 638% -3.41% 6.73% 4.64% -131% 5.33% 2.85%
Transfer m -9.07% 878% 7.77% -659% 7.46% 4.89% -443% 6.75% 3.15%

10°/10° first overshoot angle -929% 8.16% 6.84% -7.87% 6.81% 4.25% -4.52% 5.32% 2.46%
20°/20° first overshoot angle  °  -9.60% 8.57% 5.97% -8.16% 7.42% 3.62% -5.14% 5.81% 2.59%

Using these calculated values of manoeuvring criteria, it is possible to establish metamod-
els of manoeuvring performance of offshore support vessels in the process of multidisciplinary
design optimization. The programs are written in Matlab which are easy to integrate into the
Optimus software and the metamodels of ship manoeuvring performance are constructed bas-
ing on the proposed Support Vector Regression algorithm. Without running expensive model
tests or time consuming CFD calculations, the benchmarking methodology presented in this
paper can give an insight of the relationship between input design variables and output re-
sponses, facilitate the integration of discipline dependent analysis codes and also reduce the

time consumption of computer simulation and saving time in the preliminary ship design stage.
3 Conclusions

The assessment of ship manoeuvring performance is studied in this paper including ad-
vance, tactical diameter, transfer, 10°/10° first overshoot angle and 20°/20° first overshoot an-
gle. The metamodels for manoeuvring performance established by a new SPL-SVR algorithm
in conjunction with LHS are employed in place of expensive simulation and analysis codes
and these metamodels can be used to evaluate the ship manoeuvring performance efficiently
at preliminary design stages of offshore support vessel. Without using computationally expen-
sive methods such as CFD or model tests, the main advantage of this methodology is that it can
provide detailed and realistic operational profiles of ship designs at an early stage of the de-
sign process.

As part of the future work, metamodels of ship resistance, seakeeping and manoeuvring
can be combined in the framework of Multidisciplinary Design Optimization to improve its
convergence efficiency. Multidisciplinary and multiobjective optimization design problems wide-

ly exist in the field of ship design, development of effective optimization framework for multi-

disciplinary and multi-objective problems can be also considered as a future research direc—
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tion. Additionally, model tests and high—precision simulations of manoeuvring performance will
be undertaken in case to enhance the calculation precision of those metamodels for offshore

support vessels.
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