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Abstract: High-accuracy modeling is the key problem of ship
deformation measurement based on inertial measuring method.
This paper is to find a high-accuracy modeling method based
on the ship deformation data measured by optical devices.
According to different modeling methods, mathematical
models are designed by the analysis of the initial measurement
data. Wavelet analysis method is introduced in the process of
modeling. Attitude matching method is selected as the
simulation algorithm and Kalman filter equations are set up
based on the algorithm. Simulation results show that the ship
deformation can be represented accurately by mathematical
models. The Precision Estimation result is better than 0.4''.
Keywords: high-accuracy modeling; ship deformation
measurement; inertial measuring method; Wavelet analysis;
Kalman filter

I.

INTRODUCTION

Nowadays naval vessels are equipped with a large
number of attack and defense devices such as radar antennas,
launching gears, optical systems, etc. In order to keep them
working in a high degree of accuracy, accurate attitude and
motion parameters are required in practice. Owing to the ship
deformation, attitude errors are engendering between the
peripheral apparatus and the central devices, which directly
affect the accuracy of the devices. The problems of
evaluation and proper allowance for ship deformation
become particularly urgent for large-sized ships [1].
Among various methods for measuring ship deformation,
optical, photographic and photogrammetric methods are the
most widespread. But often they are not universal or accurate
enough. The measuring method based on inertial elements
matching is becoming the most popular method in this field
nowadays. This method expects to estimate the ship
deformation with a mathematical algorithm. So a key point
of the method is how to establish high-accuracy modeling of
ship deformation. The modeling is complicated because
many factors result in ship deformation, such as motion
disturbances, sea waves, helm’s operation, redistribution of
freight and fuel on it and non-uniform heating of different
parts of the vehicle under the sun [2] [3].
This paper is to verify the accuracy of the modeling
methods for ship deformation based on the ship deformation
data measured by optical devices. The measurement data’s
theoretical precision is better than 3'' and it can be regarded
as the real ship deformation. Attitude matching method is
selected as the simulation algorithm. According to different

modeling methods, different mathematical models are
designed by the analysis of the initial measurement data.
Wavelet analysis method is introduced in the process of
modeling. Verification of the models is done by simulation
and high-accuracy modeling method of ship deformation is
determined.
II.

SHIP DEFORMATION DEFINITION AND ATTITUDE
MATCHING METHOD

A. Ship Deformation Definition
Coordinate systems definition of measuring method
based on inertial measuring method is shown in figure.1.
Three-axis laser gyro unit (LGU) is selected as the inertial
measuring unit (IMU). The LGUl’s axes oxyz are aligned
with the coordinate system of the ship, and the axis oy is
aligned with the longitudinal axis of the ship, oz is
perpendicular to the deck and directed upwards, ox
supplements the two previous axes to form the right-handed
orthogonal coordinate system. Let us introduce the following
designation: Φz as a bend angle in the plane of the deck; Φxa bend angle in the longitudinal plane of the ship; Φy- a
torsion angle around the longitudinal axis [4].

Figure 1. Ship deformation definition.

B. Attitude Matching Method
This paper selects attitude matching method as the
simulation algorithm (a rather complete review of this
method can be found in [5]).
LGU1’s carrier coordinate system is b1, and LGU2’s is b2.
i1 and i2 are coordinate systems fixed by b1 and b2 at the start
time t0. Using the attitude angle increment outputs of LGU1
and LGU2, attitude transfer matrixes Cib11 and Cib22 update
constantly. According to the algorithm, observable Z based
on attitude matching method is determined by Cib11 and Cib22 .
(1)
Z = BΦ − AΦ 0
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Where Φ is the ship deformation obtained by calculation
and Φi = φi + θi, i = x, y, z. Φ0 is the initial deformation at the
start time t0. Z, A and B can be calculated by attitude transfer
matrixes Cib11 and Cib22 and the matrix forms are:

Cib11 = Cij 

3×3

Cib22 = Cij' 
3×3

C33C22' − C23C32'

C13C32' − C33C12'

C23C12' − C13C22'

A = C33C21' − C23C31'
C31C22' − C21C32'

C13C31' − C33C11'
C11C32' − C31C12'

C23C11' − C13C21'
'
C21C12' − C11C22

1 0 0
C13C12' + C23C22' + C33C32'
'
'
'
B
=
0 −1 0
Z = C13C11 + C23C21 + C33C31
'
'
'
0 0 −1
C11C12 + C21C22 + C31C32
It’s a linear equation about Φ and Φ0. Optimal estimation
of ship deformation can be carried out by the Kalman filter
[6] [7].
III.

out high-frequency noises and separate static deformation
and dynamic deformation [9].

MODELING METHODS OF SHIP DEFORMATION.

The ship deformation can be divided into dynamic
deformation θ and static deformation φ. The separation is
based on the change rate of the deformation. The equation of
Φ, θ and φ is: Φ = φ + θ.
Generally speaking, two different modeling methods are
used for simulation in pertinent literatures. One method
identifies the static deformation to a constant value and using
a second-order Markov process to represent the dynamic
deformation. All trends of the ship deformation are treated as
dynamic deformation. The other method is identifying the
static deformation to a slow-varying value and using a
second-order Markov process to represent the dynamic
deformation [8]. The difference is the definition of static
deformation. Different mathematical models are designed as
follows by the analysis of the initial measurement data
according to the two modeling methods.

A. Modeling Method Considering the Slow Varying of
Static Deformation
This method is to represent the static and dynamic
deformation with different mathematical models separately.
The frequency spectrum analysis result of Φx is shown in
Figure 2. The peak in the high- frequency area (more than
0.4Hz) is the spectrum of high-frequency noise. The ship
deformation measurement data carries a large number of
high-frequency noises. The noises are mainly caused by
equipment vibration and it’s not the component of ship
deformation. It can be filtered out without affecting the
deformation component.
The spectrum curve also shows that the frequency
characteristics of dynamic deformation and static
deformation are significantly different. This is the basis for
the separation of the deformation component.
Wavelet analysis method is introduced in the process of
modeling. The ship deformation data is a time series.
Wavelet analysis method can do frequency characteristics
analysis in detail of the series so it can effectively extract
information from the series. The method can be used to filter

Figure 2. Spectrum curve of Φx (x: frequency, y: density).

The separation result shows that static deformation φ has
no regular pattern, and no proper mathematical model can
represent it directly. Considering the static deformation
changes very slowly, it’s reasonable to analyze and modeling
the static deformation angular velocity ωφ ( ωϕ = ϕ ).
Value of ωφ is very small (10-5 deg), and it always
fluctuates around zero. So, ωφ can be regarded as a zeromean random process, which can be represented by
correlation function：

Kθi (τ ) =δ i2 e

− μi τ

i=x, y, z

Where μi is the irregularity coefficient, reciprocal value
of correlation time; δ i -the standard deviation (STD) of ωφ.
Correlation test shows that the correlation time of ωφ is more
than 100s (confidence interval is 60%). The process can be
approximated as a zero-mean random walk process and the
shaping filter equation with such a correlation function will
be:
i = x, y, z
(2)
ωϕ =δ i w ( t )
i

δ i can be directly calculated as a statistic of ωφ.

The dynamic deformation components may be
represented as random processes approximated by the
correlation function:

Kθi (τ ) =σ i2 e

− μi τ



μi
sin λi τ  i=x, y, z
 cos λτ
i +
λi



Where μi is the irregularity coefficient, reciprocal value
of correlation time; λi - the prevailing variation frequency of
dynamic deformation; σ i -the STD of dynamic deformation.
It’s a second-order Markov process and the shaping filter
equation with such a correlation function will be:

θi + 2μiθi + bi2θi = 2biσ i μi w ( t )

i=x, y, z (3)

Where b = μ + λ , w (t) is the white noise.
The accuracy of modeling depends on the reliability of
the parameters, μi, λi , σ i . These parameters can be calculated
by mathematical statistics of dynamic deformation data.
λi is determined by the frequency characteristics.
Spectrum curves can show the prevailing variation frequency
of dynamic deformation obviously. Value on x-axis at the
2
i
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peak in the middle- frequency area (between 0.1Hz and
0.4Hz) is the value λi . σ i can be directly calculated as a
statistic of dynamic deformation. Calculation of μi needs
correlation test.
Based on algorithm above, the Kalman filter state vector
is of the [1×15] size:
T
X= Φ , Φ , Φ , ϕ , ϕ , ϕ , ω , ω , ω ,θ ,θ , θ , θ , θ ,θ
y

z

x

y

z

x

y

z

Definitions of the elements are represented above. The
system state equation can be represented in a matrix form as:

X = FX + W

F is the system matrix according to the mathematical
models designed in the last section and its matrix form is:

{

}

F = diag  03×3 , F6'×6 , F6''×6 

I 
0
I 
0
F6''×6 =  3×3 3×'3 
F6'×6 =  3×3 3×3 
C 
 C
03×3 03×3 
2
2
2
'
C = diag  −bx , −by , −bz  C = diag  −2 μ x , −2 μ y , −2 μ z 

{

}

{

}

W is the system noise matrix and its nonzero elements are:
W ( 7 ) = δ x , W ( 8) = δ y , W ( 9 ) = δ z
W (13) = 2bxσ x μ x , W (14 ) = 2byσ y μ y , W (15 ) = 2bzσ z μ z

The measurement equation can be represented as:
Z = HX + V
Due to the equation (1), the measurement matrix is taking
the form of:
H = [ − A , B , 0 3× 3 , B , 0 3× 3 ]

The definitions of A, B, Z are the same as equation (1).

B. Modeling Method Identifing the Static Deformation to a
Constant Value
This method identifies the static deformation to a
constant value. Dynamic deformation is still a second-order
Markov process. The model parameters are defined the same
as above can be calculated the same way with the initial
measurement data filtered out high-frequency noises.
Due to this method, the Kalman filter needs to be
changed as follow:
T
X= Φ , Φ , Φ , ϕ , ϕ , ϕ , θ , θ , θ , θ , θ , θ
0x

0y

0z

x

{

y

z

x

y

}

z

x

y

z

F = diag  06×6 , F 
''
6×6

F is defined the same as above. Nonzero elements of
W are:
W (10 ) = 2bxσ x μ x , W (11) = 2byσ y μ y , W (12 ) = 2bzσ z μ z
''
6×6

B. Simulation results and analysis
The method considering slow varying of static
deformation needs to separate the static deformation and the
dynamic deformation. The result is shown in Figure 3.
Parameters of the models can be calculated accurately based
on the separation result. Parameters of second-order Markov
process are μ=[0.1, 0.0625, 0.0625] (1/s), λ=[0.13, 0.1, 0.13]
(Hz), σ=[9.8×10-4, 1.5×10-3, 4.7×10-4] (deg). Parameters
of zero-mean random walk process are δ=[3.7×10-6, 2.7×
10-6, 7.3×10-7] (deg).
Static deformation
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Figure 3. Static deformation and dynamic deformation.

Simulation results of Φx are shown as follows. Figure.4
shows that mathematical models efficiently represented static
and dynamic deformation separately. Add the two parts
together and compare with the initial measurement data.
Estimation result cannot be seen from figure.5 because it is
completely covered by the curve of the initial data.
Estimation result almost is entirely consistent with the initial
measurement data. Filtering out the high-frequency noise,
the error curve is shown in figure.5. The STDs of the
estimation error on three axes are 0.1086″, 0.1505″, 0.3112″.
To observe the simulation result visually, a part of Φx is
enlarged after filtering and the curve is shown in figure.6.
The simulation results prove that this modeling method can
represent the ship deformation with high accuracy.
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SIMULATION AND ANALYSIS
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A. Simulation conditions
This paper is aiming at verifying the accuracy of the
modeling methods. So the simulation will not bring in extra
errors, such as erection error, gyro drift error, etc. The
simulation conditions are:

6000

0

The measurement matrix is H = [ − A , B , B , 0 3× 3 ]
IV.

Dynamic deformation
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The ship makes sway movement as the sine curved
shape around x, y, z axis. The periods of the
oscillation around the three axes are 8s, 7s, and 6s
respectively. The amplitudes of the oscillation are 4°,
5°, and 3° respectively. The initial heading is 30°.
The attitude angle increment output of LGU1 is the
calculation result of the LGU. Output of LGU2 is
adding the deformation angle increment data to the
calculation result.
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Figure 4. Simulation results of static and dynamic deformation.
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V.
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This research proves that the real ship deformation can be
represented accurately by two mathematical models together,
a slow-varying variable and a second-order Markov process.
The estimation precision can be better than 0.4'' (STD).
Parameters of the models can be calculated accurately by
mathematical methods based on the wavelet analysis method.
It ensures the high accuracy of the modeling. Second-order
Markov process cannot represent the ship deformation
component in low frequency range. So the method
identifying the static deformation to a constant value is
inaccurate. Based on the high-accuracy modeling method,
the ship deformation can be measured accurately by inertial
elements matching method after overcoming the errors
brought in by the LGU system. The high-accuracy modeling
method has a great value for engineering practice.
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Figure 6. Comparison of simulation result and the initial measurement
data in details.

Simulation results of the method identifying the static
deformation to a constant value are shown in figure.7 and
figure.8. The static deformation and the initial deformation
are not constant values in the simulation results and there is a
clear trend in the simulation error curve. The reason is that
the second-order Markov process cannot represent the ship
deformation component in low frequency range. Due to the
modeling method, the deformation component that cannot be
represented couples to the static deformation and the initial
deformation forcibly. So the ship deformation cannot be
represented accurately by a single second-order Markov
process. The deformation component in low frequency range
needs to be represented separately.
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