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ABSTRACT

The resistance performance of ship is important for sailing and economy.
For obtaining a less consumption of fuel, number of measures are taken.
The deformation of marine structures is the basis for marine structure
hydrodynamic performance optimization. In this paper, a barycentric
coordinates called fitting body deformation is introduced based on
maximum entropy theory. This method is used to deform the DTMB hull
form to create different hull forms. Then, the in-house solver naoe-
FOAM-SJTU is applied to calculated the resistance of different hull
forms under Fr=0.18 in calm water. The Kriging theory is selected as the
surrogate model. the single-objective genetic algorithm is applied to get
the lowest total drag hull based on the Kriging surrogate model. The
results show that the fitting body deformation has the capacity of
deformation the hull forms and can be used to optimization the
hydrodynamic performances in reality.

KEY WORDS: CFD; maximum entropy theory; fitting body
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INTRODUCTION

Ship hydrodynamic performance is an essential aspect for ship building.
For hull form optimization, modify the hull form is a important measure
to optimize the hull hydrodynamic. With the development of
computational ability and the computational fluid dynamic techniques,
simulation-based design optimization (SBDO) is the main technique for
the design optimization for the ship and ocean structure (Lin, 2018; Liu,
2018a; Nazemian, 2021) in recent years, such as the ship maneuver,
seakeeping, resistance , and so on( Miao et al., 2020; Tahara et al., 2011).

For the hull form deformation, the deformation is the first stage in the
optimization process. Deformation refers to the twisting and deforming
of geometry in order to obtain the shape desired by the user. In this
process, the topological relationship of the geometry remains unchanged.
For this purpose, a lot of hull form modified methods are proposed, the
Free Form Deformation (FFD) is a quite basic and important
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deformation method, which is introduced in 1986 (Sederberg, 1986).This
method changes the geometry shape by editing the grid embedded in the
geometry. In 1990, the Extended Free Form Deformation Method (FFD)
was introduced, which is an extended version of FFD and allows for the
design  of more flexible grids to control  geometric
deformation(Coquillart, 1990). And a generalized method is proposed,
which can deform the hull form shape by arbitrary lattice shape
(MacCracken, 1996). In 2003, the T-FFD (Triangular Free Form
Deformation) is created based on the initial FFD (Kobayashi, 2003).
Beside these method, some other deformation method are also proposed
such as shifting deformation method (Kim, 2013), radial basis function
deformation method (De Boer, 2007) and Leckenby method (Lackenby,
1950).

In recent years, the barycentric coordinates theory is used for
deformation. (Hormann, 2014). The basic idea is something like free
form deformation. The geometry is embedded in a control grid called
cage, which is a low-resolution control grid wrapped around a high-
resolution model, and the shape can be modified by moving the control
points, as shown in Figure 1. The theory of barycentric coordinates is a
hot topic in computer graphics research in recent years, but it has not
been widely used in the field of hydrodynamic optimization of ships and
ocean structures.

Based on the hull form deformation, many optimization works are
conducted in the ship and ocean structure field. Liu (2019) used the RBF
method and shifting method to optimize the Wigley hull form. Liu (2022)
used the FFD method to optimize the stern shape of JBC ship. Yongxing
(2020) applied the FFD method conduct local optimization in the
bulbous bow. For the catamaran resistance optimization, Zha (2014)
optimized a catamaran hull form and compared with the experiment



results using the naoe-FOAM-SJTU. He (2019) used the actuator disk
method to optimize the self-propulsion resistance of JBC based on the
discrete adjoint method.

In this paper, for decreasing the total drag of hull and achieving more
flexible deformation function, we used the fitting body deformation to
deformation a baseline hull form and optimized the total resistance. We
optimize the total resistance of a baseline model called DTMB 5415
under Fr=0.18 in calm water. The in-house OPTShip-SJTU is applied to
conduct resistance calculation. The fitting body deformation method is
applied to modify the hull form based on the initial hull form. The naoe-
FOAM-SJTU is used to calculate the total resistance of different hull
forms. The Kriging theory is utilized based on the difference hull form
hydrodynamic performances. The single-objective genetic algorithm is
used to obtain the lowest total drag hull form.

METHODS

Deformation Theories

Here, let Q be an arbitrary polyhedron (a polygon
in R? orapolyhedron R®). And vy,..,v, is the vertices of the
polytope. The b; is the barycentric coordinate, and satisfies the equation

2):

;bi(v) -1

An affine combination of the vertices:

n
Z bi(W)v; =v
i=1

And satisfy the Lagrange property:
bi(v;) = &y

Because the barycentric coordinates satisfy the equation (3), they can be
used as basic functions for barycentric interpolation:
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Function (4) interpolates the data f; at the vertices v; fori = 1,..,n, and

properties (1) and (2) guarantee the reproduction of affine functions by
barycentric interpolation.

The Shannon entropy (Shannon, 1948) of a discrete probability
distribution is:

H(p) =< —Inp >= — Z pilnp; ©®)
i=1
Where <-> denote expectation operator, p; = p(x;)is the probability of
the event x;. If p; =0, p;lnp;isdefinedtobe0. If the x is a

continuous random variable, the general form of continuous entropy
should be:

H@mo=—fmm1@i§d 6)
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Here m denotes a p estimate or prior distribution, and here we use his
discrete form, as shown below:

H(p,m) = — Zplln— (D

Maximizing the H(p,m) is equal to minimizing the relative entropy
functional D(p||m). D(p|lm)is the Kullback-Leibler distance (K-L
distance). This problem becomes an optimization: find b =
(by, ..., by): > R% is the solution to the optimization problem with
the following constraints:

n
bi(v)
ymat, Hom)  f(h,m) = = hw)in e (8a)
i=1
Limit to the linear precision, for any v € Q:
Z b(v) = 1 (8b)
TL
Z i@ —v)=0 (8¢)
i=1

For getting the no-negative barycentric coordinates, we need to construct
a non-negative prior m;, and then we use the entropy formula to get the
non-negative function b;, which is linearly precise and interpolate on the
boundary of Q. For this purpose, we assume that e; is the line between
points v;and v;,,and set the edge weight function:
piW) =lv—v; I +llv=vpqg | =l vy —v; |l (®

By the triangle inequality, the function vanishes along e;, but is positive
everywhere else. Note that p;is also used to construct metric coordinates,
as follows:

(V) = 1_[ pj(v)

ji=1,i

(100

This is always non-negative, zero on all edges that are not adjacent to v;,
and the same is true for the prior function m; and by normalization, we
derive m;,

m;(v)

S o (GKD)
Z‘;}=1 TTj (U)

m;(v) =
We notice that by dividing the numerator and denominator by all the p_j
products, we get the equivalent form:

7 (v)
Z}L 17(@)

-
Pi-1(W)pi(v)

m;(v) = where ;(v) = (12

This allows it to perform stable numerical calculations.

Now use these m;as input to solve the optimization problem (8), and get
the function b; with all the desired properties. To apply the proposed
maximum entropy coordinates to practical applications, the constraint
optimization problem in (8) must be solved effectively. We use the
Lagrange multiplier method to first transform (8) into an unconstrained
problem and then solve it with Newton's method.

Suppose A, € R is the Lagrange multiplier of constraint equation (8b)
and A € RY is the Lagrange multiplier of constraint equation (8C) of d-
dimension. Then, the solution to the problem (8) is as follows:



L 20,2 = ) ~bi(w)ln (m'((l;)
i=1 ‘
-2 bi(v)—1> (13)
- 1) bi(v)7,
%

where 7, = v; — v, the primary variables of £ are 0, or §£(b; A,A) = 0,
we can get;

b;(v)
[-1-In (mi(v)

Fori=1,....,n, since the variation of §b;(v) is arbitrary, the terms in
brackets must be equal to 0:

)—AO—Aﬂ]dbi(v) =0 (14)

b;(v) -
—1—ln<mi(v))—/10—lvl—0 (15
So
. _AN
by(v) = TDIexP (A7) (16)

Z

InZ = 1+ A, substitution (Z is called partition function in statistical
mechanics). Now, using condition (8b), we get:

0]

bi(v) = 70
Z;(A) = my(v)exp (=A%)

20 =)z
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an

where d is unknown, the solution of equation (17) is equivalent to the
dual unconstrained optimization problem.

A" = argmin(F(A)),F (1) = InZ(2) (18

here A* is the optimal solution because F is strictly convex on Q.

Based on the maximum entropy theory, we selected the DTMB 5415 hull
form and JBC model to test the deformation effect. In Figure 2, the red
point is the movable control point. In order to ensure the symmetry of
deformation, the cage is symmetrical when the global cage is designed.
Figure 3 shows the deformation effect. According to deformation model
2 in Fig. 3, the surface maintains reasonable deformation and meets the
design requirements. The surface of the hull away from the movable
control point retains its original hull shape. Fig 4 shows the cage and
control points distribution. Fig 5 shows the deformation effect of JBC
ship. From the results, we can realize that the fitting body deformation
method can also achieve the local deformation.

@® Movable control points

Fig2.  The global deformation (model and global control cage)
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Initial model

Fig 3. The demonstration of bow deformation

deformed model 2

@® Movable control points

Fig 5. The line comparison between the initial JBC hull form and the
deformed JBC hull form

Optimization Algorithm

Based on hull shape and corresponding hydrodynamic performance data,
the proxy model can be used to fit the response between hull shape and
hydrodynamic performance. The relationship between hull deformation
parameters and hydrodynamic performance is established by proxy
model. The surrogate models have the Response surface methodology
(RSM) (Kim, 2011), Kriging model (Liu, 2018b), neural network (Liu,
2020) , and Support Vector Regression (SVR) (Smola, 2004). This paper
uses Kriging model as an alternative model. The Kriging model is
introduced firstly in 1951 by Krige (Krige, 1951). The Kriging model is
an interpolation model, which is the linearly weighted sum of the values
of the sampling function:

900 = Y wOy® (19)

here w® is the weights. For calculating the weights, the stochastic
process approach is used:
Y (X) =5, +Z(x) (20)

here 8 is an unknown constant, denote the mathematical expectation of



Y(x). The Z(x) satisfy normally distributed (0, 6”2), and non-zero
covariance. By introducing probabilistic methods, we can get any
unknown value of the function.

After the Kriging proxy model is established, optimization algorithms
can be used to search for the hull form with the least resistance. Single
objective genetic algorithm is used in this paper. The algorithm is
divided into five parts :(1) Generate the initial population and encoder
the value of each individual, called gene encoder; (2) Calculate the fitting
value of each individual. The smaller the fitting value, the better the
individual; (3) Select well-behaved individuals as the next generation; (4)
The genes of each individual cross over to produce new individuals; (5)
Randomly changing the genetic code of new individuals; The flow chart
of genetic algorithm is shown in Figure 6. The number of iterations was
250 times, the initial population was 60, the crossover fraction of genes
exchanged between individuals was set at 0.8, and the mutation rate was
0.2.

‘ Initial Population ‘

‘ Variation ‘

¥

| Calculating Fitting |
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Fig. 6 The flowchart of genetic algorithm

APPLICATIONS
In this paper, the baseline model dtmb 5415 is selected as the

optimization target hull. The hull shape and main details are shown in
Figure 7 and Table 1.

—
Fig. 7 DTMB model

Table 1. the main particulars of DTMB

minimize R.(X)
subject to Lo (x)= Lo initia
AB(x) <0.01B,

| AV (X) |< 0.05V,
| AS(X) |< 0.05S,
~0.005 < x < 0.005

Twenty-eight mesh points were selected as deformation design variables.
The optimized Latin Hypercube sampling method (OLHS) was used for
experimental design and sampling points were obtained. Table 2 lists the
range of values for 28 design variables. The distribution of design
variables for X1 and X6 is shown in Figure 8.

Table 2 the range of design variables

parameter value
Length between perpendiculars/ m 5.719
Length of waterline/ m 5.726
Displacement volume of a hull/ m? 0.554
Draft/ m 0.248
The maximum beam of waterline/ m 0.768

The optimization objective is total resistance in calm water. The
optimization problem can be described as follows. The optimization is

conducted as follow.

Variables direction Range
X1 Y axis ;069000553 X
X2 Y axis ;06900055S 2
X28 Y axis H;Odf)OOOSSS 28
200 1 . c . t,
100 . . o * . )
04 T < ] e
—:”: ~100 ) - . ’ * - .
—200 . * ' N . ' .
~004 | . 3 . ’
4004 v T ’
———
-200 150 -l00  -50 0 50 100 150
¥l

Fig. 8 The distribution of design variables about X1 and Xe

After sampling points are obtained, fitting body deformation method is
carried out based on OPTShip-SJTU deformation module to generate
different ship types. As shown in Figure 11, DTMB 5415 uses the fitting
body deformation effect. Based on the hull shape data set, the solver
naoe-FOAM-SJTU is used to calculate the resistance for different hull
form. After getting the resistance data set of different hull form, we
utilized the kriging surrogate model to deal with the relationship between
the deformation parameter and resistance. In the final, the single
objective genetic algorithm is applied to get the optimal deformation
parameters and the lowest resistance. Figure 9 shows the DTMB hull
form deformation effect and the grid effect are shown in Figure 10.
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Fig. 9 The deformation diagram

S —1
S

Fig. 10 The mesh points of deformed DTMB model

The optimization results are shown in Table 3. The optimization effect
is 19.31%, and line comparison and free surface comparison is described
in Figure 11 and Figure 12. For the free surface comparison, the wave
height decreases obviously.

Table 3 The optimization results

Rt/*10° Optimization effect
Initial hull form 3.97 0
Optimal hull forms 3.17 19-31%

— Initial

— Optimization

Fig. 11 The hull line comparison between the initial hull form and
optimal hull forms
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Fig. 12 The hull line comparison between the initial hull form and
optimal hull forms

CONCLUSIONS

In this paper, we selected the based-line model DTBM 5415 as the
optimization objective, the fitting body deformation is applied to deform
the base model and generate a lot of new hull forms. The nace-FOAM-
SJTU is used to calculate the total resistance. The Kriging surrogate
model is selected to establish the relationship between the deformation
parameters and optimization objective. The intelligence optimization
single-objective genetic algorithm is utilized to get the optimization
solution and obtain the lowest resistance hull form. From the study, the
fitting body can be used in hull form optimization and deform more
complex geometry. And through the optimization application in DTMB
5415 total resistance optimization, we can realize that the lower
resistance hull form can be gotten by this deformation method. In the
future, more complex ship and ocean structure should be selected as the
tests to verify the effectiveness of the deformation method.
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