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Abstract

This paper presents a hybrid optimization algorithm which combines an external call type optimization method and a
general stochastic iterative algorithm for the nonlinear integer programming with genetic algorithm (GA). GA can
rapidly search the approximate global optimum under a complicated design environment such as a ship structure.
Meanwhile it can handle optimization problems involving discrete design variables. In addition, there are many pa-
rameters that have to be set for GA which greatly affect the accuracy and calculation time of the optimum solution.
However, the setting process is difficult for users, and there are no rules to decide these parameters. Therefore, to over-
come these difficulties, the optimization of these parameters has been also conducted by using GA itself. It is proven
using the trial function that the parameters are optimal. Finally, the verification of validity and usefulness of nonlinear
integer programming is performed by applying this method to the compass deck of a ship where the vibration problem
is frequently occurs.

Keywords: Combinatorial optimization; Genetic algorithm; Nonlinear integer programming; OPTSHIP; Ship structure; Vibration

reduction

1. Introduction

Optimization is utilized to determine the size or the
geometric shape of the structure to obtain the maxi-
mum performance using minimal material with safety
and availability of the target structure [1]. From a
mathematical point of view, the optimization is a
process to obtain the design variables which are the
maximizing or minimizing a desired objective func-
tion while satisfying the prevailing constraints. Usu-
ally, optimization needs a great deal of time to obtain
the desired information due to the repetitive process.
Recently, optimization has been widely applied for
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decreasing the weight of structure in various indus-
trial fields such as aerospace, civil engineering, me-
chanical engineering etc., through integrating meth-
odology of engineering design with the technology of
computer-aided engineering (CAE) and fast computer
speed.

In the shipbuilding industry, optimum design prin-
ciples have been used in many areas. However, the
applications are limited and the most of researches
have emphasized static optimization which did not
consider dynamic factors [2-5]. Also, optimum design
for ship vibration has been rarely studied. Yang et al.
[6] worked on optimization of ship stiffened panel,
and Kitamura et al. [7] carried out the optimal struc-
tural design of a ship engine room. They did the op-
timization considering static and dynamic constraints,
and adopted a simplified analysis model to reduce the
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calculation time during the optimization process.
Yang et al. [8] proposed a new optimization tool,
called OPTSHIP which combined NASTRAN that
was used as a solver with global optimization algo-
rithm, namely random tabu search method (R-tabu) to
enhance the optimum design for vibration reduction
of the ship structure. In OPTSHIP, NASTRAN is
called externally and used for calculation of the objec-
tive function. They applied it to the vibration optimal
design of global and local containership using con-
tinuous variables, respectively. Also, Kong et al. [9]
developed the IEOA(Integrated evolutionary optimi-
zation algorithm) and applied it to the optimum de-
sign of ship structures.

In general, the final design variables that have been
chosen are bigger in size than optimized results to
consider the safety margin in an actual application. Of
course, this choice is possibly to make the structure
more strong than the optimized model. But, the natu-
ral frequency of a structure may be more close to its
resonance and more danger than the optimized design
for the vibration aspects [10, 11]. Also, these optimi-
zation results are not suitable for actual application
since the selected sizes of web and girder beam are
limited in standard shape steel members that are
commercially available. Therefore, the real values of
programming need to be extended to nonlinear inte-
ger programming (NIP) in order to apply directly the
optimized results to an actual design. NIP was sug-
gested by Reiter and Rice for solving a general quad-
ratic programming problem in 1966, where both the
objective and constraint function are quadratic. They
applied a modified gradient-type method, very similar
to the methods used in the continuous nonlinear pro-
gramming field, to solve the problem. NIP is an in-
trinsically hard problem. There literature is rich on the
NIP problems [12, 13]. However, many of the NIP
problems are computationally intractable and their
solutions are nondeterministic polynomial (NP) com-
plete. Thus, the optimal solutions cannot be obtained
in a reasonable amount of time and memory [14].
Heuristic algorithms were developed to find ap-
proximations to the optimum. Current research is on
the effective approximation methods such as genetic
algorithm (GA) [15], simulated annealing (SA) [16]
and tabu search (TS) [17]. These methods are mainly
used to solve combinatorial optimization problems.
Recently, it is remarkable to apply a GA to solve a
combinatorial problem effectively as one of solution
methods. GA is a very powerful tool for solving an

NIP problem such as optimal design of system reli-
ability and can handle any kind of objective functions
and constraints.

In this paper, a method for solving the NIP problem
is presented to easily get the best compromise solu-
tion while holding a nonlinear property by using the
genetic algorithm for an actual design. GA is used to
obtain global solutions in the proposed method. As
we know, there are many parameters that have to be
set for GA, such as the population size, mutation
probability, crossover probability, selection methods
and crossover methods that greatly affect the accu-
racy and calculation time of optimum solution. The
setting process is difficult for users, and there are no
rules to decide these parameters. To overcome these
difficulties, the optimization for these parameters has
been also conducted by using GA itself. The reliabil-
ity of the proposed method has been demonstrated for
solving the vibration problem on compass deck of a
ship.

2. External call type optimization method
(OPTSHIP)

Fig. 1 shows the flowchart of the OPTSHIP which
shows the external call type optimization method
developed by authors [8]. The OPTSHIP uses
MSC/NASTRAN [18] as a solver to estimate a user-
defined objective function. To run the OPTSHIP, a
user-defined objective function, a design variable set
and an analysis model file are needed. The OPTSHIP
consists of five modules: initiation module, optimiza-
tion module, interface module with NASTRAN, es-
timation module of the objective function and base
module. The term “module” is not intended as an
independent execution of each module, but to empha-
size functional specialization of each module. All
modules are functionally related to each other and
needed to execute the OPTSHIP.

A more detailed sequential description about the
optimization process of the OPTSHIP is as follows:
Step 0: An analysis model file is made by PATRAN

or CAD and then the information of an objective

function and a design variable set is determined and
are saved into a file.

Step 1: The base module activates the initiation mod-
ule.

Step 2: The analysis model, the information of a de-
sign variable set and an objective function are
loaded. The analysis model and the required results
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Fig. 1. Flowchart of OPTSHIP.

to estimate the objective function are informed to
interface module.

Step 3: The base module activates the optimization
module.

Step 4: The optimization module activates the estima-
tion module and passes a trial design variable set x*
to the estimation module.

Step 5: The trial design variable set x" is passed to the
interface module. The interface module is activated.

Step 6: The analysis model is updated with considera-
tion of the trial design variable set x .

Step 7: The updated analysis model is written into a
NASTRAN input file.

Step 8: Interface module executes the NASTRAN.

Step 9: The analysis results by NASTRAN are loaded,
which depends on the objective function.

Step 10: The selected results are returned to the esti-
mation module.

Step 11: The objective function value is estimated by
the analysis results and returned to the optimization
module.

Step 12: The convergence condition is estimated.

Step 13: If the condition is satisfied, then the opti-
mized design variable is returned to the base mod-
ule and the optimization module is terminated. If it
is not satisfied, then a new trial design variable set
is generated. The procedure returns to step 4. The
updating method of the design variable depends on
the selected optimization method. However the
generation of a new design variable is generalized
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by x" =x" + Ax where Ar is the increment of a trial
design variable which depends on the optimization
method.

Step 14: Base module prints the optimized design
variable set and the optimized analysis model. The
OPTSHIP is terminated.

3. Nonlinear integer programming (NIP)

As with most domains of engineering, nonlinear
problems are often solved by generating a solution
sequence to linear problems which in some sense
approximates the original nonlinear problem. The
NIP problem can be mathematically expressed as
follows:

Maximize (or minimize) ftx)
subject to the constraints a<x<b xeZ",

where, x = (xl,x2,~-,x")r is a vector of variables or
unknown in the NIP problem, Z" is a set of n-
dimensional integer vectors, a=(a, a,,-- -,a”)r
e 7" are b:(bl,bz,"-,bn)T e 7" are n dimen-
sional constant vectors, and a <b.

Let §= {x ca<x<bxe Z"} denote a solution

space; thus 1 : S — Ris a cost function. Some of the

NIP problems can also be viewed as integer and com-
binatorial optimization problems [12].

4. Genetic algorithm (GA) parameter optimi-
zation

GA is a directed random search technique, first
proposed by Holland [15], which can find the global
optimal solution in complex multi-dimensional search
spaces. The GA consists of three main strategies:
reproduction, crossover and mutation. Using repro-
duction in the GA, individuals are selected from the
population and recombined, producing offspring,
which will comprise the next generation. Successive
populations are produced primarily by the operations
of selection, crossover and mutation. [19, 20]
However, GAs has also the following drawbacks or
limitations:

e A binary code is not free to make a genotype of
individuals.

e The fittest individual may be lost during the selec-
tion process due to its stochastic nature.

o Fit individuals may be copied several times and a fit



2088

individual may quickly dominate the population at
an ecarly stage, especially, if the population size is
small.

e The seclection operation alone explores no new
points in a search space. In other words, it cannot
create new schemata.

e Different genetic parameters such as population size,
crossover probability, mutation probability and etc.
greatly affect the accuracy and calculation time of
optimum solution.

As mentioned above, the initial parameter setting of
GA is hard for users that influences the optimization
results. For example, a proper mutation probability
can increase the probability for a getting a global
optimum solution due to the diversity of solutions, but
high mutation probability has an effect on the conver-
gence speed. Also, population size is critical to get a
precise solution. If population size is very small, it
maybe fails to reach the optimal solution; and if not, it
brings out falling-off in convergence speed.

In this paper, the optimization for GA parameters
is carried out based on GA itself using trial function.
The flowchart is shown in Fig. 2. Where, N,, N,, and
A,. mean the number of evaluations, the number of
all evaluations and the number of average evalua-
tions, respectively. GAF represents GA for function
optimization. GAP means GA parameter optimiza-
tion. GAP consists of design variables with GAF’s
parameters, namely, population size, crossover

K=0, Ane=0, Nea=0

—

v
\ Trial GA
| parameters

........

Ne=0, K=K+1

Setting of GA
parameters
v

Production of the initial

population

No

Crossover & Mutation
New population

'
—
'

Fitness evaluation

(Trial function)

Ne

N

Crossover & Mutation
New population
— |

Yes

l
'
l
'
l
'
l
'
l
'
i
H Ane =Nea/M
'
H

Fig. 2. Flowchart of GA for parameter optimization.
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probability, mutation probability, selection method
and crossover method. When the GAF is terminated,
the individual fitness of GAP is determined on the
number of average evaluations of the objective func-
tion in GAF. GAF will be terminated if the condition
of Eq. (7) is satisfied. Since GA is a probability
search, we did the same process M times (M = 5)
using the same parameters, and then obtained the
number of average evaluations. The objective func-
tion of GAF is defined as the trial function Eq. (4).
Design variables and constraints are expressed as Egs.
(5) and (6). This trial function has a global solution
(fix = 0) = 0) and 27" local solutions. There are ten
design variables that are the same with the number of
applied structures, shown in Eq. (5).

4.1 Formulation for optimization

In this paper, five GA parameters have been con-
sidered to optimize: population size, crossover prob-
ability, mutation probability, selection method and
crossover method which have an effect on genetic
calculation, shown in Eq. (2).

4.1.1 Formulation for GAP
Minimize

Sx) =4, (= Neo M) )]
where M means the number of evaluation of GAF for

identical GA’s parameters, here M = 5.
Design variables

x={P,P.P, M,M}" )
Subject to:
P,= {10, 20, 30, -, 180, 190} 3)

P.=1{0.1,0.2,+,0.8,0.9}

P, =1{0.05,0.01, -, 0.065, 0.9, 0.95}

M, = {roulette wheel selection, ranking based se-
lection}

M, = {simple crossover, multi-point crossover, uni-
form crossover}

where, P, P. and P,, are population size, crossover
probability and mutation probability of GAF, respec-
tively. And M, and M, represent selection method and
crossover method.
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4.1.2 Formulation for GAF
Minimize

10 =215 - eos ) e )

i1 1

Design variables:
_ T
X = {xl X, Xy X, X, X, X, Xg Xy X, ) 5)
subject to

-10<x,<100,i=1,...N (6)

where, a, =1, =4, N=10.

Table 1. Comparison of GA's parameter before and after optimi-
zation.

Parameter Original Optimum
Population size 100 10
Crossover probability 0.8 0.1
Mutation probability 0.1 0.065
Selection method Roulette Roulette
Crossover method Uniform Simple

Table 2. Comparison of the optimization results according to
GA’s parameter.

Function | No. of evalua-
Parameters .
value tion
10 0.98304 242
Population size 20 0.98304 758
30 0.99246 1000
0.1 0.98304 242
Crossover prob- 0.2 0.99469 1000
ability

0.6 0.99524 1000
0.02 0.98304 392
Mutation prob- 0.04 0.99159 1000
ability 0.065 0.98304 242
0.08 0.99410 1000
Roulette | 554 1000

. wheel

Selection method Ranki

AKINE | 0.98304 242

based
Simple 0.98304 242
Crossover method| Multi point 0.99004 1000
Uniform 0.99004 1000

The termination condition of GAF is as follows :

(best) (opt)
- X

< (N

where, ¢ is predefined value, here 0.01, x“"is the
best solution at each generation, x " is the optimum
solution of ith design variable. Ax, represents the
interval of design variables.

The optimization results are shown in Table 1.

To confirm the validity of the optimization results,
the objective function is evaluated by using other
parameters and optimum parameters. The compared
results are shown in Table 2 and Figs. 3-7. According
to the results, the optimum parameters are good for
the accuracy and speed of convergence in GA. Based
on the above demonstration, the optimum GA pa-
rameters can be used for the integer optimum design
of a compass deck.
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5. Vibration analysis of compass deck

The vibration analysis of a compass deck is per-
formed by using NASTRAN which is a commercial
finite element program widely used for big structures
such as a ship. Fig. 8 shows the model of a compass
deck and radar mast. In particular, the girder and web
of the compass deck is displayed in three dimensions,
which are design variables in this study. Fig. 9 shows
the arrangement of stiffeners and boundary conditions
of the compass deck. The main dimensions of the sub-
ject vessel are shown in Table 3 and the main modeling
data of the compass deck are listed in Table 4.

Considering the precision of analysis and time con-
suming modeling process, the modeling range of the
compass deck is constrained to its deck only based on
experience of analysis and impact test of the shipyard.
The boundary conditions for the model are specified:
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Fig. 8. Model of compass deck and radar mast.

the simple supports are used to the bulkheads shown
as solid lines and two pillars connected between com-
pass deck and navigation deck. Fixed supports are
used at the cross-points of bulkheads. The arbitrary
box is modeled at the location of radar mast and the
weight with adjusting the mass density is considered
because the weight of the radar mast on the compass
deck has much effect on the vibration behavior of the
compass deck. Table 5 shows the specification of the
main excitation sources.

In general, the design for avoiding local structural
resonance of the ship is required so that the natural
frequency of the structure must be two times higher
than the blade passing frequency of the propeller un-
der the maximum main engine speed(rpm). In this
study, the design target frequency is set above 18.87
Hz which is considered a safety margin and twice
blade passing frequency of the propeller (16.33Hz).
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Table 3. Principal dimensions.

Length overall 208 m

Length between perpendiculars 196 m
Breadth moulded 29.8 m

Depth moulded 164 m

Draft design 102 m

Table 4. Main data of modeling.

Geometry data Material data
Plate thickness 80m Elastic 1 )06 Gnme
modulus
Web&girder | )55,00x10/15a | POISSON 03
S1ze ratio
Frame/longitu- | g5 Mass 1 2e50 kg/m?
dinal space density
Table 5. Specification of main excitation sources.
itati Excitation
Excitation MCR
source Order Frequency
Main engine 3rd 4.90 Hz
(6RTA72U) 4th 6.53 Hz
98 rpm 6th 9.80 Hz
Propeller Ist 8.17 Hz
(Blade: SEA) nd 1633 Hz
= Boundary Condition
————— Design Variable 2 W1
e Pillar gT 3

d
|
— A #-------{ a6
L/ Lo
/ -------- -E ----- .I'---- G7
FR 5 ! 1 213
Radar Mast ! H 8|
H H 2 1)

FR 11 FR 18

Fig. 9. Design variables and boundary conditions of compass
deck.

Fig. 10 shows the first three modes and natural fre-
quencies of the compass deck structure by
NASTRAN. The 1st mode (16.78 Hz), which fre-
quently occurs on the compass deck during the voy-
age, is the vertical mode on the front area of the radar
mast as shown in Fig. 10(a). The lower part of the
compass deck could not be installed the bulkhead

(a) 1st mode (16.78 Hz)

(b) 2nd mode (30.09 Hz)

(c) 3th mode (34.28 Hz)

Fig. 10. Mode shape of compass deck.

because of securing the workspace compared to the
other cabins. Therefore, the corresponding weak stiff-
ness of the structure results in low natural frequency
which is close to the main excitation source of the
ship. In this model, the 1st natural frequency of struc-
ture is also within the resonance region where twice
blade passing frequency of the propeller is 16.33 Hz.
The safety margin is only 2.8 %, which is usually
10 %. The 2nd and 3rd modes occur on the sides of
the compass deck. Their natural frequencies are
higher than the main excitation frequency of the ship
and the possibility of resonance is rare. So, in order to
design the safety structure, the 1st vertical mode of
compass deck is specified as the concerned mode in
this study.
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6. Optimum design of compass deck

6.1 Formulation for optimum design

6.1.1 Design variables

The main vibration mode on the compass deck is
the global mode of the girder and web in the vertical
direction. One of the most important factors is the
stiffness of the girder and web. In this study, the size
of the girder and web on compass deck in Fig. 9 is
defined as design variables in Eq. (8)

X = {SW] SW2 SVV} SG] SG2 SG'; SG4 SG5 SGG
SGy' @®)

where S and SG mean the size of girder and web,
respectively.

6.1.2 Constraints

The web length of stiffener L, is restricted as in Eq.
(9) due to ceiling height, namely the distance from the
navigation deck to the compass deck, which is based
on the building specification. The stiffener is also
restricted to available standard sizes in the field as
shown in Table 6.

200< L, <550 mm ©)

Table 6. Corresponding cross section of steel members.

Stiffener size L,x Ly xT,/ Ty
200A 200 x 90 x 9/14
250A 250 x 90 x 10/15
300A 300 x 90 x 11/16
350A 350 x 100 x 12/17
400A 400 x 100 x 12/18
450A 450 x 125 x 11.5/18
500A 500 x 150 x 11.5/18
550A 550 x 150 x 12/21

. Ly >
v
L f ]
Tw T
—» |—

Lw
:tél
e

Ly

Fig. 11. Section of stiffener and plate.

Also, the basic concept of local vibration design is
the minimization of the response at each point. How-
ever, it is difficult to evaluate how much the excita-
tion force influences the local structure. So, in this
study, the natural frequency of the structure is re-
stricted as Eq. (10) which is considered a safety mar-
gin with twice blade passing frequency of the propel-
ler.

,>18.87Hz (10)
Fig. 11 shows the section of stiffener and plate.

6.1.3 Objective function

In general, the main target of the optimum design is
to decrease the weight of the structure or to reduce the
vibration level on the specific point with avoiding the
resonance between the excitation source and the natu-
ral frequency of the subject structure. In this study,
we considered the objective function as two cases as
follows:
Case 1: The objective function combines linearly the
weight of the compass deck, /¥, with maximum vi-
bration velocity response, R, at a range of interest
(below MCR rpm) like in Eq. (11)

Minimize /() _ a(ﬂj . ﬁ(ﬁj (11)
w

R

0 0

where, a and /3 are weighting factors, /¥, means initial
weight, R, is a basis vibration velocity re-
sponse(vertical direction, the maximum amplitude at
center).

Case 2: The objective function combines linearly the
weight of compass deck, /¥ with natural frequency of
structure expressed by Eq. (12). This object is to get
an economic and sound structure to reduce the weight
of stiffener and to increase the natural frequency.

Minimize f(x) =« K +8 & (12)
w, o,

where, @, and @y mean target and current natural fre-
quency, respectively. a and f are weighting factors.

6.2 Result of optimization and discussion

The optimum design was carried out to obtain an
optimal size of web and girder on the compass deck
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Table 7. Comparison of original and optimal design variables for

case 1.
Design variable Original Optimum Remarks
Wi 250 200 -20%
W, 250 200 —20%
Ws 250 200 —20%
G 250 200 —20%
G, 250 200 —20%
G 250 450 +80%
G, 250 200 -20%
Gs 250 200 —20%
G 250 200 —20%
Gy 250 200 -20%

Table 8. Comparison of original and optimal design variables for
case 2.

Design variable Original Optimum Remarks
Wi 250 200 —20%
W, 250 200 —20%
Ws 250 200 —20%
G, 250 200 -20%
Gy 250 200 -20%
Gy 250 200 —20%
Gy 250 550 +120%
Gs 250 200 —20%
Gs 250 200 —20%
G, 250 250 0%

to maintain the anti-vibration design of it. Nonlinear
integer algorithm by GA is used as an optimal algo-
rithm in order to apply directly the optimized result to
an actual design. As above stated in section 5, the
optimum GA parameters are applied to this problem.

Tables 7 and 8 show the results of the design vari-
ables before and after optimization for case 1 and case
2, respectively. The center girder of structure G3 is
shown to increase 80% and the others are reduced
20% in case 1. In case 2, the center girder of structure
G4 is increased 120 % and the others are similar to
case 1.

These results indicate that the most reasonable
modification method is to increase the stiffness of the
member where the maximum amplitude exists in
vibration mode. To get a higher natural frequency of
structure, the stiffness of G, must be increased, which
is located in a wider area than G3. The role of G in
case 2 supports the stiffness of G, due to the limita-

Table 9. Comparison of results for case 1.

Ttem Original Optimum | Remarks

Natural frequency 16.78 Hz 18.91 Hz 12.69%
Response at MCR | 10.50 mmv/s | 4.07 mmy/s | —61.24%
Weight 2760 kg 2537kg | —8.08%

Table 10. Comparison of results for case 2.

Item Original Optimum Remarks

Natural frequency | 16.78 Hz 2328 Hz 38.74%
Response at MCR | 20.17 mm/s | 0.69 mm/s | —93.48%

Weight 2760 kg 2757 kg -0.11%

Fig. 12. Mode shape of compass deck after optimization.

tion of stiffener size. Tables 9 and 10 show the natural
frequency, vibration response at an MCR in a unit
excitation force and the weight of the compass deck
before and after optimization for case 1 and case 2,
respectively. According to the results, the 1st natural
frequency increased 12.69% and 38.74% from 16.78
Hz to 18.91Hz and 23.28 Hz, and the safety margin
with twice passing frequency of propeller correspond-
ingly changed from 2.80% to 15.80% and 42.60% for
case 1 and case 2, respectively. Therefore, the struc-
ture is free from the resonance. Moreover, the ampli-
tude of vibration velocity response for case 1 and case
2 is reduced 61.24% and 93.4%.

The weight of stiffeners which is applied to design
variables also decreased in spite of higher natural
frequency and lower the vibration response.

In summary, the local vibration problems which
avoid structural resonance through the movement of
natural frequency without additional weight has been
successfully solved by the proposed optimization
method. Fig. 12 shows the Ist vibration mode after
optimization. Although we noticed that there was a
little change on the st vibration mode shape due to
the mode of global compass deck, the natural fre quency
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was increased based on calculation results. And we
confirmed that the vibration response at the MCR
rpm has been significantly reduced as shown in Fig.
13 for case 1 and Fig. 14 for case 2, respectively.

7. Conclusions

A method for solving the NIP problem is proposed
for obtaining the best compromise solution while
holding a nonlinear property by using the genetic
algorithm and is applied to the vibration optimum
design of real ship. GA is used to obtain global solu-
tions in the proposed method. Also, in order to get
proper GA parameters, the optimization of GA pa-
rameters is also carried out through the trial function
by GA itself. The reliability of the proposed method
has been demonstrated for solving the vibration prob-
lem on the compass deck of a ship. After optimization,
local vibration problem has been successfully solved:
the structure is free from the resonance, safety margin
increased, and the amplitude of vibration velocity

response reduced without additional weight. The re-
sults indicated that the proposed method can be used
as an optimum.
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