
Shape optimal design using GA and BEM

Eisuke Kita & Hisashi Tanie

Department of Mechano-Informatics and Systems,

Nagoya University, Nagoya 464-01, Japan

Abstract

This paper describes a shape optimization scheme of two-dimensional con-

tinuum structures by genetic algorithm (GA) and boundary element method

(BEM). The profiles of the objects under consideration are represented by

Free-Form Deformation (FFD) method. The chromosomes for the profiles

are defined by the FFD control points. The population constructed by

many chromosomes is modified by the genetic operations such as the se-

lection, the crossover and the mutation in order to determine the profile

satisfying the design objective. The boundary element method is employed

for estimating the fitness functions. The present method is applied to the

shape optimization of a cantilever beam.

1 Introduction

The GA-based schemes for the shape optimization of the continuum struc-

tures can be classified into the cell representation scheme} 1, 2] and the

free-curves representation scheme[3, 4]. In the cell representation scheme,

the object domain is divided into small square cells and then, the binary

parameter is specified to each cell. The chromosome for the profile of the

object is defined by the series of the binary parameters. The chromosomes

are very long when many cells are employed for the shape representation.

Besides, in the actual design and manufacturing processes, the free-curves

representation of the objects (e.g., machine and structures) is necessary and

therefore, the data of the zigzag-shaped final profiles must be translated to

the data of the free curves representation. These difficulties can be overcome
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partially by using the free curve representation scheme. The profile of the

object domain is represented by the free curves and then, the chromosome

is defined by the coordinates of the control points of the curves. In this case,

the entire profile can be represented by relatively small number of control

points. Moreover, the obtained profile can be used directly in the design

and the manufacture process. However, in the ordinary schemes, finite el-

ement method is employed for estimating the fitness function. The finite

element mesh is distorted by the successive shape modification and there-

fore, the computational efficiency may become worse. In order to overcome

the above-mentioned difficulties, this paper presents the GA-based opti-

mization scheme using the boundary element method. The profiles of the

objects are represented by the Free Form Deformation method (FFD). Since

the FFD is often employed in the computer graphics, the obtained results

can be employed directly in the design and the manufacturing process. The

fitness functions are estimated by the BEM and therefore, the distortion of

the mesh by the shape modification is not so terrible.

In this paper, firstly, the profile representation by the FFD is explained

and the chromosome is defined. Then, the algorithm of the present method

is explained. Finally, the present method is applied to the shape optimiza-

tion of the cantilever beam.

2 Free Form Deformation (FFD)

In the Free Form Deformation method (FFD) [5], the local coordinate system

s — t — u on the parallelepiped region is imposed firstly. The position vector

of an arbitrary point X is represented as:

X = Xo + sS + ttT + uU (1)

where XQ denotes the position vector of the origin and then, 5, T and U

the unit vectors in the 5, T and U directions, respectively, s, t and u, which

indicate the coordinates of the position X in the local coordinate systems,

are calculated as follows:

_

TxU-S

SxU-T

SxT-U

Next, a grid of control points on the parallelepiped is imposed. When

the objects are not deformed, the control points lie on the lattice position.

The position vector of the arbitrary control point P^ is given as:

[/ (5)
rn n
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where 2, j and k are integer numbers taken as 0 < i < /, 0 < j < ra and

0 < k < n, respectively. These form / -f 1 planes in the S direction, ra -h 1

planes in the T direction and ra -f 1 planes U direction, respectively.

The profile of the object is deformed by moving the control points from

the lattice position. Assuming that X will move to XFFD, -X" FFD is given

as:
I m n

= £ £ £ £M*)£Wt)*M«)P<* (6)

where

nCi is the combination:

3 Algorithm

(8)

We describe here the algorithm of the present method. The detailed expla-

nation of the genetic algorithm is shown in some references, e.g., [6, 7].

3.1 Optimization problem

The design objective is to minimize the weight of the object under consid-

eration by changing the profile of the object. As the constraint conditions,

we consider that the maximum stress cr̂ ax on the boundary is smaller than

the allowable stress of the material a^ and that the profile of the object does

not cross. The objective function / and the constraint conditions h\ and h^

are given as:

min/ = ̂  (9)
/1Q

subject to

ftl = fmax - °c < 0 (10)

h2 = gc = 0 (11)

where AQ denotes the area of the initial profile. ̂  is the function related to

the crossing of the profile; &. = 1 if the profile cross and &. = 0 if not so.

Besides, the position vectors of the FFD control points Pijk are taken

as the design variables. The constraint conditions for the design variables

are specified in order to restrict the design space.

3.2 Genetic coding

(1) Chromosome The position vectors of the control points P^k are

considered as the genes and then, the chromosomes for the profile of the
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object under consideration are defined as:

-PoOO-PoOl-PoiO-PlOO ' ' ' Plmn (12)

The length of the chromosomes is (/ -f 1) x (m + 1) x (n 4- 1), which is

invariant during the process.

(2) Fitness function The fitness function is defined by introducing the

penalty function a;

fitness = 1 - ( A + a[#(<7max, °c) + H(g« 0)]} (13)
l/iO J

where H is the step function and a is taken as 10000.

3.3 Genetic operations

(1) Selection The ranking selection operation is employed in this study.

The ranking selection operation selects the parents according to the ranks

of the function values. The ranks of the individuals are specified according

to the magnitudes of their fitness values. While the highest selection rate is

specified to the individual of the highest rank, the lowest rate is to the one

of the lowest rank that has, at least, one offspring. The rates of the other

individuals are determined by linear interpolation of them. In addition to

the ranking procedure, the elitist model is employed in order to keep the

best individual at the next generation.

(2) Crossover The crossover operation swaps some genes of the selected

parents in order to create the offspring. The one-point, two-point and uni-

form crossovers are compared in the numerical examples.

(3) Mutation Normal mutation operation moves randomly the position

vectors of the control points. If the magnitude of the movement is large,

the mutation destroy the profiles of the objects. Therefore, the maximum

value of the movement is specified by the user in advance.

While the normal mutation moves randomly the control points, the di-

rected mutation moves them to the function space where there may exist

the better solution. If the mutation improves the fitness function, the di-

rections of the movements of the genes are memorized. Then, at the next

generation, the genes are moved slightly in the memorized directions and

then, randomly by the usual mutation.

3.4 Flow of present scheme

The algorithm of the basic scheme is as follows:
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Figure 1: Object under consideration

1. Individuals are generated randomly to construct initial population.

2. Fitness functions of the individuals are estimated by using the BEM.

3. Convergence criterion is estimated. If the criterion is satisfied, the

process is terminated. If not so, the process goes to the following

steps.

(a) Crossover operation is performed.

(b) Mutation operation is performed.

(c) Population is renewed.

(d) Go to Step 2.

4 Numerical Example

4.1 Results by scheme 1

A cantilever beam under uniformly distributed load is considered as a nu-

merical example (Fig.l). 12 control points are employed for controlling the

profiles. Left and upper segments of the profiles are fixed and therefore, the

shape modification is performed by moving 6 control points.

In the scheme 1, the ranking selection, the one-point crossover and the

normal mutation operations are adopted. Besides, each population is con-

structed by 50 individuals. The crossover rate and the mutation rate are
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Figure 2: Result by scheme 1
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Figure 3: Comparison of schemes 1 and 2

specified as 1 and 0.02, respectively. These rates are invariant during the

computation.

Figure 2 indicates the object function values of the best individual at

each generation. The performance of the best individual is improved during

the process.
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Figure 4: Comparison of crossover operations

4.2 Improvement of computational efficiency

(1) Scheme 2 In the scheme 1, the constraint conditions are not con-

firmed for each individual when the next generation is constructed. There-

fore, the new population includes the individuals which do not satisfy the

constraint conditions. In the scheme 2, the new population is constructed by

the individuals satisfying the constraint conditions alone. When a offspring

individual is generated, the constraint conditions are confirmed. If a off-

spring individual dose not satisfy the conditions, it is eliminated. Since, in

this case, all individuals satisfy the conditions, the following fitness function

is adopted.

fitness - I -— -
A)

(14)

Figure 3 indicates the object function values of the best individuals at

each generation. The scheme 2 produces the better individual than the

scheme 1. In the scheme 2, the number of the BEM analyses is larger than

the scheme 1. This is because the BEM analyses are repeated until the

population is filled with the individuals satisfying the conditions alone.

(2) Improvement of crossover The schemes 1 and 2 adopt one-point

crossover operation. The one-point, two-point and uniform crossover oper-

ations are compared in order to improve the scheme 2. Figure 4 indicates

the object function values of the best individuals at each generation. We

notice that the uniform crossover can search the better individual than the

other crossover operations.
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Figure 5: Comparison of mutation operations

The scheme 2 using, instead of the one-point crossover, the uniform

crossover is referred to as the scheme 3.

(3) Employment of directed mutation The normal and the directed

mutation operations are compared in order to improve the efficiency of

the scheme 3. Figure 5 indicates the objective function values of the best

individuals at each generation. The scheme using the directed mutation can

search the better individual than the scheme using the normal mutation.

The scheme 4 is referred to as the scheme 3 using, instead of the normal

mutation, the directed mutation. Figure 6 indicates the profile of the best

individual at each generation by the scheme 4.

5 Conclusion

This paper presented the GA-based schemes for the shape optimization of

the continuum structures. The profile of the object under consideration is

represented by the FFD. The position vectors of the FFD control points are

considered as the genes and then, the chromosome for the profile is defined

by the series of the genes. Therefore, the entire profile of the object can

be represented by relatively small number of the genes. Besides, the fitness

functions of the individuals are estimated by the BEM. Since, in this case,

the distortion of the mesh by the successive shape modification is not so

terrible, the accurate estimation of the fitness function can be done.
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Figure 6: Profiles of best individuals
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The present scheme was applied to the shape optimization of the can-

tilever beam. The results were very satisfactory. However, the computa-

tional cost is relatively high. Therefore, some schemes were presented for

improving the computational cost.
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