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Abstract

More often a commercial package for the structural analysis is necessary in the structural optimum design. In
this case the task of combining the package with an optimization program must be required. but it is not so simple
because interchanging some data between them is difficult. Sequential approximate optimization is currently used as
a natural way to overcome the hard task. If sequential approximate optimization has wide side constraints that the lower
limit of design variables is very small and their upper limit is very large, it is not so easy to obtain approximated
functions accurately for the whole design domain. This paper proposes a sequential design domain method, which is
very useful to carry out sequential approximate optimization in this case. In this paper, the response surface
methodology is used to obtain approximated functions and the orthogonal array is used for design of experiments.
The sequential approximate optimization of 3-bar and 10-bar trusses is demonstrated to verify the reliability of the
sequential design domain method.

Keywords © approximate optimization, sequential design domain method, response surface methodology, design
of experiments, orthogonal array
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Table 1 Two level orthogonal array(4 runs, 3 columns)

Run 1 2 3
1 0 0 0
2 0 1 1
3 1 0 1
4 1 1 0

0 : the lower bound of sequential design domain
1 ¢ the upper bound of sequential design domain

Table 2 Two level orthogonal array(8 runs, 7

columns)

Run 1 2 3 4 5 6 7
1 0 0 0 0 0 0 0
2 0 0 0 1 1 1 1
3 0 1 1 0 0 1 1
4 0 1 1 1 1 0 0
5 1 0 1 0 1 0 1
6 1 0 1 1 0 1 0
7 1 1 0 0 1 1 0
8 1 1 0 1 0 0 1

0 : the lower bound of sequential design domain
1 ¢ the upper bound of sequential design domain
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Table 3 Two level orthogonal array(16 runs, 15
columns)
Run| 1| 21 3| 4| 5| 6| 7| 8| 9(10{11{12{13(14|15
1 10/0]0l0]0)0J0JoOl0lOlolOlO}joO]oO
2 |10j0|/0j0j0|O0]O]1l1|2f1]1f1]1f1
3 |0j0]0j1}p1|1ri1j0lojlojol1i1]1)1
4 (0 0) O 1) 1{1{2{1{1{1{1{0/0l0fQ
51011001 1{0|0]1|170j0| 1|1
6 (O 110|011/ 1]1]10|l0|1|1,0]0
T10f11f1|1{olojofol1fL|L[1]0lO
8 |O0jp 111y 1|1{0j0|1l1]0l0|l0Ol0O|l1]1
9 |1/0|1/011]0]1]0]1|]0]1]0j1]0]1
10y 1[0 1{0O[1[0Of1f1{O0l1|0|1|l0}1]|0
11y 1fof1y1/0y110fl0|1]0]l1y1|011]0
1211107171/ 0/1)0/1}0]1]010]1]0]1
13111101071 1]0|0)1]1]{0|0]1]1]0
14| 1{1]10{0]1{1{0[1|0|0O|1]1]0|0]1
1511 1{0{1{0{0{1{0{1]1]0]1!0]0]1
6l 1/1{01/010|1]1|0{0|1{0]1]1]|0

0 @ the lower bound of sequential design domain
1 @ the upper bound of sequential design domain
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Fig. 1 Flowchart of sequential approximate optimization
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Fig. 3 Symmetric three bar truss

Table 4 Design data for three bar truss

Design data Value

Length /(mm) 2,500

Modulus of elasticity E(GPa) 210
Load P(kN) 200
Allowable stress o¢a.(MPa) +80
Allowable displacement Ua(mm) +1
Lower limit on area A“(mm®) 0.1
Upper limit on area A'(mm?) 10°
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Table 5 Optimum solutions{Stress constraints only)

Volume X 10°(mm’) | A1{mm?) | Az(mm?)
STEP 1 1.688 1,869 1,465
STEP 2 1.661 1.893 1.291
STEP 3 1,656 1,929 1.167
STEP 4 1,672 1,952 1,170
Conventional 1,649 1,971 1,021

Table 6 Stress values at optimal points(Stress cons-

traints only) (Unit :

MPa)

Element 1

Element 2

Element 3

STEP 1
STEP 2
STEP 3

78.88(79.24)
79.72(79.81)
79.78(79.85)

50.75(51.46)
53.78(53.98)
55.88(56.00)

-28.13(-27.77)
-25.94(-25.83)
-23.90(-23.85)

STEP 4 |78.96(78.94)|55.45(55.39) | ~23.50(-23.54)
Conventional 80.00 58.55 -21.50

() are stress values for approximation

Table 7 Optimum solutions(Stress and displacement
constraints)

Volume > 10"(’mm”)1 Ar(mm®) | Ax(mm?)
STEP 1 1.880 2,381 787
STEP 2 1,781 2.381 389
STEP 3 1.744 2,381 243
STEP 4 1,746 2.396 208
Conventional 1,740 2,403 164

Table 8 Stress values at optimal points(Stress and

displacement constraints) (Unit : MPa)
Element 1 Element 2 Element 3
STEP 1 | 70.62(80.00) | 57.24(76.00) | -13.38(-4.00)
STEP 2 | 76.12(79.99) | 68.23(76.01) | -7.88(-4.00)
STEP 3 | 78.70(79.99) | 73.40(76.01) | -5.30(-4.00)
STEP 4 [ 78.91(78.99) | 74.35(74.50) | -4.56(-4.49)
Conventional 79.57 75.90 -3.66

() are stress values for approximation

Table 9 Displacement values at optimal

points

(Stress and displacement constraints)

Ux(mm) [

Uy(mm)

STEP 1
STEP 2
STEP 3
STEP 4

0.99998(1.00000)
0.99998(0.99993)
0.99998(0.99993)
0.99372(0.99388)

-0.68

-0.81230(-0.90487)
-0.87386(-0.90491)
-0.88506(-0.88687)

143(-0.90484)

Conventional

0.99082

| 090361

() are displacement values for approximation
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Table 11 Optimum solutions(stress constraints only)

9144mm | 9.144 mm .

§; 5 @ 3 @ 1
N

@ ®

Y ©) ®| 19,144 mm
©) @ l

3 7 3 X

N\
444.82kN 444 82kN

Fig. 5 Ten bar truss

Table 10 Design data for ten bar truss

Design data Value
Modulus of elasticity E(GPa) 68,947.6
Allowable stress ¢.(MPa) +127.37
Lower limit on area A*(mm? 0.1
Upper limit on area A"(mm?) 10°

Table 12 Optimum solutions(stress constraints only)

Volumex10°] Ar | Ae | As | A | As |
(mm") | (mm® | (mm?) | (mm?®) | (mm®) | (mm®)

Ag A7 As As Ao
{(mm?) (mm?) | (mm? | (mm" | (mm?

STEP 1 3.194 4,921 164 (5659 1,766 192
STEP 2 2,950 4492 | 116 5937|1974 110
STEP 3 2,163 4,540 | 713 | 5,795 1.892 | 212
STEP 4 2664 [4.005| 514 16229)2117) 94
STEP 5 2,667 5393 580 |5595|2153] 0.1
STEP 6 2,674 4,819 | 495 |5.491|2248| 0.1
STEP 7 2,663 4,871 ) 400 | 5463|2282 | 1.4
STEP 8 2,652 4,927 | 328 | 5,388 |2.348| 2.9
STEP 9 2,642 4970 | 285 [5.353]2,390| 88
STEP 10 2,434 4337 132 | 5320 |2.866| 0.1
STEP 11| 2628 5,060 | 192 |5,300|2.433| 0.1
STEP 12| 2.622 5,046 | 135 [5264 (2473 0.1
STEP 13| 2,615 5080 | 96 |5234|2488| 2.0
STEP 14| 2,687 4,775 82 5238|2519 0.1
STEP 15| 2,603 5,143 91 [5,200]2502| 0.1
STEP 16| 2.596 5099 | 38 |5.176|2565| 0.1
STEP 17| 2,599 5154 | 38 |[5,197]2.570, 0.1
STEP 18| 2.600 51451 33 51882565 0.1
STEP 19| 2,598 5136 29 |5179]2561| 0.1
STEP 20| 2,594 5261 7.5 [5075(2,656( 0.5
STEP 21| 2,595 51611 0.1 |5167]2573] 0.1

STEP 1 1,600 4,470 | 3.699 | 2618 | 1532
STEP 2 968 4,878 | 2,800 | 2,843 | 1,232
STEP 3 815 4,652 | 2,877 | 2,825 | 1,138
STEP 4 463 4832 | 2,862 | 2,565 909
STEP 5 522 3.821 | 3,061 | 2,745 926
STEP 6 489 4,118 | 3.170 | 3,200 618
STEP 7 387 4,048 | 3,253 | 3,231 582

STEP 8 341 3,970 | 3.341 | 3,329 | 443
STEP 9 268 3,922 | 3,381 | 3,364 380
STEP 10 144 3.859 | 2,980 | 2,621 314
STEP 11 171 3.861 | 3,432 | 3,469 266
STEP 12 196 3,819 | 3,478 | 3,478 225
STEP 13 178 3,769 | 3,528 | 3,519 161
STEP 14 142 3,849 | 3.688 | 3.339 108

STEP 15 60 3.699 | 3.5%0 | 3,556 9
STEP 16 51 3,672 | 3.611 | 3,592 59
STEP 17 27 3,643 | 3.619 | 3,621 29
STEP 18 19 3,680 | 3,618 | 3,613 39
STEP 19 37 3,674 1 3608 | 3.619 37

STEP 20 85 3.623 | 3.623 | 3,672 12
STEP 21 0.1 3,660 | 3,638 | 3,644 0.1

346 s=RaRrIss =28 M143 HM3E(2001.9)

STEP 22 2,596 5152 0.1 |5,168|2584, 0.1 STEP 22 0.1 3,654 | 3,653 | 3.648 01
STEP 23 2,595 5157| 0.1 (51632579 0.1 STEP 23 0.1 3,648 | 3,647 | 3.651 0.1
Conventional] 2,596 11161 0.1 [5161]2581] 0.1 Conventional 0.1 3,650 | 3,650 | 3,650 0.1
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Table 13 Stress values at optimal points(stress constraints only) (Unit : MPa)
l: Element 1 Element 2 Element 3 Element 4 Element 5
STEP 21 172.38 107.78 -172.18 ~-172.88 -2.25
(172.37) (51.02) (~172.37) (-172.37) (-1.81)
STEP 22 172.68 107.13 -172.48 -172.14 -0.27
(172.37) (106.70) (-172.37) (-172.37) (-0.17)
STEP 23 172.51 107.14 -172.31 -172.47 -0.27
(172.37) (107.49) (-172.37) (-172.37) (-0.17)
Conventional 172.37 107.08 -172.37 -172.34 0.02
() are stress values for approximation
Table 14 Stress values at optimal points(stress constraints only) (Unit: MPa)
’7 Element 6 ( Element 7 Element 8 Element 9 Element 10
STEP 21 107.78 171.88 -172.29 172.63 -152.42
(161.84) (172.37) (-172.37) (172.37) (~153.38)
STEP 22 107.13 172.16 -172.20 172.44 -151.51
(106.70) (172.37) (-172.37) (172.37) (151.62)
STEP 23 107.14 172.45 -172.49 172.30 -151.53
(107.27) (172.37) (-172.37) (172.37) (-151.51)
Conventional L 107.08 172.36 ~172.34 172.34 -151.43
() are stress values for approximation
400 BE 2] AAYGLz g HARA =&
Rt Aee & 5 YUk,
o ] - .
g 2) frraddld T2aug oge ARUAY 2
£ = A NAE AR vmete] 24 WHE o
g w000 Hoz HAMAE & 4 glong XTaaRg @
S e 3t & 4 A9
T e w7 8 & w7t @ w2 3) TAH S HEEE AFetr] 93 AT A
% FeYSE o188 FRLA] B AEUS @
STEP N
Fig. 6 Volume history of ten bar truss 7 A
5.4 & =atel 2
% cﬁ:rh_‘t_; }_7] }2.741030—139] /g-z:s_o] o].f[& 2 %}to]i’. E‘ ?"i:r"% @'%ﬂﬂﬂ%zﬂ‘& XPSI ﬂ@éﬁ]ﬂﬂ%
B4gho] o} #e el w) BT} e ZAS A A7AE e Aoz FPSQdFtt, Aeke] A
i FAT
HE 5 2le w1 47 dArHe Adete £4 2 FAREREY S,
A} A A A A &8t H]"Pﬂ w2k AA G971y
£ 3%A 9 1054 Exa y2Ed Hastd 1 & # 28
248 HEsder, #da /‘611*1& o] &gt Ry
o} HAAA (Conventional) e 459 Hldle] 2 1. Haftka, R. T. and Gurdal, Z., Element of
I g ARE 4E ) % 0}1), Structural Optimization, Kluwer Academic Pub-
lishers, Dordrecht, Netherlanders. 1991, pp.
1) Z3skat &gt Eo] & dubacl Aol Fk 209~215

347



2 4AAAE g 3 dAYd BE 37

. Roux, W. J., Stander, N. and Hatfka, R. T.,
“Response Surface Approximations for Structural
Optimization,” Int. J. Nume. Methods Eng..
42, 1998, pp.517~534

Y SChASAIER, R1gAL 1996, p.423~496

. Anjum, M. F., Tasaddugq, 1. and Al-Sultan, K.,
“Response Surface Methodology : A Neural Net-
work Approach,” European Journal of Operational
Research, 1997, pp.65~73

CEARA, AN HEFE, 2000, N A AlAR9

LA yHEEWH AR 4% FAH olz 2413

719", @7 Ags =88 A B, #2437, A1235,

pp.3040~3052.

. Lim, O K. and Arora, J. S.. “An Active Set RQP

Algorithm for Engineering Design Optimization,”

Comput. Methods in Appl. Mech. and Eng.,

348 stEmMRTEEE| =28 H14F K3E(2001.9)

10.

57,1986, pp.51~65

. Myers, R. H. and Montgomery, D. C., Response

Surface Methodology—Process and Product Optimi-
zation Using Designed Experiments, John Wiley
& Sons, Canada, 1995, pp.1~3

. Kok, S. and Stander, N., “Optimization of a

Sheet Metal Forming Process Using Successive
Multipoint Approximation,” AIAA, 1998, pp.
2728~2740

. Unal, R., Lepsch, R. A. and McMillin, M.L.,

“Response Surface Model Building and Multi-
disciplinary Optimization Using D-optimal
Designs,” AIAA, 1998, pp.405~411

Arora, J., S., Introduction to Optimum Design,
McGraw-Hill Book Company, New York,
1989, pp.384~387



