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Abstract

The optimization techniques have been applied to versatile engineering problems for reducing
manufacturing cost and for automatic design. The deterministic approaches of optimization
neglect the effects on uncertainties of design variables. The uncertainties include variation or
perturbation such as tolerance band. The optimum may be useless when the constraints consider-
ing worst cases of design variables can not be satisfied, which results from constraint variation.
The variation of design variables can also give rise to drastic change of performances. The two
issues are related to constraint feasibility and insensitive performance. Robust design suggested
in the present study is developed to gain an optimum insensitive to variation on design variables
within feasible region. The multiobjective function is composed to the mean and the standard
deviation of original objective function, while the constraints are supplemented by adding penalty
term to original constraints. This method has a advantage that the second derivatives of the
constraints are not required. A mathematical problem and several standard problems for struc-
tural optimization are solved to check out the usefulness of the suggested method.
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Table 3 Constraints imposed on three-bar truss

=[1.0 1.01" o . IR
B < e TI o - Constraint No. Loadin{g_c_ase Response type
0.0 | 2.2348, 3.9420 | 20.6030 | 0.8535 LA : Stress
0.5 | 2.2397. 3.9338 | 20.5043 | 0.8536 46 2 Stress
1.0 | 2.3839. 3.6935 | 20.4752 | 0.9694 [ 3 Stress
- ) 10-12 1 Buckling
Table 2 Robust optimum and its robustness with 13-15 2 Buckling
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a X e or* ) 19*&) 1 Displacement
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1.0 2.9619, 5.3968 25.2509 i 2.8019 25 . Frequency




S
/(l[l

MARFE] A

-1.0=0.0

6.4516 10" m* < A,<6.4516 <10"* m*

(16)

o714, 0w we ts, Hi 7T Aol #E-8he

G A el Al S gl 1

FAEFE B L

T

I

o ool g et

s

w 7ol i, E=68.902Gpag 4] Afmel el
oluldbel, gu 1, 3 FAlol] el 44z 34,450

Mpa, 2 S-=fof 45

137. 8)4 Mpaoj e,

aily

Laity fall'o" zbzb (0127107 m, 2500 Hzo| c},
Table 3¢ %515 Algtzne] F4% 54 Aol
b A 16)9] 4 skl olgb A4 o= [5.346

x107*m?%  7.719x107 m?,
A o] FakE et AT
ok obE eivh AbEsl

3.713x 107 m?] ) =] u}
Sk A ]

ok, Fig. 7& WHA4 k=

11.50

11.00

Veight (kg)

9.50 ¢

L ) i

9.00 At
0.00 12.90

25.81 38.71 51.61

Tolerance band (Ax,x10m?)
Fig. 7 Tolerance band vs. weight (three-bar truss)

Table 5 Worst case and feasibility with conventional optimum(three-bar truss)

64.52

zeleh FRuel 4l HA YA 119

1.0e2 sho] Fatgdels Ar=[6.4516 10" m’,
6.4516 x10"° m®,  6.4516 x 107> m?]" % ]  Jv=
[6.4516 107 m?% 6.4516 10" m% 6.4516<107*
m?]7 7 7] ‘ﬁﬂ‘l?]”f’ Moabzyl el de] &4

ol A EAD Aolsh FaAele] F7
S5 AREDE BRI Aokl Ao A
Fapol Fobsha aleh %, Aldad il WAg
of #7bslo] shgejolo] ghaslof Mplal: # bl

k. Table 43 A,\‘f[6.4516><10'5m2 6.4516
107°m?, 6.4516 <10 *m®]" el 7o WAAS ks
1.0+ 1.57h2] Wk« Fg 2ads] v o

el HATHE FRE AL Aolch A S
hEThRA% FRe E el Fobehant Fabed ol
= v ghk /OL 28l 7| ;}%ogo;]l 0,}01] 91% 7} =430

Table 4 Robust optimum with varying k(three-
bar turss)

A A* Ay¥ f*

1.0 5.410 0.789 3.865 9.777
.1 5.416 1 0.791 3.880 1 9.799
.422 0.792 3.895 9.821

—
[3%]
W

1.3 5.428 0 3.
1.4 5.434 0.795 3.925 9.864
1.5 5.440 0.797 3.940 9.886

Design variable Constraint feasibility
Case constraint No.
A, A, A, 19 22 25

1 A—4A, A~ JA, As—dA, 0.0110\ 0.0299\/ —0.0014V/

2 A—dA, Ay~ JA; As—AdA, 0.0063\ 0.1286\*’ 0.0065 o
3 A, —4A, A+ 4A, —JA; 0.0157V - 0.0047 —0.0011\/

4 A - AdA, A,+ 4A, As+ dA, 0.0110V o 7*0.0205 0.0063 o
5 A+ dA, ~dA, As—4A, —0.0118 0.0212\/ —0.0070%/

6 A+ dA, Ao A, As+ AAs ' 0.0150 0.0047\/ 0.0010

7 A+ 4A, A,+4A, Ay— 4A, :6.0063 —0.0118 - 0.0064Y/ N
8 A+ 4A, A+ AA, As+4A, —0.0110 —-0.0283 0.0012




120 ol #3l - Al

Fobsich

A (16) ez 3E FaAlA HAd e dARTe] F
g dg wmelskd 27]ol Adsl A obx_ Ag4e
| oir}, Table 5= 71 &2 | Hsjol s A
AW g el Fabed ool Jr=[6.4516 X107° m?,
6.4516 X107°m? 6.4516x107°m*}"-& a#{dted vt

Constraint feasibility

ehd 4 oy #ZetzAe z¥¢E dAlstz Arh
A4 S 3ol nR Fadels e 3 ~10.00 Penalty factor, k
olz7lo] z3e] 4% 2°=go|t} ejx Table 3 (a) Constraint No. 19
of Mez7F A4sAGRzAo e Dzl ATz
AW s 19, 22, 25l hsked 7FEAS HA|eH 2
of, V FAlE AgzARss Hvshe Atk B
AREH ez T8 HAse dAHSFot A4 L
2 Yz ddz AL ARE 5 ok E
Table 62 #3447k 1,08 Aol % 7alol 5
Zapoded e meigto g4 AgzAdel e &4 3
S T A3 ziolct, Table 69 87} 2 otz 710l 4 ’ Penalty factor, k
ANz sl 7A$+ 4712124 Table 52 {(b) Constraint No. 22
712 #H Aol gk 7oA R} Ho] FraPew o 6.00
”
upeks o v sstol, Mgz Tdse via S = 400 L
ke 4 (14) 0] HAAFE 10xch 2 AT = b
ezH ddel siyshe Fig 88 MAAsE W 3g 0
347w Atz E 19, 22, 25Hol ek 7} 22 0.00 : . )
Qe was A o] y g ¥ 11 12 13 14 15
& 6w 2L ]‘i} f\o] c}, a'ﬁ?ﬂ‘l“ﬂ’ ‘6‘7}%0‘] whe} ‘g -2.00 +
Agrzziggel Aol e ] A skHeka 9l 3
5% o 4 9ok, velvf Table dof sk el O T alty factor, &
A 49 Zote dalgHe FobE bR (c) Constraint No. 25
2 "B HAAse Al 2yl Fig. 8 Feasibility depending on k (three-bar truss)
Table 6 Worst cases and feasibility with robust optimum (k=1.0, three-bar turss)
Design variable Constraint feasibility
Case constraint No.
A A, As 19 22 25
1 Ay —4A, A,— 4A; Ay—AA;s —0.0040 0.0012V 0.0052
2 A A, A, dA, Aut g ~0.0074 ~0.0146 0.0126
3 —AdA, A+ 4A, Ay~ dA; 0.0004V —0.0320 0.6050
4 A, —4A, A,+ 4A, As+4A, —0.0040 —0.0458 0.0120
5 A+ dA, A, — JA, Ay— JA; —0.0256 —0.0068 —0.0002\/
6 A+ 4A, A,— AN, As+ AA; —0.0290 —0.0226 0.0073
7 Ai+dA, Ay + dA, Ay —dA, —0.0212 —0.0380 ~2 8E-5Y/
8 A+ 4dA, An+ A, As+ 4As —0.0250 —0.0540 (.0071
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Fig. 99} 7to] &}Fo] &35l F2EoA &l
o] vel(w), Eol(h) o FANE 2As+= A4
olef, M 7L Faeo vl 2
3ot F-ggF= 4 (13) 3 2ol Fekel HF
IEAzE T = FEH ol A
7t HAjol| 28w 5a-gHolrh, 7| Eo FHA 3
Aol A Zbe gy b
Weight (w, h, t)
L4309 -1.0<0

Minimize
Subject to

6.35X10?m<1w<2.54X10"'m
6.35X107?m<h<2.54x10"'m
2.54x107°m<¢<2.54x10?m (17)
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Zslo} ook zelu AAMSe FadqE 1w

ghebdd olohsz whE At b Aole B

9l &% 7% 4 2l Table 72 71&2] 34

7k FTAred o, =[2.54x107° 2.54x107°
Rl

9]
78419 vpepd Aok V/ FR]E 3wl Eg]xg
Agst chitde AGEAREE el
£5 A ro] el VO EAE FohA
270 et Agoleh ubebd AAMEA ¥
Ay ‘.F ekl s welg A4
S5l F-aelrd, Table 8¢ Axr=[2.54x1073
m, 2.54x107%m, 2.54><1()“‘m]707 73Sl A
As k=1.022

=
sel, 4|
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(2) 2 thFEA g
A A eF 0.0, 0.5 % 1.022 HE4]7iu 4

A 7 A M, EEHYEE 9
AN ot A EgHeE 2 6 Mpaclet e SOHE BE FAG A7 A TR
TUS, P8 MEYTHE Bage, Aea y LT HATOAE A @, W9 2AAL
1 ] 4 6), (Mol Hldel FEEAE ol gkl 7o
)= x*=[wht]"=[0.198 m 0.254 m (.00254 m] ) .
s 7&73614% dlasrgicet, FR AL E ol &3ted T
24 A4l Feolabd-e dndd (11, (159 -
sl5 slalaja ZhEsla o st g NE
o|3hol T s vlmetd 1 A o 2
vvvvvvv of, ol A2 Mo Fipe] thug T4t Al
of Shakol ulAd g ade]l A g ool el ure}
4 BAFFRA Fokel ofyl thE WAl mi &
glafol ddsidd Hi W FFAHAEA 4 (),
(e AHEat7] ol HAgse AAsol g
Section View H]’(\iaglbl O' iE}O"‘ O}: o}-t:]— 1 10’8_. Eo !_, \} :g—
E=208.71Gpa aked gl A 7hE Al W stol] whE 7l efol 4 o]
Fig. 9 Two-member frame o EFEAE 549 Aolth sEH ) Zohsk
of uheh Feael HFe AaskAw EFAAL 3
Table 7 Worst cases and feasibility with conven- beba glow], HichE pER v} ZbAde] g2y
tional optimum (two-member frame) 7} At Al #Hato] Frbela ek o)L
=% oA ghio) E oz ] } e}
Design variable Constraint gty EAog g Fale AAol ubep o
Case -
W h t feasibility
Table 8 Comparisons of numerical integration
1 w—dw | h—gh | t—gt\/ 0.1330V and Taylor’'s series for robust
9 w—Adw | h—dh |t+4t —0.0670 solution (two-member frame)
3 |w—dw| h+dh [t—dtV | 0.1099V Robust optimum (x107* m)
4 w—dw | h+4dh | t+ 4t —0.0861 a |Numerical integration Taylor series
5 wtdw | h—gh | t—4t\/ | —0.1054 w* h* t* w* h* t*
6 wtdw | h—~4gh |t+4t —0.0898 0.0]198.90/253.75| 2.565 [198.90]253.75| 2.565
7 w+dw | h+gh | t—-4t\Vv 0.0831V 0.5{127.09|228.85| 4.218 |127.09!228.84| 4.218
8 w+dw | h+4h | t+ 4t —0.1083 1.0] 85.2411566.54| 11.04 | 85.24|156.54| 11.04
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