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Abstract

This paper proposes an efficient dimension reduction method (DRM) that considers the nonlinearity of the performance functions in
reliability-based design optimization (RBDO). The dimension reduction method evaluates the reliability more accurately than the first-order
reliability method (FORM) using integration quadrature points and weights. However, its efficiency is hindered as the number of quadrature
points increases owing to the need for an additional evaluation of the performance function. In this study, we assessed the nonlinearity of the
performance function in RBDO and proposed criteria for determining the number of quadrature points based on the degree of nonlinearity.
This approach suggests adjusting the number of quadrature points during each iteration of the RBDO process while maintaining the accuracy
of theDRM while improving the computational efficiency. The nonlinearity of the performance function was evaluated using the angle
between the vectors used in the maximum probable target point (MPTP) search. Numerical tests were conducted to determine the appropriate
number of quadrature points according to the degree of nonlinearity. Through a 2D numerical example, it is confirmed that the proposed
method improves the efficiency while maintaining the accuracy of the dimension reduction method or Monte Carlo Simulation (MCS).

Keywords : Reliability-based Design Optimization (RBDO), Dimension Reduction Method (DRM), integration quadrature point, Most

Probable Target Point (MPTP), degree of nonlinearity, Performance Measure Approach (PMA)
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Table 1 Nonlinearity evaluation examples

Case Type GX) (p=1,2,...,30) u o grar Distribution
1 Concave 0.05 - 1.26" "2 —x, +6 [0.5,4.5" | [1.0,1.01" 1.5 Normal
— 80 T T 1
2 Concave 0212 (2, 1) +8(z, 1)+ 104 [0.5,0.5] [1.0, 1.0] 1.5 Norma
3 Convex —0.1-1.05" " '2? —2,+3 [0.5,-301" | [1.0,1.0] 1.5 Normal
4 C -1+ il 9,0.51" 1.0,1.01" 1 1
onvex 1‘071’_11378951 104 [9,0.5] [1.0,1.0] 5 Normal

220 e=EFMTZSEE =2

linal

| M|37# XI3%(2024.6)



Hl2E A Fig o TR ey sich FEEL v
HGE 0, & FEEE P2hE 2/ A S Lhehiiet. 1)
sTope) - M e pE 14 30744 S7PA1710] Qe AT HA
AL, AN 2 7023129 ok
ot 3522 218kt

HIAP =S E ehd s g
Case 1~40|A] FFH o2 81 4= 9= A2 0, 4] 0
o 77k aE AR o] 2ot IAglo] FE Tt vl st
the Aolt) o= ¢(X) Mmﬂ 7IH ARA LGS 5
< ou)gte) whEbA, n=1

AAE QA o] gt A =,
FORMZ ARg-sh= A o] vtd&siet. 0,71 5715t H FORM

o] A3z = o= Hhd n=3,5,79] DRM2] AZHE L= 1)
WA =3 PRI A0 RBE AP =Lt AEA w9 4
7t Qo] w2z FFE £ gelst 4= 9l

Fig. 3(a), (b)= G(X) 7} 253
FORM% 971,071,17}_ %71—@-4\‘i %

TS| LA W, 6, = 0.1~ 079 1 n =38 A4§}

=
Y
©
N
Zi
PF
rlo
o
o
H”
17
o
£l
jusl
o
oot
ul
_\|l~
K9
X
>.
it

non uk°1 Z7Po}ﬂw 1077};q_ n—
25, 0,7 LORTE 2 39, n =73 ARg-3fjoF 32 2kl

o % gletk

500%  |-4=-FORM —&— 3 pts

3 *Spts —5—7pts
%:n 400%
=}
[=1
< 300%
=
-3
S
A 200%
e
=]
]
£ 100%
-4
0%
00 01 02 03 04 05 06 07 08 09 10 11 12 13
Nonlinearity (0,0, [rad])
(a). Case 1 (concave)

160%

140%
“© b
S 120% %
:; 6007 e Most Accurate
: 0
«
=
o
QR
-9
St
o
o 40%
g
&2 20%

0.0 0.1 0.2 03 0.4 05 06 0.7
Nonlinearity (0, [rad])
(c). Case 3 (convex)

Ratio of P2RM and Y¢S

Ratio of PRRM and pY¢S

oY

st 2@

Fig. 3(¢), ()&= G(X) 7} 25421 A< HIAE A9kE 1
ERi k. S 53trol M= n=3,5.72 F7IsIE 2k DRM2.
2 7Kgk PYNS 2 Zfo|7} glof T ot M2 FH E et
o] n=5,7& AHE3H= 20| n=33} v| w3l FEHwrt At
B)7) gfe ok 212 ojujstu, wjebA] SAG A HEAm
AL A Fo = ¢S Zo|th. FORMI} DRM O & H7}5t
PYLe o mgkae] o ur) vl wA 59 00], FORM
© ANE o2 34gs}sht DRMS T g5tk Bl
E Atof| A Case 39| 75- 0,441 0.26 1|Tk, Case 42| 7-¢-
0.16 w7} wji= FORM& AHg-3h= 2lo] 2 gto] 2hel= 9]
o w2 AHg-sof gt

HAEIAE Ak F9sto] et 253 Jejof v
Aol whet 2B Y 2] S5 A Ejsh 7] #S Table 25

59l ASHEiTh 2 9175 §8] A|HERBDO 7] W 25
oF£71 0 & PMA, MPTP BHA1HFH © 2 HMV+, 241 MPTP

£ YHI°IE st WY o R DRMe ARt A2 7|E
RBDO 7|®H 3} & L3, Fig. 40l Uebd 214 H DRM<Z o6
sto] MPTPE lto|E & o G¢(X) o vAF =5 B7ts
H7h 23] whet 24 g A =
o] thth.

nonl 0 T n= 3

Of

K

il

Sy
=
fak)
lo
:\!I:
P
il
r>~
1
ot
rr
ja)

500%

400%

300%

200%

100% Most Accurate

0%
00 01 02 03 04 05 06 07 08 09 10 1.1 12 13

Nonlinearity (6,5 [rad])

(b). Case 2 (concave)
160%

140%

1209 ¥

w... Most Accurate
100% e T

80%

60%
40%
20%

0%
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Nonlinearity (0,0, [rad])
(d). Case 4 (convex)

Fig. 3 Nonlinearity evaluation results of concave performance function

StEFART IS =27 H37H HM35(2024.6) 221



A=A 71k

B

24A o] med e A A o] A

Table 2 Range of quadrature points number selection

Quadrature points Range of 0, ,,,, [rad]
number (n) Concave Convex

1 [0,0.01) [0,0.15)

3 [0.01,0.5) [0.15

5 [0.5,1.0) -

7 [1.0 -
Find MPP x* RBDO using
using HMV+ PMA

v
Evaluate 6,,,n;
v Yes
Determine n ( Stop )

Fig.4 Flow chart of developed method
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Table 3 Probability of failure at RBDO optimum (%)

oY

21',
of
oY
r i
&l

G (X) G, (X) G, (X)

Method PE RM P};ICS Accuracy PE RM Py S Accuracy P;) M Py s Accuracy

FORM 4.9985 5.5726 89.70 4.9985 2.7929 178.97 4.9985 0 -
DRM 3 pts 4.9985 5.0011 99.95 4.9985 4.1258 121.15 4.9985 0 -
DRM 5 pts 4.9985 5.0010 99.95 4.9984 4.7869 104.42 4.9985 0 -
DRM 7 pts 4.9985 5.0016 99.94 4.9985 5.0163 99.72 4.9985 0 -
Developed 4.9985 5.0042 99.89 4.9984 4.7809 104.55 4.9985 0 -

Table 4 Results of 2D RBDO example
Method Iteration of Function Count RBDO QFt. Cost
RBDO G (X) G, (X) G (X) Total ldy.d ]

FORM 9 79 98 61 238 [4.6434, 1.6460]" -1.8667
DRM 3 pts 9 132 150 115 397 [4.7200,1.6321]" -1.8710
DRM 5 pts 9 168 186 151 505 [4.7468,1.6197]" -1.8761
DRM 7 pts 9 203 222 187 612 [4.7555,1.6157]" -1.8777
Developed 9 98 166 61 325 [4.7467,1.6197]" -1.8761
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DRM7IA] ARg-g = Ql=tl, 7 Wi o Al ih3ls= 1662
2 n=331 n=>52 DRM2] 1503]2} 1863%] A}o]of Qlth
Gy (X) 0] 74 9+= st EE53R A0 Aol 717ke] 7
ol A= FORMZ Al ARgsGith & ASleE 2
W ke WS 3253]2 FORME] 2383]H b whon)

=3¢l DRM®] 3973]¢} H| a5} 82% F =5 AR Zl0]

o}, wheb A, n =39l DRMS | <:2] 0 2 A3 71 Wr}18%
A §80] =92 3olg 4= gl

QFA] AP Table 3, 40 A ER1E 4= q15%0] G, (X) oA A

I -2 n = 3% DRM I} H] 523t o220 AR S ARE
12Uk n =591 DRM 9] R3S Kol A o & sfurg v
O ATt A8/92 thAl 3H i ERQ1E 4= Qlt ol A A
ghutel o] Gy(X) = B2y SEA RO R P = B
0%o]tc}.
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