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System Reliability-Based Design Optimization Using
Performance Measure Approach
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Kang, Soo-Chang - Koh, Hyun-Moo

Abstract

Structural design requires simultaneously to ensure safety by considering quantitatively uncertainties in the applied loadings,
material properties and fabrication error and to maximize economical efficiency. As a solution, system reliability-based design
optimization (SRBDO), which takes into consideration both uncertainties and economical efficiency, has been extensively
researched and numerous attempts have been done to apply it to structural design. Contrary to conventional deterministic opti-
mization, SRBDO involves the evaluation of component and system probabilistic constraints. However, because of the com-
plicated algorithm for calculating component reliability indices and system reliability, excessive computational time is required
when the large-scale finite element analysis is involved in evaluating the probabilistic constraints. Accordingly, an algorithm
for SRBDO exhibiting improved stability and efficiency needs to be developed for the large-scale problems. In this study, a
more stable and efficient SRBDO based on the performance measure approach (PMA) is developed. PMA shows good per-
formance when it is applied to reliability-based design optimization (RBDO) which has only component probabilistic con-
straints. However, PMA could not be applied to SRBDO because PMA only calculates the probabilistic performance measure
for limit state functions and does not evaluate the reliability indices. In order to overcome these difficulties, the decoupled algo-
rithm is proposed where RBDO based on PMA is sequentially performed with updated target component reliability indices
until the calculated system reliability index approaches the target system reliability index. Through a mathematical problem and
ten-bar truss problem, the proposed method shows better convergence and efficiency than other approaches.

Keywords : reliability-based design optmization(RBDO), system reliability-based design optimization(SRBDO), performance

measure approach(PMA), probabilitic constraints
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2 A% A5 2 FHRES APT 5 glo] A AR N ARAANE A8 5 e wo] Atk olefd
0% T8 Sl A2 Alsle 7 A el NS SUE S sl TN A 3
3} A2 AFE AR SR AE N AR FROR ko], 82 A shARe Sashs A F]u
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1.M B

TEE] A EEFoz A, AEske 2 Al
T2t 5o ESgdo] UxHo] qlor, o3t B4
B AASE Al s A el dAlRt &
Utk 71 FHEZ HRHANAME olelgt ESAES
AHsly] flete] T2 AL AP ARl 7Rk kA
FE AHESIGAAEE, FAC AAAEEC] Sl M2 TE2E
9] Agolle HAIGe] A A7) o, 2B &
THE Y R AR BAEA] et olHd £AIE
aidstr] flal HAEA 2 A S FAlO Flsk=
A= 7]a H XA (Reliability-based design optimization,
RBDO) gt A7t 350 sithEad 5, 1999;
Moses, 1997; Frangopol and Maute, 2003; &3, &
E., 2006; SFH7] 5, 2006).

AT 7N A SR AR 9o GE
FE2AL AT Yor 7 FEPEEAG g3 A
SiHoRRE QoA AT A B HjsEe] BE A1)
= A Fe B AHEe vEshe 99 dold A7
AARRE T8k Aelrt. o, gETEEs ksl W
Hol we} AF)%= X4~ HH (Reliability index approach,
RIA)(Enevoldsen and Sorensen, 1994; Chandu and Grandi,
1995, Lin and Frangopol, 1996) % A&x HTW
(Performance measure approach, PMA)Tu &, 1999;
Lee &, 2002; Youn &, 2003; Youn and Choi, 2004a;
Youn and Choi, 2004b)o] It} Lukzog wiwd HT
o 7idE PMAZ} RIARGH =84 9 ARE 384 39
oA o fdtths vl FalEn ATk(Youn
2003; Youn and Choi, 2004b). 3}A|%+ o]&gk <l
2 Z7Fe] sHAdElel digh 84 AF|ERRS 118519
BE SAEE Sl aelet Al2E AlEes o
Ut

Alz=|) AEE e Flje] dAFakEel oal B 3-8
Hopoll A8Ho] 2ol vhEad, AAE, 1995, Fsel,
34, 2001; 8wl 5, 2006; Frangopol and Imai,
2004). SHAIRE o2|gh AJXEl AR =S AlEE 7R H2Ad
Alell 283 A7 FAPIEl 2ol e (explicit function)
oA Tt FxsXo] E3hE A9l AE-(Kim and
Wen, 1990; Frangopol and Hendawi, 1994; Al-Harthy
and Frangopol, 1997; Moses, 1997)=%= ¥ B35
zeAs a7k Akl A8E vt glth o= A
3t AN B IAVIHET 2 FESA0] 7o
=gk ALAR 0] ARE7] wjEoltt, BEgE Al
RIS 7He) wRRt 52 SRS R FAE
7] Wzl Al=E AR % Ao tigk rEAPRES 617
olgfH, o|= <l FEAel A At A= & o)
e olfroltt. webA, Heh o] Fal AEAQ Al
H AE= 7IRE H24A] 7] sl dasidal &
At}

o] =RXe FAHoE MHT AKMNZEE B
o8 FoFe A=H AFE EE HAEA TS A
stz st Yi 5(2008)2] 71E AFelA PMAE FF
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Hog AIE AF B AAIFES T = glo] Al
) AFe 7 HFAA s 24T = gl 9ol
A71E wvh Uk o] BHS 3
2008yl oJaf AFE FarFES o]8dt AlxE AlF=
719 HARGA daElss 84 AE MRS sk
AZE 7N HZREA B Al2E AEE sjMRks
Peh= HHEA FESE o] 84 AT kS
FYsl= A= 7 H2dA PMAS 283190t Al
ke WhHe] B8-S HES] HEM FXFH A4 2
101} Evl2 ZAlo] tiete] Al2E] AZ]% 7]gh 287
£ st

2. ME|z 7|4 F XA Ho|

minimize f(d)
subject to  P(G,(d,X)<0)<P,i =1,...,NC N
d“ <d <a”

A7, d=[d.d,,....d] & n7le] BAWFE 7IAE M
B, x=[x..x,) £ mle] FEUFE 2 W,
Adye BATE, Gd,x) & A AR, NCE BE
TEZA AN, PrE iR BETEERY] BRuSE,
d“aU & izt AApasE e Blek 2 Aehelelt), =,
A= 7 A AAE A7) S el ok s kg
ExulHgEntt Holof grhe 238 Eshe AT
£ zh= FAloldh

AV G, x) o tHZ FHSES v A ()0 2
o] e & otk

P(G(d,x)<0)= FG’_(d, 0)= -[G.(d x)<0fx(x)dx 2

A, fE 28] BFABUETS, Fa,0E FA
SERETrolt. B BE 90E At B% g

A5 gt AR o2 4 3 Ze BAZE A
A=

P=d(-4,) 3)

A7V, @o( - )= EEGTFFEEESSo|t

2 (el FETHEED PGx)<0)<PE The A
@ 2 59 2ol T/ WHoZE FHHEKTu &5, 1999;
Youn and Choi, 2004a).

B(d,x) = -0 (F; (d,0)2 5, )

G, (d.x. B,) = Fg (d,0(~3,)) 20 5)

A7IM, B, B G(dxp)E A2 MR FAE
210l gt A= A (Reliability index) 2 FEATX
(Probabilistic performance measure)°]T}. 2] (47 4

T AFE 385 FEFERUS o83 PSS
RIA, 4 $AY FEHSAE A8 WHS PMAZAL
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3. MEE 7|8 HEMAINS HETETH B}

3.1. ME|E X|3= H2(Reliability index approach, RIA)

4 @k 2 QI A% ARE S A% A - 2
AA2 WPHOZE FORM(First Order Reliability Method)
(Hasofer and Lind, 1974; Rackwitz and Fiessler, 1978)%}
MCS(Monte Carlo Simulation) (Bjerager, 1988) 5°] %)
tt. FORMS 83l 2] (4)9] A= A5 F317] 9
M= WA HIATEE GEHUT xE AT E SEW
I uZ WHE3}(Rackwitz and Fiessler, 1978), T 24
6y o] g o] FERAS Zke HRFE St

minimize  |u ©)

subject to G(d,u)=0

o|ZRE Aozl HAZR MPP(Most Probable Point)’}
gy O B W, A= A5 LhelA AV
o) HAR f(d) = |up,| 2 FRE,

3.2. M5X| =Y (Performance measure approach,
PMA)

PMASIME 57421 2 (55 F7lsl] e #
A RIAGIAM ¢} TRPIAR eSS x5 XT3 EE SF
HE w2 WAkl gt oluf SEAGTAE wEtMdolA
gk o] FEERAS 2k FR s ARRH 78 4 Aok
G(d,x)

ol =4, @
A71M |ul=p, $12] HHR] MPPE up,,, o2t 3L o,
FETHE G, (d)=G(d.T (upy,) = FERIITH

21 (Mo HA3sE FAE Fe TR dagEeEs
AMV(Advanced Mean-Value)'d™, CMV(Conjugate Mean-
Value)d'H % HMV(Hybrid Mean-Value)"*H(Youn, 2003) 5
o] Atk AMV WH2 SAE A o] EF 3 (convex
function)?l 7ZA-5-ole wWE FHEHAYS Ho|AT Q&3S
(concave function)?] 7d-9-oll= FHo] =AY wilel=
AL zka o wbde] cMveE AMV e g9
2E3kE0l Afols wlg- a8FolAT, B2 A9
o= 2 o] =2tk ol2gk AMVEE CMV ARls 2
ghet ¥hHol HMV HPolth, o] ¥hHe wl whEARE 7Y
oA, MPPelAe] 3 FEIZE EEF Afole
AMV @S A8l L5l Biol= CMV s
21§63t HMV WRelA dElE ddee A2 o
A @) 2

= m@"-n@" ) @@ -n@"?)
v,G(d,u") ®)

minimize

subject to

il

_{

e

where n(uk) =—

v,G(d,uY|

714, o' & A ellMQ] sATEl2el tiek Aol

APek(Steepest descent direction) ©]T}. o] Fgof wz}

errdale] A1 o' e v 2} )= RE T8 S Qo
uk+1=ﬂtn(uk) when sign(gj)>0 or 0<k<1

n(@)+n@ ) +n@

k2

kel when sign(éj()SO and k=2

©

=5,

t||n(uk)+ n(uk_1)+ n(u
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4. 7|1EQ| A28 ME[Z 7[8F EHMA

A= 7N HHEAAE 4 (Dellkel o] ZHzke] )
ROl tiEE a4 AFE SNE FHs SETERUE
B7RRI. s, FEEe] vae shue] AR
ofe] 7He) @A EEel olsl A=, 2o} A eSS
SHH0)A dom Mz duFol 3t webd, 72 A
Ale] w3 Age Adgstr] Hsire ARz e

S sl 7= AAE ARES bk o] 2
Ik ARl A= 2 AP A7) =2l da(
13 52 R olFolA sler AY, ¥E 59

Aeslow pAR. A8 AxRle 2zke] fAeEe)

Y o 2
o, ol

N

BT Pz ololrl Aol 1Y 19 34 2ol
o o] £k F el AT WA AzE A §
WS Aol WIS T9 20 Y Evs ok
s o] BE £49) st WA A Sz s
£ S FoEo wAT dadel 2gos Jog
% gk,

Alzdle] gk sHgES AFeke THOoEE H
Linear programmingS- ©]-8-3F ¥ (Song and Der Kiureghian,
2003) B Matrix 7|8k A|2=8] AlE]e 37} 9 (Kang 5,
2008) o] JWIHAARE o] =Rl dwtEor 7P
@o] ALE-E &= Ditlevsen(1979)2] 44 - 31871 (Bound
techniqueye ©]83t] Al~Ele] wldE g A= 55
28kt

AR AR e Aol tigk RIS 2 EAIE Al
q AEs 7RE HREAR b s A (103 o] A9
g 4 AH(Moses, 1997).

Iz 007,

T3 2. HE A|AH
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minimize  Ad)
ﬂsys(d’ X)Zﬁt_sys (10)

d"<d<ad”

A7IA, B (d,x) & AR AFE Apolan g = =3t
AR ARE Zgelt) A (10 22 A3 2AE &
A5, HIE A2E AEE Aol gk PR TESHA|
7 94 JEE Agd giEixe TS &S 5 7]
w4 (1 o] SETEE] 84 B AISH Al
FE2 o]Folzl Al JE% HE HHHA darglEol
A= RATHKim and Wen, 1990; Frangopol and Hendawi,
1994; Al-Harthy and Frangopol, 1997).

subject to

minimize  Ad)
ﬂj(dax)zﬂmi = 1, .. .,NC
ﬂ Sys(d)zﬂ t_sys

dF<d<a?

21 (1A gEEx1s Frsl] fEike 2 AP
Blo] tigk AEe HrEERE opel A shAVIElel thg
AlZE AREE 3 rlEojof aF7] wiiel] BRdek &
=l tisixe F=3k sirte] a7t B3k A (11)9]
e Tote HAEA FaugFoEe IditFo=
SQP(Sequential Quadratic Programming)(Rao, 1996)7} o]
AREEEH], ol ZF Al tigk AR AE e X549
HEARE a2 st s, e 32 FRF At
2 FAE AlZEe] AlEse] gk rlEAYRE 8] oH7]
wjZel] 317 BRFgAo] ot o] - "olxint. w
2hA, Bt ePFgA o R rlelia asAQl AFE et
VA darelE Jide] dasiial & 4 ok

subject to

(I

5. PMAZ|HE 0|88 Al2H ME[Z 7[8F XX MA

o] FRIME PMAZIS ol§3 A28 A2 7k
27 7PHE ARkgeh, A28 A=) FleE A 9
Pee ok e DS SAsE AAAA 22 A
28 R ST FYshe HAAA FROE el
22 % AHTE sk AP PMAS H8s
k. B3 A2 A5st vEE g a4 BE 4
Ao AFE AR Aoz 4 (129 A (13 2
& 5 ole) A3} BHe wEa SR,

WA e 4 (129 2 AEE S AR 5o
B,

minimize  Ad)

updated

subject to Gpi(d,x, r )>0,i=1,...,NC (12)

df<d<a?

A7 g B G x BT E A A
Zdej2lel tigk 7AE B AR® 24 2 SEA ot
21 (12)9] FE7E208 W] YA PMAS S35}
I olu) MPPE [u = gP*! 9lol) EAlaHA Bk

21 (1225 dojzl A 42 FE ALk 237k
SAFEN Aol thete] FORMS ©]83F A4 218 <=3
3l AFE 255 ARSI Ditlevsen] 4 - 318HRHS.
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2 AR AEE A5 Fob] Ssixde AT 84 p
£ ZAAsfof sk, o] s AEY] 849l g 9F
oA A SHAVIEl2] MPPZEX|S] W E e} AxolA
HA) SHAVGEN 2] MPP7EA|e] WRRE7} o] F= Zof tigh
FAR] o ZRE AR} AR AHE A4 g g
Al FES o83t o A (13 22 JHst S
gttt ol Al2El AFE A7 B AL AlFE A
FHO Achs 2384, 732 3 AlEE Aot A4
A= zgeke] P A (Mean square)xfolE HAs)s=
Aoltt.

(13)

Ne updated 2
minimze Z(ﬂﬁ -B)
i=1

updated

subject to B (B PIZB,

A7), pUrded = HAs) gwe|Eo g RE Tajob 3 A
ARRGTE ER, B, (B p) e Talol B AR AEe
A o) ARG B2 pe gL wae o
Battke 7P =98h (B0 p) & 71 0]
A A tig S5t Se pxajae SaE Pe
7 QU Bek 4] (131027 dolrl HHgl gttt =
oAl A (120 Aeste] A2 AAMSE et Aok
whle] TAFe darelEe Iy 3 gow 1 A= o
o} At}

Step 1: AN, FEWUE, FAEA 2 27] 948
2E AT 252 Fojsich

Step 2:2] (12)9] HalA PMAZS o] &3+ Az 78t
ANAAE sl HH HANS 'S 2R

Step 3:Step 2041 AH HH HAWMS d'E FE3
7+ SAVElel Hisle] A2 S4(FORMYS Sa5taL, o]
SR AR A5 g AWAG FE p D AAE As
52 AR} 2" AR 7L B A)2E s

Aok BABNA 9k AS T WAE e,

¥

Define design variables, random variables, limit state
equations and initial target reliability indices

I

Reliability-based design optimization using PMA

minimize  f(d)
subjectto G (d,x, Bty = 0,i =1, NC
d"=d=d"

ld.

minimize u"

Reliability analysis

subject to G(d,x)=G(d,T '(u))=0

updated l )(): 4]

i

Updating procedure

" )
minimize Z{ﬂ,‘;“""“““ - ,b’,)‘

subjectto 3, (87,p)> 5, ,,

|

J8 3. PMAE 0|88 A28 2= J|HE XXM
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Step 4: 2] (13)S o] A|zHle] AZE 2|57} =i A
28 AFgE AFe RIHEER Bg AR A5

updated = 7 x1gITY,

Step 5: 7AE BH AT A5 pritdo) gisia A
28 AE 47t B A2 AT 2590 23k o)

7HA] Step 2~Step 4 TS WHES|A =3t
6. o240l x|

6.1 OIM 1 : =85 2|
e el 88485 ASs] flste] 71 =RellA
AANEAE 4812 FA|(Youn and Choi, 2004b)ell A]2~E]
Ao o RS SIS0l ST o) AR
TR A (149 2o] vhe] AR, 271e) e 3 3
Mo} SETEEAoR T
minimize Ad) =d,+d,
subject to P(G/(x)<0)<®(-4,),i=1,2,3
ARG R
0<d,<10,i=1,2

o714 Al 7he] SFAPFENAS T A (15)9F 2

(14

Gy(%) =x7x,/20— 1
Gy (%) = (x, +3x,—5) 30+ (x, —x,—12)/120 — 1 (15)

G(x) = 80/(x; +8x,-5)-1

A7\ AARTE d=1[d,,d,] °13, FEHT= x=[x},x,]
ol HAMT 4 B de TEVT x B o Bugke|th
FEASE ATEES w2y IFExRs 25 03 oth
%7] AAMS ZHe d°=[5.0, 5.0]" ©)L, X AT A
By=3.001H AI=El E3t AFE A g =3.0 ot Al
2H AFE 7 HRAAE ] Heixe FERSTl

Sk SVl Ale] mlitgke] s He=dl, BIE 4 (15)
7} Rl wiEell AAcR O migs 78 A
ARk Fxef o] xFE SEE 7Pg3kal FFD(Forward
Finite Difference)d'H=2 AR5l ]2 30E T84Tt

WA AzE AzEd] g GEPEEAS e 4

9 =@ SRBDO(Component and system reliability)
—&— SRBDO(Only system reliability)

The minimum of objective function
Qe

1 2 3 4 5 6 7 8 9 10
Iterations

O 4. ofid 10i1M HES2RE] ME SXE &Agto| ME1F0|

E30% H3AYE - 20104 SH

I 1. Ol 10lA BESIRYO] WE MAHS| HME1E0|

SRBDO SRBDO
. (Only system (Component and
Iterations reliability) system reliability)
d; d, d d>
1 5.0000 5.0000 5.0000 5.0000
2 4.0000 4.0000 4.0000 4.0000
3 3.0883 3.6991 3.3985 3.3433
4 3.4884 3.1186 3.4197 3.4000
5 3.1348 3.3106 3.4264 3.3937
6 3.3701 3.4813 3.4218 3.3992
7 3.4233 3.3684
8 3.4198 3.3990
9 3.4229 3.3983
10 3.4229 3.3982
E 2. oMl 10lM 2+ SHA|Ef A S Hoteh=s Sl
Number of function
evaluations (NFE)
G G, Gs Total
(Component Srf({i]i}]/)szm reliability)| 485 | 1655 | 604 | 2744
(Only Syssi]f’nDr(e)habﬂity) 794 | 2697 | 1239 | 4730

10y 84 9 AxF Az gigh gE7ERAS 2
= 21 (1)l st siAls w3ttt 1d 4 W
Aol WE E2FFY HAgke] ¥slEolE YeRAL £ 1
< WPl mE AAWHSe] ¥slolE yepdth &
A B ARE AR it SEFERAS BT g
A57F Aled AEew dEFERA0F aPg ARtk
+ O gHog e FES & & Aok 3 2004
I 49k 10049 HEAH] A v wizkAe]
Z+o] SHAAEAS H71EE 34 (Number of function
evaluation, NFE)YS UERITH HIE Q4 2L Aj2=E 2l
= gt FETERAS Ze A7 Al2H AE|E|
gt SEFERATS 2 AR o B FERAS
Zk AR, RS o 9ste] WA NFEE © 25
< & F AUtk

21 (14)0] tieiA] 84 B AJRE AE|R gt SE
&5 BT aEg AlRE ARs 7 HF A9 RIA
2 PMAZ o|&3t 2 (12)9 4 (13)S Ao F=
A"l A= 79 2374 (Sequential SRBDOYE =35}
Atk I8 59} 62 7] BaE AlEE A5 g iediasg
0] 79l Aekd W (Sequential SRBDO(PMA)] 2J3H
AlZ=E] AT 2] wslEo] 9 HA3 Haghe] wist
FoIE YERT o225 AIQHE whHol vk e
gelst 4= 9tk ¥ 3S SRBDO, RIAZ ©]83}+ Sequential
SRBDO % PMAE ©|83} Sequential SRBDOS| thd+ 2
= Yehdith. SRBDOE 27449 $=717F Ha3h vk
W OARHE WPHE 1514919] erivkes Hew e &
Ak T3 e4W AT xgRold SRBDO2| Hae

flo o
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31

29

System reliability index

28

2.7
1 2 3 4 5 6 7 8

Iterations
3% 5. Sequential SRBDO(PMAY R0 2[gh AlAH AE[=
Xjz:o] E1510]

=

6.85

6.8

6.75

The minimun of objective function

6.7
1 2 3 4 5 6 T 8 9

Iterations
1% 6. Sequential SRBDO(PMAY o]l o8t SXE= A7k
H5150]

3.09710]a Hhe 9.8759% whA SRBDO-PMAOHH% E

§JP 3.19430)3 Hul= 9.7994 o]t} = AlokE e
A2E AT RS DEIEA S0 7 e 9)d

@) Q2 AT AF2 BolFa 2o 94 NFE A5E

Sol, urt HAYE AT VL 5 USL B 5

ru[o

6.2 OIX| 2 : 10-bar E&{A
AzQAE IS a8 7 22 10-bar EF2(Choi 5,

2007; Yi & 2008)%] ©HHAS}E Ao Al2E AlEE
x5 F718ke] SRBDO, Sequential SRBDO(RIA) 2

Sequential SRBDO(PMA) H'HS- ©]-8-3]

oH=

SEEE

I 3. OiF 10iM 2

L 9.144m(360in) J/ 9.144m(360in) ‘|
[ T i
R AE ®
o
)
£ ® ®
3
= Q ©
444.822kN 444.822kN
(IOUKips) (100Kips)

%l 7. 10-bar EB{A X=E

A2g] A= 7 HH3 BAle oS A (16 2ol
Hol=t),

10
minimize V= ZAiLi
i=1

subject to  P(G(A,R)<0)<D(-4,)(i=1,...,10) (16)

ﬂsys(d’x)zﬂt_sys
G,=R-|o(A)| (i=1,...,10)
0.1<4,<10 (i=1,...,10)

AR 7k Bz FAje] whad1o7h)ela, SEES
= EEV\ ‘:‘XlH g 1o7)) 2 8-l IASE
E 7 Efa Ao $¥o] 38-38S xyshd vz
eIt 7 BEwse) FERT 9 X AT AdE
o A (17 o] ndEELh =, 3838 2 Eya B
Ao DA AFHES mET AsE B AZEAs
= 2.0 o]t}

R~N(Q2.5E4,(1.25E) )psi

A~N(y,0.0512,))(in) an

B,=2.0

B, s =20

Z7] AAIRESE A°=[5.0,5.0,5,0,5.0,5.0,5.0,5.0,50, 5.0,50]"
2 34S 333 Ay}, SRBDOE Fgo] HA| ke v
Sequential SRBDO(RIA) % Sequential SRBDO(PMA)T
o] Fct. wbd, SRBDOS! A$olls 7] AAgS
A°=[7.0,7.0,7,0,7.0,7.0,7.0,7.0,7.0,7.0,7.0]" 2 273} =3}
sttt 27] 53 AIE AFe 24 A H A

1:
25

2ol = Zot vl

The minimum of objective Reliability indices System reliability NFE
function and design variables B B, B) index
3.0971
6.8211

SRBDO 3.3718 3.0000 2744
(3.4218, 3.3992) 9.8759
6.8326 3.1922

Sequential SRBDO(RIA) 3 4675 3.3651) 3.2128 2.9971 3001
’ > 9.8139
6.8368 3.2107

Sequential SRBDO(PMA) (.47 4’9 3.3619) 3.1943 2.9972 1514
) > 9.7994
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I 4. Ofid 20ilAM 2} Egol| mE ME|T x| H|w

Reliability indices
srapo [Ssasnia DO Sequia D0
B 2.6519 2.6722 2.6772
B 6.6983 7.1500 7.1498
5 2.6296 26731 26712
B 2.8903 2.6743 2.6685
5s 7.1544 7.1743 7.1716
Bs 6.7164 7.1500 7.1498
B 2.6461 2.6653 2.6668
iy 26153 2.6709 2.6733
B 2.6328 2.6711 2.6691
Bo 44214 3.9916 3.9913
Bus 2.0000 2.0047 2.0045
E 5 Ofld 20l 2t dhHol| 2 MAMS W SEEE Eat
H|
Design variables
Sequential Sequential
SRBDO SRBDO SRBDO
(RIA) (PMA)
d; 9.6648 9.6837 9.6874
d; 0.1001 0.1000 0.1000
ds 9.7788 9.8085 9.8070
dy 4.8937 4.8148 4.8126
ds 0.1005 0.1000 0.1000
ds 0.1003 0.1000 0.1000
d; 6.9471 6.9528 6.9534
ds 6.7450 6.7801 6.7815
do 6.7797 6.8045 6.8035
dio 0.1090 0.1000 0.1000
(;}J‘Zc‘tﬁ‘;“}l’l‘jﬁlgi 1934.78 1936.54 1936.59

I 6. OilF 20lA 2+ 2ol i B-TI 13 (NFE) B

Number of function evaluation
SRBDO [P A | ing PMA.
G 44,096 448 246
G, 79,822 848 363
G; 44,170 448 246
Gy 48,330 448 246
Gs 88,949 835 431
Gs 79,741 848 363
Gs 45,306 435 246
Gg 43,909 435 246
Gy 46,023 448 246
Gy 69,567 638 333
Total 590,413 11,510 6,638
updated

ti
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4 345 vlws] XA SRBDOE 3 5904131, Sequential
SRBDORIAYE % 11,5108, Sequential SRBDO(PMA)E
6,638 TS a79e & 4 3tk 53], SRBDO
v 3] B g e B-:rLO]'Cq B3k FRaiAE
9—?'3]":— A Atelle AY BbsEs & 4 ok v

Hell AlkE “o”?.]ﬂ?l Sequential SRBDO(PMA ) vl-$- &3}
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7.2 B
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