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Abstract: Engineering design problems are usually uncertain because of the random variables. Designers want to design
scheme to meet the goal of not only the best performance, but also want to target performance is affected by the uncertainty
within the acceptable range. To solve this problem, we propose a multi-objective robust optimization method considering
sensitivity region (multi-objective robust optimization based on sensitive region, SR-MORO). SR-MORO can be used
to solve optimization design problem involving uncertainty design variables. This method assumes that the uncertainty
variables belong to the interval variables, so it does not need to know the probability distribution of random variables. Non-
gradient optimization method is used to solve the robust optimization problem, so that the approach is applicable for cases
that have discontinuous objective and constraint functions with respect to uncontrollable parameters. When the parameters
changed much over the linear range of the objective function, the method is also applicable. Finally, the applicability is also

verified by an example.

Key words: sensitivity region; multi-objective robust; robustness index; interval variables; the worst-case

1 5|3 (Introduction)
ARG, BTt AR BT AT B, X LpE
PIAR AP REEHO0AL B AntE Re A, 2540
W7 AN TAT . BN SMEF AR SR T — L
Bttt 7 U EE F 4R 20 B A5 ek SR R )
A T7 5. X BT VL F B AR e MRS LAL
Wik H#: 2014—12—14; S HH: 2015—-08—19.
T3@(5EE4 . E-mail: aiminyang@ 126.com; Tel.: +86 18633168516.
ALTHERZ: kMoK,

2K B AR AT H (51504080) BB,
Supported by National Natural Science Foundation of China (51504080).

JTIFABENLIES A i

T VE BRI T i I S B (S RS
EREVESRAG VTS5 SR G SCHR (3 1R e RS AN
58 TR AR R B2 A T 5 T Tay lor e JT I X TR] 0 M 7
V2 AMC 5 2L X 8] 2 BT 75 925 DAy 2 g i 82 ) L AR
Fr. SCHR (4126 TR A PEA AR BB i R it



206 oA R 5 N A

33 4%

I RGP I 42 Ry R B IR 20 AR ARAIE H AR
R ERRE. XA EOR B AR s U2 R AR B
WIS HR] 2, Horn ) — 2877 008 75 BB H b e H0M
PIRFATAEBET KRR T REL A B2 ek R R P,
BN A S B3 oA 5 8GR & 2 5 2 A
() E B B ] (MU sk (1018H% 2 H FRdE
LEPEOLAL R R, 25 R8T it RS R EME AT 22X H AR
PR AR T — Rl SRR AR
BOH T, SCER[1T3E P SRIFAUV S-S EUE TS 2
(FrR] S5 RIBUE, £ R RU NS HAE i e 1k
AR e, JEAT AUV ABhfEsE T P SEE LTt 281, BE
WA & LSRR AR AT XE LASRAS, (B eS8
O] RE S5 SRR

ESHORBIEAG TR T — M e &2 Hirft
T3, %071 RT LURIRAA D H bR R RN 2 SR A 0T
BEALAS S AN AT T, [R]I AN Re S50 AIE 1AL
BRI A0, SR, a0 R H bR e B L HR AR T
BENAR BEANESE, 1207 VA8 AN RERAHR L 1 45

BT LA B 43T, A SCAEGunawan 77 74 1 2l 3
7 AR T REUE X 2 H s &t 7%
(multi-objective robust optimization based on sensitivi-
ty region, SR-MORO). SR-MORO# i ¥ i1k 5% &
SCANIf E PR AR B () R X33, AR, BEAL AR &i1m) H
P BRI BB DX SR SRS SR AT AT REPEAR B X I, 3@ m]
P32 AR EN) XI5 AT REPEAR B X IR AR AT LA, A0
BT R HAR &R E. 20775 ] DLR SR R B
BAFERHLZHUN H b5 R B IE S SRR AL 1)
.
2 ZHWREHERAEA K Gunawan 77

(Multi-objective robust optimization model

and gunawan method)

EEMNLZEU 2 BRG] R B R
HEHF(QZ‘) = [f1($7p0)7f2($7p0)7' te 7fm(x7p0)]7
s.t. gj(maPO) < 07 ] = ]-a27"' 7Ja

xlowcr < T < upper. (1)

J—:t(l)l:':‘: [fl ($ap0)7 f2(l‘,p0), Y fm(l"po)]%%ﬂg<
BV, v = [21, 20, -+, o] R 52 M B TT A
B, p=[p1,p2, -, P RARFENZ AL g, (2, p) &R
APE SU

Gunawan 7 7AW AR Wit Aok HbsmT
¥ 5% A% Al [X Ik (acceptable objective variation region,
AOVR)(E1(a) itz B S BIBEHL S Brp (I HUE =3 18], T
%2 B [X 35 (parameter sensitivity region, PSR)
(B0 7)), PSRRI RENL S A E 1EAE
178 Fl, 5 PSRIE AL Fr oo Ak I S BB A IX ), )22

HA B AR &, Gunawan X F 38 AT RE S HUR Mk
[X 35 (worst-case parameter sensitivity region, WCPSR)
KA PSRITHE. WCPSRIZPSRIA (168 Bk 23 [1], H
PARE PSR BB IR A 8, A 1(b) BT,

A £ AOVR
: [ J>3
fz(xo,po)i 8 7
Soa
"""""" faepy )

(a) HARATH2 X8

]

FEVFX L

]

(b) ZHBURAE XI5
Kl 1 Gunawanf1% H bR &R %

Fig. 1 Multi-objective robust method of Gunawan

El1(b)H, R £WCPSRI:AE, R & S 4 n %
AR AL X 35k 1 242 BV X 38(tolerance region) 3 BH
WIS EOAH 2 AL X K. Gunawan & X H bR & #EE
1648ne = R¢/Re, W > 1, XWIWCPSREL EHEAL
S pHIn] B X 3, RN R A Hin e
Bk, HAUL R =) M 3) k.

mwinF(x) = [fi(z,po), fo(x,p0), - - -
s.t. gj(x7p0) < 07 j = 1727"' 7J7

:fm(w7p0)]7

771“217

xlower < T S xupper’
e = Rf/ Rg. (2)
2) T R SR =N 3) DLk vl A3 21

G
min Ry(Ap) = {[3 t|Ap,]/*},
P j=1

Jm (20, po+Ap) = fr (0, Do)
s.t. max |
I AfO,m

m=1,2,---.m
Aplower < Ap < Apupper' (3)

—1=0,



2 1

W%z RAE: 2518 R IX I 2 H bR SRR SR

207

KO)HA fonRm BEmA H AR 0] 22 3 X
IAOVR R/, X3RN AT RETE L FPSRN R
B R Rl R S R R R

SR, Gunawan 1) 77 V5 AN BE i o H Ax i B4 1%
SR 2 B R &AL R .

T 4, Gunawan 1) /7 15 & #: PEAR AL b i 223K PSR
X 35 B 25V X 3k, B SR AOVRIZ Fi b 1) i e 55 3]
PSRI[X 3531 7. 1 4, AOVRIZ Ft b ) 55 v] G ik 55 51|
PSRIXIR A&, B R TIX—HLR: B i) fe i 2]
B, AT REBL 2] By, IER KT WCPSR X8 45 M
%A IR B By R B, T 4% I X (3) A 2 WCPSR
R DX I 24 09 5 R 2 B R S TRt WCPSRY
DX IR R AR /N, IXRERE 2t O N JE 2R s br b
R SR E SRR E AN 2, B TR E T
TR XA S RS T A 4G

F 7, IR R EANESE, PSR X 3] 7] g A
LR A SR, WE2FR. WERO N AL ARG
F(3) NN & WCPSR [ X 35 1) 245 R Ji i 21 By () 7R
2, M oo B B . W5 R AEO, s, 3%
HE R 3) A 8 WCPSR [ [X 38 1) 2 42 8 I s 21 By
EE S, Mt mlaw A EHE. SR b, X PR
ORI R HARA SN, BIAE XIS
PSRIX 152 4.

X BV IX

Kl 2 BB ELERT Gunawan 77 72 1) SEUBURIE X 35
Fig. 2 Parameter sensitivity region of Gunawan method when

function is discontinuous

b |- T 75 11, Gunawan 977 5 AR 76 48 B 5

HEAMR B BAT BRI, ARE AR AT LA
ST EEAT T S0 FCHERR, (AR S TSR
P ] B A .

I, AR SCAE Gunawan /5 25 Al 38 10 BEATL
SRR IX T8 1) H AR o8 KGR B X TR RS B Y 1
—FSET A H bR R BB RPN TR AR

3 BERBEXENZ H GBI

% ( Multi-objective
thod considering sen
31

robust)

robust optimization me-
sitivity region)

H 45 & # Y P4 ( Evaluation of objective

ST R SRS R K BEATL S X RS 3]
LA R K X TR, 383 R SO MR SR O A X TR ) 5t

IRA] REPE X 35 5 2V DX A ) P AR R A iR

YRR

B AT PABRE BETHE R T TARE, 241 THEE DY 1,
oot A S, AR HARERE, AT AR
BITHHER T 1, (HI IR ASRERIE T AT i 7 5238

TSR IEEOR.

TER T sz A BENLZ Ep AR AT B AR R B 52
M 7] DB Ap ] A f RS SEIR. 1X AN X 38Fr 2 A H
b 850 P [X 33k (objective sensitivity region, OSR). 3
(HEX T ApHA fFRLET R,

Afm = fn(zo,po + Ap) — fm(To, o),
Aplower < Ap < Apupper‘

4

B3R T PRANBENLZ R A H bR R B 7R .
FH 5280 40 1 AR R 7~ B B BUR I X OSR. B % &
FOSR AT REAIELL . AXTFR.
L ? Ja AOVR for ,
A )}/
T
fz(xo,po)i i R i f
B Pt
C. 1
""""""""" fwepy R

3 BEHLS R H AR RS X IR 7R

Fig. 3 Diagram of random pa

rameters mapping to variable

region of objective function

WIERAOVREL & H R EURME X IHOSR, W ¥ 1 A1
BTG, oz, WA SR, e 65 % R A
E AR AR BRI, ST v IR AN R, SR
BAREOUT 1) B PREUEHME: X I OSR 5 AOVR I U AE K

i H bR R s R AL

T VA B AR R B FEPEFR R, T ELRITEAOVR,
OSRIIR/N, J s # OSRNT S H Ak BUBS K H bk bR L
J7 ). SCH R R B R IR OSRH B Jif 55 5zt (1)
BE B, an E3FT R, ZRM, TEAOVRIX 0] 11 5 RAE K A
(1), RNASF] H bR s BCRALAN AT L. DRIk, 75 244 R

(S H bR — A2



208 oA R 5 N A

33 4%

_ fm (2o, po + Ap) — fin (20, Do)
" Afom T (5)
Ap'ver < Ap < Aptren,

TE N SCHON T H#ER 718, FHA S, o B ARk —1k
J5 BB, 0445 (IAOVR & — /N7 757 23 1a). N
PIFEAER = 1, AOVRESETE. B4~ 82 iR
I FRR AL [ AOVR.

£ AOVR of x,

Af

1 =

7

Ji

K4 15— LA E R AOVR
Fig. 4 AOVR after Normalization

SCHATOSRI BN AT BEAL 11 EAR N R frew, WIELS
Ao, B, fF fds Ein ENew PLr 5 Gunawan i 28
X . € R prow NI X WCOSRIF) 42
ZYERE LT, WCOSRH A& —ANEER X 35, HH ISR,
€ XCH b bR HCE B AR EC Nnew = Rpnew/ R
NR; =1, FTU AN fmew = Ripnew- 20N mew < 1RIIK
T REA HbrE#t.

S AOVR of x,

1
\
R,
4

K5 Ehetbbni
Fig. 5 Standard of robust
BB H AR S (w0, po) AATR, AIHESZ X Il
A5e 4 afi F AR R BT REIX I, FEEALI BT 5
ANTHTT RALHIOSR, H52 R ER IS A. A
fipp R AN ), SR TTER B R e, TR
Wns6) Frn, Rk S HE 7 Ab .

M
HK%)X anew(Ap) = [ 21 ’Afm(Ap)‘2]1/27

fm (0, po + Ap) — fin(o, po)
AfO,m ’
Aplower < Ap < Apupper. (6)
BRI R Ap e GYERENLAR Brp i) T e AR AL
XTE], A f,,, B3 Ap AT ARAL..

where Af,, (Ap) =

FEVA—ALJR A f, 25 8], IR0 e Y gk BT
WCOSRI] 2 120 pewe- 1E3.27 H 4 A 243 0 4 F1) FH
N new RARE(D) FRAF E AR
32 ETREBUEXEHZ BAnEEEILKR R

(Solving of multi-objective robust optimization
con-sidering sensitivity region)

MORO A ) H b s B R A5 H A L IR [+)
I, DALl 2 B i SR RTBEAL S B AR LA A
FAREAR IBE AT 352 H AR B BB AR B DX A . ALY
DT I e B AR ERE B T B o, 5, (EASIRALSE
L EHEIEZOR. IXFE, MOROA R A

mme(x) = [fi(z,po), f2(,p0) -, fin (2, Po)];
s.t. gj(z,po) <0,5=1,2,---,J,

No.y — Mt < 0,

xlower < T < pupper: (7)

KT, N pnew BIL ALK KO H. 170,y = 1
RePRIEBTH R ERIE. BeEno, , < 1K, ATLIEREH
T HARR B RAR BV X AR, EIX AL
Wi H AR R BN, BB o ;> 1, ATLASE s HAReR
HITERE, (HATRETUALARAE R VE DXIRA.

KW KR A . PP /)
W fo(x,p), Bt A B o, WEI0A )RR i KAk
R frew, W N Ap. B6fEIR 1AM R 4b
PRI @0, 20 W R LR EAF g;(2,p) <0, Ko
HIB BN EBIEAL, FHRR frew, TR prew AR LR SN
Pl R LUK I S AR LT AR A AL

<
<

min F(x) = [f(2,D,), £@.D,), .1, (@.D,)]
Stg(@p) < 0.5=1.2,.J,
’,Ifncw_ nogfé 0’ xlower < x gxupper

X

v ’7ﬁ1€W

M 12
max R, (Ap) =LmZ:1 A, (Ap)P|

(XD, FAD) S (X, D,
where Af (Ap) me( il A f) July 0),
0m

Aplnwer < Ap < Apupper

Kl 6 SR-MOROXJZKff4H
Fig. 6 Solution structure with double layer of SR-MORO

[ B OSRANELE AT gt Bk N AME R AL 17 3 H A
BRECANTT S, B AL A R I GA S, M2 H AR
AL 1) R FIMOGA S LS00 2 5 ab B 77 7555
SCHRI7]. BLZVE R, A SCH H B A A2 [F B AR 4k
(z,p), MRLEINBIA AL 2 2o 26AF T, SREE:
VAR R A



52 M W A% 2% B R B X 2 HAR SRS 209
F e FaRARAL )T B B E A E AL 1.4 —
1] R 0 B BB KB N YR, PR PR 10 R R 1217 s FPEMEAR -
UK M, U AR AL, o 5B KA UKy N e L 101 2 Gunawanf EHERE 1
MR, o 080 ]
0.6 1
4 ﬁfﬁﬂ(Example) 0.4 g Az, 0 NEDA BN B A A A a4
4.1 BEEHEAB|(Mathematics example) g'é L ]
B ] ST SCER [14], @) B © 02 04 06 08 10 12 14
_ (1012, 005 < 2, < 0.1, g
min i) =9 s, P8 W TR L
f ( w) =g ( x) h ( :L‘) Fig. 8 Result comparisons between two robust methods
n 8
Where g(l‘) = ]' + % Z xi? ( ) 4.0 T T T T T T
N 35F e gkt O 1
h(z) =1~ (fi(x)/g(x))?, 3.0F o GLna{WanEmgH;ﬁ@ .
0<z; <1, i=1,...,n,n=3. 2.5r .
. ~ . . <20 :
JEARA Ia) R — AP H R OLAL )8, 54730115 15f o
s, HHPRRE AR TR S 2SR AL (1)(5)‘“ 4 s 8 ]
N T 7 Gunawan i 7 AT LR, FRATTRL ' L

A5 H b ok B Al AT B AR e, N SE. A,
N T AT, U3 MR

B T 45 8 BN B AT #2228 X I A
= [Axy, Axy, Azs] = [0.01,0.01,0.01], HFxREH
AR XIBAf = [Afor, Afoo] =[0.017,0.1].
[ THAE D = 1. FRERSKE(®)MZ HFRAL R N
bt 2 B ARRALAR, [FFE, {6 Gunawan ) /7 720 3C
HfE I SR-MOROKfi#=(8) Al & 55 R FIMOGA

0.0 1 1 1 1
0.00 0.01 0.02 0.03 0.04 0.

05 0.06 0.07

S,
B9 [Afo1, Afoa] = [0.016,0. 1] b4
Fig. 9 Robust result with [A fo 1, A fo,2] = [0.016,0.1]

MBERE Af =[Afor, Afos] =[0.014,0.12],
Gunawan ) 77 12K ok 315 € @, M SR-MORO
JPERT ISR S, WE 10077,

MGA. 4 R THTR.

1.01
1.00
0.99
0.98
0.97
' 0.96

AFIERI G R

'1

4

N

1.4 T T T T T

12F ENY (WIRPNEIRC S

1ok o Gunawanf{) &R

08P « %X _EHParetofi# |

q .

0.6 B

0.4 fRmames o, ]

02+ T — 1
1 1 1 1 -~ e |

0.0 0.2 0.4 0.6 0.8 1.0 1.2

S

K7 3RHTIA IS R AL

Fig. 7 Result comparisons between three methods

HH 7R, S TAAEANESE R B AR R EUE I, S
Hh 32 FISR-MOROJ5 74 B Gunawan ) J5 74 AL 34 BH
. SR-MOROFT=RA3 2| IR AL f @ i br it 2 H bR
1k i Pareto BT, 4R 17, Gunawan ) J5 3 K N f, BUE IS
/N B AR AE 2 H AR AR 4L 3R A5 i Pareto HT . 3X Wi BH
Gunawan {1 /5 EFEANRRARUF I AL BE H bR B BN IESE )
AR, S T A B A S H 7 VA Gunawan I 575,
PAVEEIH S £ 4 .

0 B A A fo.1 HH0.017F% 1 Z£0.016, SR-MOROJ5
4 Gunawan R 7 IEERPENS SE DR B, G0 EI9Fs.

0.95
0.94
0.93
0.92

)

1 1 1 1 1 A

020.00 0,05 0.10 0.15 020 025 030 035
Ji
10 [Afo1, Afoo] = [0.014,0.12]FEErELE R
Fig. 10 Robust result with[A fy 1, Afo 2] = [0.014,0.12]

AN ¥R, 4 H bR R AN IEZERS, Gunawan|1)
J7 R A — 5 1) R ) 1%, Gunawan ) 77 1 3K 45 1)
Pareto Bl ¥} -5 b Pareto HI 5 2 78K, SR-MORO3k
15 7 IBiTbrifEPareto BT I 2 HARAESE. 24050 H 5
PREUCRVF X 3BT, Gunawan ) vk & ToiA SRS S
PEAR, B 3RAF ) Pareto T AN 5K,

4.2 T FEHE®H|(Engineering example)

TE T P AT 2R AR AR AL ) U8 S b R H SR
MORO /7 ¥ M Gunawan 1 5 £ AT UL, PIMTEE THE
A 18] an =(9) B, BE T4 14 1] 84 3k v 23 5] S
BR[18].



33 4%

210 oA R 5 N A
min f; = 10%[21(16 4 22)Y/2 + z,(1 + 22)"/?],
5= 20(16 + x2)'/?
T 103.’151.1'3
fi
b= 2= —1<0,
S5 9= 100
fa
=22 _1<0,
92~ 700
f3
=2 _ 1<,
9= 100
80(16 + x2)1/?
h = T3
where f3 10922

0.0001 € 1,22 < 0.25, 1 < x3 < 3.

9
B (9 AT LLE H, iZ AL 40 1) 3 A 34 1 i AR
B A BARRREL 3N R AE. o, 3T R
R TR R, F ArRoRBENIAR &RV X k. Bt
B EMEVFXIRAT = [Azy, Axy, Azs]=1[0.000125,
0.000125, 0.075], B 5 & £ 1 25 1 X 3 NAf =
[Afor, Afos] = [1,1]. BAVRE R @R OWZ H
FrAR AL 0] /R b A 2 B bR AR AL R, [RIRE, A SCfd
Gunawan 1) 77 122 R0 S0 R4 BE S bR 14 7 1R i 20(9) 1]

. HIERFIMOGARIGA, A4 & 11 fiw.

120 . a BT R E R
100 |- _ O Gunawanf{ &R
Lo80p = 4 3 _E[¥iParetofif
= 60 * i

1

401 -‘. ]
201 % i
or ‘I'é'A‘m‘,m-D b aopem 1 0n ] |

0 20 40 60 8 100
S,
K11 3RIARISE R IR

Fig. 11 Result Comparisons between three methods

T T T T
120 & & PTG
100 O Gunawan )&
80 - A 1
= 60r A% T
40 & B By )
20 & o s ]
ok ]

1 1 1 1

0 20 40 60 80 100
S

B 12 PSRRI ER S R HAR

Fig. 12 Result comparisons between two robust methods

& 110 LLFE 4, Gunawanf¥] 75 % FISR-MORO
J7 157 3K [ Paretofift 45 5 F5 i 77 153K 453 () Paretofif £
Feilt. bt ¥ Gunawan(¥) J7 ¥ FISR-MOROJ; ¥ 4
WI2F7R, AT LA A SCHE HE I SR-MORO J7 VA A 1
25 BAR T Gunawan 1 /572,

5 451 (Conclusions)

AHEH T — RS T REBUE XK 2 Hbr g
¥ 1AL AL 77 :(SR-MORO). SR-MORO £ 5 111 T 4%
i

i

1) SR-MOROEH TR EAEER 7540 AR F PG
L, R ENERNAR R BT

2) SR-MOROT] DAk H A% R BN 2 R 25 AN
SEIRAL )

3) SR-MORO’E H T ML AL & AR K, i
H b R AR A Rl PR AR 5 DA ) R

AN E AL H AR N 2 B AR IR
LA AT — AN P 22 T AR PR AK A 7 5 Gunawan 1 /5 5
BT R, UL T A SOV R .

%3 7 R AU X AT e ANk, H 2 AT T
WRE A STE), BEHE R G X8R [ #E. SR-
MOROH izt £ P8 7] g PR 17 B Al v R ik X 8, Kk
fiEWCOSR L i 3R it — MK 1) . 5 Sk 1 9 75 T
(PR 1) R L (14 R URE DX 3R A1t 57 52 B 2R A
FE XIS 25 Rl T O, AT REAE ARk B S
IR AR S AR HERRTE AL, 2) BEAMLAL v AR
B A ANKUZ AL 10 3. SR AR R AL AL X2 45 Fa ks
T RVT S RCA N, ] B Aok i P A e A
SRRV R HEBRTE A AT BEME K PR ARSR-MORO 1)t
SERRAKG A R — 2B 5T I ) L

SE\#k(References):

[11 BU Xuhui, HOU Zhongsheng, JIN Shangtai. The robustness of
mode-free adaptive control with disturb-ance suppression [J]. Con-
trol Theory & Applications, 2011, 28(3): 358 — 362.

( MERE, BB, g, Peah i TR o R ) SRR
BT (7). $EH R 58, 2011, 28(3): 358 - 362.)

[2] ZHANG Chijian, LI Yang, CHEN Wanli, et al. Analysis of robustness
of FCS structure based on quotient space theory [J]. Control Theory
& Applications, 2006, 23(5): 833 — 837.
(R RR1e, 22, BROG B, &5, 0 2 1) FASEH R et e — BUL (B4
PR (7. el Be SR, 2006, 23(5): 833 - 837.)

[3] QI Wuchao, QIU Zhiping. Non-probabilistic reliabil-ity-based struc-
tural designoptimization based on the interval analysis method [J].
SCIENTIA SINICA Physica, Mechanica & Astronomica, 2013, 43(1):
85-93.

(PRGBS EF. T X )23 B B A A A T SEPE AR AL BE T (0],
HERL B, F1%, ROCE, 2013, 43(1): 85-93.)
[4] LI H, MA M, JING Y. A new method based on LPP and NSGA-II

for multi-objective robust collaborative optimization [J]. Journal of
mechanical science and technology, 2011, 25(5): 1071 — 1079.

[5] LEE K H, PARK G J. Robust optimization considering tolerances of
design variables [J]. Computers & Structures, 2001, 79(1): 77 — 86.

[6] DU X, CHEN W. Towards a better understanding of modeling fea-
sibility robustness in engineering design [J]. Journal of Mechanical
Design, 2000, 122(4): 385 — 394.

[7]1 JUANG C H, WANG L. Reliability-based robust ge-otechnical de-
sign of spread foundations using multi-objective genetic algorithm
[J]. Computers and Ge-otechnics, 2013, 48(1): 96 — 106.



%2 1 Wi RE: ZIERBUEXIINZ Bin St s 211
[81 YU H, GILLOT F, ICHCHOU M. Reliability based robust design op- TIAA/ISSMO Multidisciplinary Analysis and Optimization Confer-

[9]

[10]

[11]

[12]

[13]

[14]

timization for tuned mass damper in passive vibration control of de-
terministic/uncertain structures [J]. Journal of Sound and Vibration,
2013, 332(9): 2222 —2238.

ZHANG Daiyu, SONG Baowei, WANG Peng, et al. Improving bi-
level system reliability of multi-disciplinary design synthesis opti-
mization method [J]. Journal of Northwestern Polytechnical Univer-
sity, 2013, 30(6): 808 — 813.

(TRARR, RLRYE, MO, 55, MR ARG L AR St B & Bt I7
7% [7]. FEAE TR AE244H, 2013, 30(6): 808 — 813.)

JIANG Wuhua, WANG Qidong, HE Wei, et al. Reliability-based
multidisciplinary optimization of ve-hicle axle structure [J]. Automo-
tive Engineering, 2012, 34(12): 1136 — 1140.

GERE, THR, fTd, 55 2T arSEt i e g i 2 2R AL 171
VRZETAE, 2012, 34(12): 1136 — 1140.)

SONG Baowei, DONG Huachao, WANG Peng. Reliability optimiza-
tion design of auv’s all-movable rudder [J]. Acta Armamentarll, 2013,
34(5): 605 — 610.

CRERYE, T, £, K THUT S s RE T SR it 0], ==
TR, 2013, 34(5): 605 - 610.)

GUNAWAN S, AZARM S. Multi-objective robust op-timization us-
ing a sensitivity region concept [J]. Structural and Multidisciplinary
Optimization, 2005, 29(1): 50 — 60.

GUNAWAN S, AZARM S. A feasibility robust opti-mization method
using sensitivity region concept [J]. Journal of Mechanical Design,
2005, 127(5): 858 — 865.

GUNAWAN S, AZARM S. On a combined multi-objective and fea-
sibility robustness method for design optimization [C] //10th A-

ence. Albany, New York: ATAA, 2004.

[15] DEB K. Multi-objective optimization using evolutionary algori-
thms [M]. California: John Wiley & Sons, 2001.

[16] DEB K, AGRAWAL S, PRATAP A, et al. A fast elitist non-dominated
sorting genetic algorithm for multi-objective optimization: NSGA-
II [J]. Lecture notes in computer science, 2000, 1917(2): 849 — 858.

[17] KURPATI A, AZARM S, WU J. Constraint handling improvements
for multi-objective genetic algorithms [J]. Structural and Multidisci-
plinary Optimization, 2002, 23(3): 204 — 213.

[18] GUNAWAN 8. Parameter sensitivity measures for single objective,
multi-objective, and feasibility robust design optimization [D]. Uni-
versity of Maryland, College Park, May, 2004.

& A

BER (1978, B, mlEdz, L, LA S0H, Barsrsimh
PAFIERIETE 2851, E-mail: aiminyang@126.com;

A (1982-), I, gL, L, B ATH T T o &k
B, ¥aETTRE S RIRSEEFI, E-mail: lijie-2573017@163.com;

XIBE (19850, T, VHIW, fit:, B RGHTFC7 FoME . 6
S S PR AFIM, E-mail: wxliul985@163.com;

KRRHFE (1990-), 5, WiEW g4, HRTHHT G S A 7
MIRLEE R, E-mail: zhangliangjin @ 126.com;

Bk (1989-), 55, WL FiA, Hulh oty m i &R 5%
PERAL, E-mail: yanlg0130@sina.com.



