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A Review of Multidisciplinary Design Optimization M ethods Considering Uncertainties

LIU Zhao, LING Wen-yuan
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ABSTRACT: The work aims to study theories on multidisciplinary design optimization, uncertainty modeling and
propagation, and uncertainty design optimization in the uncertainty multidisciplinary design optimization. By studying
and analyzing relevant literatures at home and abroad, the work summarized the decoupling method of coupling systems,
the methods of quantifying parameter and surrogate modeling uncertainties, and efficient uncertainty propagation and de-
sign optimization methods in the uncertainty multidisciplinary design optimization. The work systematically discusses the
demand of multidisciplinary design optimization for uncertainty quantification and propagation when facing complex and
changeable external environment, and it proposes that multidisciplinary design optimization should not only consider the
deterministic system, but also the uncertainty of system response caused by the change of external environment. After
studying the existing researches of uncertainty multidisciplinary design optimization methods, it proposes that the key to
improve the computational efficiency lies in decoupling the traditional three-layer nested loop calculation framework into
a single-layer loop. The result shows that multidisciplinary design optimization considering uncertainty will become a
strong tool for the design of complex multidisciplinary systems, which can significantly improve the reliability and ro-
bustness of the system, improve the service life and speed up the replacement design of products.

KEY WORDS: multidisciplinary design optimization; uncertainty modeling; uncertainty propagation; parametric uncer-
tainty; model uncertainty; coupled system

ZoE PO UL R Rk Z 2R RGBT AR A E AR RIS S A R AR E R, LR
FBo SRMIEI L A, —DRGEEE, YAS i HR TRk A T Rs R i mfe | i

i HHI: 2020-08-20
EEUH: LATHFALAFARNKTF—HKAB (A2007)
EER . x4 (1988—), B, LAA, 4+, LARBRFHELR, L EMEFT A K RIEITEREL BA .



36 (S

T 7

20214F 1 H

b B R 22 | SEPRIREAN[R] B S B AR BE L
ATV, LA S 45 R 7R 33T 552 R A B AN B 1
8o R EEANHE V2 BRGNP gh
i 5 VIR BE MG S BOR GE R A N AR BEAT RGE
ACBLT IR AN E PE AT TR AR W E 20 . AR
5 AE B2 T 9 3T S AT [ A A AN E T 2 e B
BT AR TT BT ST R IF4 Hh R 4 A 7 1]

1 ZFRhZIHAWL

REMPFR TAER—THEF RN RS TR, 7
BLEA T SRR R 2 Ak | W AE | PR e v
NVH %, {4 ZPHETHAL UL IE 10 Hb 2= 5t
ZIt HAARHR S/ Z A LR, XA IREM BT
AL K TR KKME . 4Bk (Multi-
disciplinary Design Optimization, MDO ) T 7] DA% 4
K R LA E BT R G N R . 2R S
G M L B = A AL (1) %k
BHEERA B, SO0 D) () B S, B R R

(2) 2R A AL, SRITTZ B ARHLI -2
FHE M, BRBE A A, B0 AT BT 5
NI 3. W3R S (3) SRAPMNEOH T,
PN E TR S e

L 2R AR B Je vh S8 SO 2 K R
NASA 1) > £ T 72 il Sobieszczanski-Sobieskil 4 H;
R T RATE T, MR B YR SR R4
1. NASA ¥ L2 RHE T SR —Fhil i 78045
FAF 2R G0 h A AR RIHLEL, R BT 28 R G AN
T RGN TITEL . 2RO A AR IERE 47
PRS2 A B i R o AR 222 Bk In)
AR AL, R ik k£
SR TR g R AT T BRI
T TR A A AR T R B A 8 PR
1.1 ZERAITE

fift e 2 2E BT A i B S AR 1 7 1k 2 2R R
A 473 ( Multi-disciplinary Feasible, MDF ), Z2¢F}
AT R =B ALN T

min F(X)
st. g(X)=<0,i=12--m
h(X)=0,j=12,n &)

X, < X< X,

Z R AT R EAE R L 2, HA T b —
DMZIEH AR SNERICAIE, WZEZ ¥R
VA TR 2=y S T M N P S ¢ 5 N L | S Y S
W, W BRI T2 e R kA, ATRLE Y, AR
ZER AT, 2R MR ik B 1 UL 3R
t, XA SEGHRITE A E R, RMER, 254
BEal A7 i Birfs i B 28 1A 0= 2 R e s
iy Of Bl T 2 # R AT R AR B R AR

P
N

K1 REZERBOHLL
Fig.1 Multidisciplinary design optimization
of automobile

Pttt v @*
- AT Elr i
\ -
r LR \
WATENSE BT RANTER LERITITHR
k» s AR L

K2 Z2Rn Tkt AAE s
Fig.2 Computational framework of MDF

WA SR A T EORS B 2B b, BT DL 2 R ATk
FIAEE R AR REAR T, W RS YRR I DT VR A
HA 5 5 ARG BE R
1.2 BERAI{TE
MR 476 (Individual Discipline Feasible,
IDF) ML Z 2Rl irik, df T ER R AL T
AT Z2 2R o H2E Rl AT o 2 R R R A AR S
F AR, (R BSR40 R A R AR IR
AL R 2B — 2 . BB a7k i B S A A
L/
min F(X, y(X))
st. g,(X,y(X)) <0, i=12---,m
h; (X, y(X)) =0, j=%42,--,n (2
I (X) = Y (X)-C, FO, k=12,,s
X, < X< X,



a2k 2

XVBIRE . 25 JEANHRE PR Z 2 BB T ik ik 37

C ek D
%ﬂ%mt %ﬁ%ﬂl
2R 1 £k 2 FEL N
WH f.9
E[f(z,U,Y (2,U))]
P(gz (3, va(va)) $ O)
y..=c. (z,9,0)

K3 B RLAT AT IR
Fig.3 Dataflow of IDF

Hrp: y(X) 22 RHaia e, 2RGmHmA X
MIRREL; 3, (X) BER—EA 5 C R k¥F
i, TR SO AL AR, BTl
SRR I (X) <6, e — /R HER
ATV A T LA 3.

FERAERL A TiE T, &Rt BAR T, Beh
SR EERH AR G AR B, TR G T AT DR Y 22
BRHT o BERL AT T A — 20635, 3
TS S (1A B8O 29 ORI P SR A5 A fife Tl 2 2 B —
Bk (EAHE AR, FESRSERL AT AT IA M R R AL 2
R, YT —E R R —EEER, R 3
P R AE 5 A ST B ARIE
1.3 BiRaiRiE

1999 4, 32 [E % B K 2% Papalambros 7l
Michelena &t T 7 —Fh 2Rt fe ) ik—8H
bRy (Analytical Target Cascading, ATC). H#n
A TR RS, HEAR SRR H ) 46 2901
T EURIZ IR TR Ge (R IGA m) AR ] ) - R] ]
A AR EAE T B R 2 R A, 5 R i
[F) A Al A RS 2 R B B AR A I, R — 2 i Ak
H Ar 75 5 g 2 U R Z 33 A A N I 25 e/ MK

M B BRI A A DA T LUE ), HAF S R4
TAREA, R S M R B MR, R
JLATHA G b P A5 T AR A B ST M
1.4 HftFx

D iy R~ NS 7Y S5 o i ey K /1Y SRS
( Concurrent Subspace Optimization, CSSO ). Fpal{k:
fk 7% ( Collaborative Optimization, CO ). gt tE s,
ZYi 4475 (Bi-level Integrated System Synthesis,
BLISS) &7k, (EAFHE IR, E&FZ 2Rt
ATk, JFBA BRI, W RIE 222 R R
4045 BHA] I 2 ZUR 2 5 i 225K i 1) [ Rk 6 FH
Hrid B e I i .

2 AHEMHSESER

TEBSE S, — D RGEEE, L 5 HAE
YR PR R & R AR 2 TR o LASS AT
B, HAHEVE T BER A TR BB A R B R L |
A AR S R 22 | PRI AN [R) S EOR R fE
ERRHRENE, LA R R R S B AT B9 AN B
P BOHORT E M2 S BOR Ge v e AR D B 5
i 2 BUYI PR RE NI S B R G AR N I AE R GE AL
BT IR AN B E PN A B ISR AR W B B o AT E
Z e AR BT B AR AN E T 1 2 = RO
oo MG ZARBaTH il AoErEZ R
TR AR R T ILRPRAR  dnfoy 3 AS o 5 M A A
BEs AR E AT T R GEVERE s B A E
TR, LLET T 22 Bl G R G TR A L2
Bh— SR Z A RO o AR5 5 B IR AN E P Y 2 2R 5
B, B PR SN E MEA% 18 R R B E MR BT
Wk

AN RE R fR R A S B b R GE LB
P T AT TS P Y o AN P AR T AN s 1
1 Z 22 BB BTS2 , e A R S 5 19 7028
TR AN E MR IR AT At R A 2, DL T &
T YR T HOR RS AR 3ok SN 5 1 o

21 AHBEEDE

ANHRENERER] 70 PR - BERLAN B E PE AT
TANESE 1k o BEPLASED E PEFIE TR % I8 AP B R 5E
BPRIE Y [ AR, A 3 TR 2E BRI RE Y B HE
A A AT, T IC R s O T A s
KIHER, I LLBEHLANGA E PGk 5 o DA RASHf R 1k
e PR =2 SRR I 7 A o R VR A RN RE Bl
AR 2% B G830 (8 A A A g f QRS
PRIAN A P T L 2o 8 A ROIR 25 i i 4 o 22 4
A D BTH B

2.2 MHIAHEMEEST X

BEALASG o PR 5 @Ay A AR BEIG | UEE
IS XEArAE . AR RN ) . &
SR N TN A A 9
221 MRS

TEIETF RIS A, AN S I BEHLAS &
SRR B R AR . TEILIE ik, e tES 4L
FIIME . PRifEZE . Goitii . BRGAER A5 8 X ] fifi
MER T L T E o FEF RIS 0 7 ik 1 e B A
JER e 2R D= R 1 R IG5 7 FIRR R /s
i XEOER S ), SRJE A a8 5 (s
A5 8 ) Al B A AR B S50, T vERG LA
ANH E S B R 2 P pR Bl SRR A pR A R
BEOM AR, ] LU H6 A G 1 AR e 2R 58 T



38 (S

T 7

20214F 1 H

L Bhgs, BT el iR el R oA
SR PR S AR ST LA SR T T ROk
v, AR L AR RUR RS R R A
BN, Al Rl Johnson 737 1) DU - 3 W7 g o3
AR, BRBEAIE 12 I T AR A AN 1 )
BT 55 B e AT OB SR A Jy v £ )
—AN N, R —E B R B 5 R TIT LA
B R AEME S BB B, % T G i ml T
PAERA IR, JF HLMER 25 | L 2B I8 RN
MR A RS AL, T RUR AN E
MBEALE 5% 78 A DA AN 5E 1 o

222 R¥EELLS

WP, WAk FR N Dempster-Shafer i, &
3 A DA AL R B B 0 15 5L R B R A i
ANH RE M o 3K 88 i AT DA — 2R B R AR A L
TRR, AR AR A B B AR, YT R
SR E B T R, IESE SRR A T
A FE 9 5 8 SOF A R A SR | LS TE A
BB R LA UEYE BRI ] DL i HOIE R 4 A R0 ) R
TE AL PR E M, B SEPR L SRS S VIO, A
JiBEE T AR BB, % BRI N PR R R iR
LR AERIS B TR o SR 1T 78 A A VR 3y B A — 3R 4L
PRI, S BRI AFAE — o SR BRI
2.2.3  [XI[a|4rHr

X [ PSS J2 1950 4F LRI A —fporik, &R
FHF XA P A A AR 22 Rl R 22 0015 A e, A
PRUETT S5 SR aT S o 7 IR A ATH AR 5 AN
SE A — A X ) 9 R e e /R 3 X R AT 1) A
ST LR S e S5 53 W7 P AR T I [ A, SR i
AN SREANHS R A o 2 B AR TN DX TR P ) X ] 43
Mr & R K22 o

3 FERAHEMNSFRIZITMUTE

AR AT E VEIA B Z 2 R ok, TR
AFEPHEPASEBI R (1) A ETEEZ 7R &R
GEN R AN AL Y 5 (2) AT e s R Y AN
Z ROk .

3.1 ATWMEMERTE

A EMEAL S , B S YR A SHNM RS
A BT AN PRI, ] £ 5 1 28 8 0 107 B HE SR
i o ANHEMEAL S ILE 4, U ERG A EESE,
[i) FF 4% 24 b 0 T SBR[ Ry o B2 i IR, B AT 2
e, A g RGN AS i, WIASHTE A% 16 5t
FRYE, FIH U e BORHHE RN £ A g BOARHf
%‘%O
311 SERRISE

SR IR e — PP L TR Ry L 108 H

SEAHEN
F81 V12 Yin
A a0 [B]
A A
Y21 ¥ 2 Yan
A &0 [B]
] ., i
Yn1 Yn2 $ﬁ n

BTN S en0)

ROUNRE: f.0 A mamsarmei

K4 At E VA ik
Fig.4 Uncertainty propagation

A% SRR ) R SR T AR N Y S T
WERFEAR GRS 2, R RIS RS B 5
LN T TS N S NS K VN i L (N T
FE VAR B WIARIE 71 o S R T 5 R AL B AT 22
PEFEAT AP (L) RIERM A WG 0 bE
PLXH A S R n AN G n B 20° L L), Bk
B HLRAE Y ik AT L SCHR T 5 (2 % A — A REA A,
I M LR AR L A R e 1 5 (3) ARG R4
Ml 7 ) n AMEAG TS ITHE S (. 2% ).

SRR TR TR 22 5 Vn U L, RnE
BRR 22080 B JFOR A /10, R4 R 5 B0 %748
KIEREY 100 5. FRULAT L, AnSR BTSRRI ik
SRAG AL TR N SR THE R I R AU
TR . SRTAE LR TREN T, BRI A
KRGk 3 E RN Sy 1 (BT LR 5O BROT
), BEARUE AT T BT R A SE g0 5 H Sk
e, PEAESEhs TR T, SR RIS EATR
I Jmy R o
312 JuEkEIFk

JR R I RS TR R I B — By ik, A
JEVREUIE: 7 By A AR B 10 B A HE AT 2 ) R O AT RS
PR N R BT — 2 Rk PEAL, SRS PRI RIS
F4) P4 B M) 17 bR 50k T L A5 381 i 7 738 ) 4 T TR
R JRER R I I R IR T AR &, HH
AP EA =AM (1) i T HOR 7R A S 1 3 (E
SALTEIT R R IT Y, WS AR A 228K, TR
2 AN S A AR KTT B i 5 H4 1 AT S
K5 BEFRARDS s (2) 319842 % 2o Bt 2 28 R T I 20
St Ty (3 ) R R T A B
PREI A B S8, X0 TR 4 RGuA5 BRI 43 [
1200,
3.1.3 fnREM R

] RE AR A e — PP T AR IT R 7 1%, (HA
A F e i Tk, T IR AE e iR R AL (Most



a2k 2

XVBIRE 25 BRI E PR 2 2 BB T i P T 25

5

39

Probable Point, MPP) AbJ&TF . fie il BERRLS TR TE
P o I 25 2 (] v b B R 285 T g i e B A 1)
PN T B SR B R SR R A SR g — 4
APk ial B, B A E PR 8 R f# 7 5 B
Hasofer 2 A\YF1 Rackwitz 25 \1227E 19 {122 70 4E4%
RIEHEAEN HL-RF 53k, AL EAEAR R, 1t
FRCR R ER A, TR, #F HL-RF Bk
2T N pR A Y R AUE B, MIAEAR 2 52 bR TR N
FHHR R pR A S EOR A FEATIE S, LR 2 AL
H BRI S8 B TR ECR AN BUE T A
Sty AN AShmESERE2 iy
BT IR T RS B B o
3.14 RHZ WA EIT

IR Z =L EIF ( Polynomial Chaos Expansion,
PCE ) fig i H iff b 1 8 HAG A =53 A A BE AL AR 1 ()
5 12528 TR 22 00 R R AR R A Y T XA A
SR AR Y | (R BE LA 5 x (4 HE R 25 bR
Bl f(x), H f AL, WIREHLAS & x 7] L —
Z YA E ST B AR EREHLAS TR R

0 o I
X= % +zai1 Hl(Ui1) +Zzai1,i2 HZ(LJi1 ’Uiz) t+--

iy=1 i,=1i,=1

> a i H, U U, ) (3

Horp: HyHp,eoo Hy R—4LIER Z A 3, IECZE
103 5 A W BEALAS A VSRS, B R 2 B Ay
A () R HLAS 558 % Hermite 2305, W 2 34951 40 4
A FEALAS H5E H ) Legendre 23058, i 2 45 8000 A
B BEHLAE 38 H FH Laguerre 2045

K () /R IR 2 1 =X J T A To g5 20,
S BRI P FE el AR 1 YR 22 I

X:Zajl//j(u) (4)
Hr: o flyiU) 32 RELE)HH « Al

HyU; U, U ) o TR Z IR IT 9 R B0rT it i
s A8 vt Gl S [

HARIRTE 2 I I HA R = R B, (R R
B BRE A R TT I B 3 23 B R EURIET 1)
M4, BHI, T4k Sudret 25 AP35 T A R H
B IR 1 £ 101 2 T )7 ¥ ( Sparse Polynomial Chaos
Expansion, SPCE ). F i {121t 22 11 X J'é T fig M\ JR T 13
e R X i 1 AN B P S T Ay b S I, 2 g
SR/ I, XA S5 e E G 8 FIOR L 1 [ el 4
o AN o M A 3 RS

3.2 AFHEMZITMUL

MR HFRBAR I, A0 E P ook 5 ]
A3 R Al SEPEE AL ( Reliability-Based Design Op-
timization, RBDO) PO3UHIRa &% 11k ( Robust

12 : Yiv §

Y2 :

----------

Yon i

Yn1 P Yn2 o Y
——

K5 SAHERIZEFRSE

Fig.5 Multidisciplinary system with uncertain variables

- feptafsh i
\\4 T k//
o w%wmmfaﬁf
[4 LR }\
T 0
AT

K6 ZERtRGEEEBGHL LR =263
Fig.6 Three-loop procedure for RBDO of
multidisciplinary systems

Design Optimization, RDO) P23 af #4450 H 454
4 1] 5E M R 4l % 1t 1 ( Reliability-Based Robust
Design Optimization, RBRDO ) B+% | AJFE %+
P2 2R G0 B R O AR 5 T AE T e S YE L N o AR s
THEAL AT R G 7E S 80U A AR 8 1 & R 2 5
IF, P BB I BETE — i YO A PR RS B BT T o

TAE I ZER R G WE 5, DAl SEE T
A B, HBCARRIINT

find x

min E[f(x,U,Y(x,U))]

st. P(g;(xU,Y(xU))<0)<p,i=L2-,k

Xoin = XS X

Hor: x 2 E et R s at; U A
SR Y(xU) 2 RHE AR, f(xU,
Y(xU)) & HARRE g (xU,Y(x,U)) A3 2 0 bR
B op A A PERRTE PR B RO E PR 5 X T X
TR x ) E TR

KA 222 BRI Ak ) REE H 7 2 2R R,
AN E VRN AT TR, SRSk R AR =R R R
LR RG] SRR = 2 PR R LA 6.

AMNZ A ) S A ; R A E
AT, BRRSRGAE BT R xo A0 B AR R BUE
MR I BEEZ¥ P, B2

()



40 fu % TR 2021 4F 1 /1
) "} "y
ENIER T T —
?/1 ” - ymé Y2 Yiv
w A 2 |
2R N+1 Ym : Yn2
B aaeee L EELTRREEE =

lf,g

a HIRARL

¢ f:9

b FHRERS

K7 ZERHTR R G SRS
Fig.7 The hierarchical and non-hierarchical multidisciplinary system

BT 2 [ i AR

LR R G SRR ) = 2 A T
FEZE, HotR EEa AR s K BRI LGRS 22k
100 URMCEK, AT AT 28 T A A ) 52 e % ik T 2 107
AFREA S, W —IET X 2248 R G0t 4T 100x10%=
10° R EAS FE M .l H T AR SRR ) 224 R R 5
et X HEAT — UK RS 7 BT AT/ N BV BOR
NG, IR BN 2 2 E RN R, IR A
HEAC AR Z 1. B 6 TR E— R E
M) = AF IR AR, N T R A R e
Du X % A\ 391 Manhadevan 2 A BT 6L 45 1 =
R ENE I R oy — AN B2 A R, HOCHEAR
TSR AR R ko BT R e B T (S 22
BRI AL 8 2 D R SR, SEEPEIL K% Chen
W 25 NSO 1 I AT 123 [N e Vo T 5 12 L 1%
DR A N A R N P i e R A F
S

4 TEIEREAK

AN E VE 2 A BB OL AL B 2% IR S B RO 98
o AR N T L bR A 2 2R RGN, 159K
FEAE SR A A DR TR AT, 3] G AR e 5 152 22 2 Bk R e ik
PRI 5 AN E PR HE R R, anfeg 4k B ey
HEMIA, G fag e Al A AL i A B AN E 1 25

41 BESERERS

Z 5B R G RHA Y 21 208 0T 23 5t A
GiREm ARG, WK 7. TERBRG T, B
1] 19, DRI R 2 P AR VR Al 451 R GERIT 15 R 5¢
WA R, X TR BRGEM H , TR S A AR S
B Z AR L i, BT AR B Pk AR koK i
RGN, X2 FHEERATH A

FI T A R R Bt 22 27 B R SR AN 1 5 PR BT
] RS 3 2R A R 2 A AE AR 10091 sk ik R
UE T 7E B A i Ak 2 ) IR 5 748 1 A e T B TE
A BE KA 2 2B — B ORI RORIERS T A
SE A P AT UE 23 2 2 B — B 20K, Pt anfay o

EAE fe D0 A5 AL Al 1) T A B 240 i A 2 B — B
PEEORE AR KA — DI R

42 REEBFHEESF

TETREN I, ZRGE R RE MR N H H 5 208 1
R LR e D BAR 2, LA BROCTT i, — A2 Ras
A FROC AT AR T ZEFE B JL/NN B LA/ (X
1, TR b — A S DU A R o AT S B
LR T R G 1 i 1o 14441 R A SR A T RS A
FREBE R ) 25 R 5 TS AL O B A 45 1A L B2
FAAEM 22, IX R PTE BT BRI E V. A /Y
TS EN Z 2RO E 2 b T
SR R SR 7 91 R ARE 4R i 30 (RS R P 154
ARG BATRIBETRIAHE o SR, IS E 1))
BEESC N R IR AN SR ON A TR S
I, B A AP I T — A ISR AR AR
T AR DAL S, REDSD DAL 45 RAN I I 9 A%
PRRYRUSE , I HAS B — SN2 4 p R e i o AR M0
WA % B 22 R wRHA R &, I Re 22
— AR 5 10 KSR At R ) 25 R S BRI B AN 7 1Y)
ZoP R RGN E MBI

5 #iE

T Z ER RGN TAMRIE R S 278, ir
DA 275 S8 AN E VXS AR GER S 1 820, AT BE3 i
AT EETE | R AR Y o AR R AN E 1
TG Z 2 B REZ p S R AR
R P, YT 2 # R E MBI AT 5T 1 45
MEEE R Z AR B ULTT ik L Z IR E TR
b BRSO E AL TR b RSN A T AR
ok [ P A1 2 3 % Z 2 BEAS 2 PR THRAE vh 2 2 R
BT i . AT ETEEERE . A E PR | 55
ARG AEE PRSI A BT T AR . B
FELRER W, B AN E VE 1) Z AR B R
SOARZ AR RGBT BA J1 30, RER e R
AR AR AR, SR O A A, (R REAS R b
() OB BET



a2k 2

XVBIRE 25 BN MR Z2 2 BB 7 ik P S 23k 41

S E 3k

(1

(2

(3l

(4

(5]

(6]

(7]

(8]

(9]

(10]

(11]

(12]

[13]

(14]

[19]

SOBIESZCZANSKI-SOBIESKI J, HAFTKA T. Mul-
tidisciplinary Aerospace Design Optimization: Survey
of Recent Developments[J]. Structural Optimization,
1997, 14: 1-23.

COELHO R F, BREITKOPF P, VILLON P, et al.
Bi-level Model Reduction for Coupled Problems][J].
Structural and Multidisciplinary Optimization, 2009,
39(4): 401-418.

BALLING R J, SOBIESZCZANSKI-SOBIESKI J. Op-
timization of Coupled Systems: a Critical Overview of
Approaches[J]. AIAA Journal, 1996, 34(1): 6-17.
ALLISON J, KOKKOLARAS M, ZAWISLAK M, et a.
On the Use of Analytical Target Cascading and Col-
|aborative Optimization for Complex System Design[C].
Rio de Janeiro: ISSMO & AIAA & BSMSE, 2005.
YAO W, CHEN X Q, LUO W C, et a. Review of Un-
certainty-based Multidisciplinary Design Optimization
Methods for Aerospace Vehicles[J]. Progress in Aero-
space Sciences, 2011, 47: 450-479.

BREVAULT L, BALESDENT M, BEREND N. De
coupled Multidisciplinary Design Optimization Formu-
lation for Interdisciplinary Coupling Satisfaction under
Uncertainty[J]. AIAA Journal, 2016, 54: 186-205.

LIU J, JANG C, XU C, et a. Forward and Inverse
Structural Uncertainty Propagations under Stochastic
Variables with Arbitrary Probability Distributions[J].
Computer Methods in Applied Mechanics and Engi-
neering, 2018, 342: 287-320.

HATTISL D, BURMASTE D E. Assessment of Vari-
ability and Uncertainty Distributions for Practical Risk
Analyses[J]. Risk Analysis, 1994, 14(5): 713-730.

RICE J A. Mathematical Statistics and Data Analysis,
3rd Edition[M]. California: Duxbury Press, 2006.

XUC, LIUZ, TAOW, et al. A Vine Copula-based Hier-
archical Framework for Multiscale Uncertainty Analy-
sis[J]. Journal of Mechanical Design, 2020, 142(3):
31101.

ZAMAN K, MAHADEVAN S. Robustness-based De-
sign Optimization of Multidisciplinary System under
Epistemic Uncertainty[J]. AIAA Journal, 2013, 51:
1021-1031.

YAGER R, KACPRZY K J, FEDRIZZI M. Advancesin
the Dempster: Shafer Theory of Evidence[M]. New
York: John Wiley and Sons, 1994.

MAJUMDER L, RAO S S. Interval-based Multi-objective
Optimization of Air Craft Wings under Gust Loads[J].
AlAA Journal, 2009, 47(3): 563-75.

MOORE R E, KEARFOTT R B, CLOUDM J. Introduc-
tion to Interval Analysis[M]. Philadelphia: SIAM Press,
20009.

HELTON J C, JOHNSON J D, SALLABERRY C J, et
al. Survey of Sampling-based Methods for Uncertainty
and Sensitivity AnalysisiM]. Sandia. Sandia National

(16]

[17]

(18]

[19]

[20]

(21]

(22]

(23]

[24]

[29]

[26]

[27]

(28]

[29]

Laboratories, 2006.

LANDAU D P, BINDER K. A Guide to Monte Carlo
Simulations in Statistical Physics, 2nd Edition[M]. New
York: Cambridge University Press, 2005.

BARRY T. Recommendations on the Testing and Use of
Pseudo-random Number Generations Used in Monte
Carlo Analysis for Risk Assessment[J]. Risk Analysis,
1996, 16(1): 93-105.

KEANE A J, NAIR P B. Computational Approaches for
Aerospace Design: the Pursuit of Excellence[M]. West
Sussex: John Wiley and Sons, 2005.

HAHN G, SHAPIRO S. Statistical Models in Engineer-
ing[M]. New York: Wiley, 1967.

LIU H, CHEN W, SUDJIANTO A. Probabilistic Sensi-
tivity Analysis Methods for Design under Uncer-
tainty[C]. New York: Proceedings of the 10" AIAA/
ISSMO Multidisciplinary Analysis and Optimization
Conference, 2004.

HASOFER A M, LIND N C. Exact and Invariant Sec-
ond-moment Code Format[J]. Journal of the Engineer-
ing Mechanics Division, 1974, 100(1): 111-121.
RACKWITZ R, FIESSLER B. Structural Reliability
under Combined Random Load Sequences[J]. Journal of
Computers and Structures, 2978, 9(4): 489-494.

R, M E S o3 00 018 5 2 A R R R i TG
ZYfARAR IR B[D]. Ki%E: KiEH TR, 2008.

J Yu-xia. The Partitioned Group Correction Technique
with Automatic Differentiation for Large Scale Sparse
Unconstrained Optimization[D]. Dalian: Dalian Univer-
sity of Technology, 2008.

sk, R A SR R A AR S S dEa
Tolb K2E244), 2005(3): 332-336.

ZHANG Hai-bin, XUE Yi. The Basic |dea and Realiza-
tion of Automatic Differentiation[J]. Journal of Beijing
University of Technology, 2005, 31(3): 332-336.
OLADYSHKIN S, NOWAK W. Data-driven Uncer-
tainty Quantification Using the Arbitrary Polynomial
Chaos Expansion[J]. Reliability Engineering and Sys-
tem Safety, 2012, 106: 179-190.

WAN X, KARNIADAKIS G E. Multi-element General-
ized Polynomial Chaos for Arbitrary Probability Meas-
ure[J]. SIAM Journal on Scientific Computing, 2006,
28: 901-928.

ELDRED M S. Recent Advances in Non-intrusive
Polynomial Chaos and Stochastic Collocation Methods
for Uncertainty Analysis and Design[C]. Palm Springs:
50th AIAA Structures, Structural Dynamics, and Mate-
rials Conference, 2009.

XIONG F, CHEN W, XIONG Y, et a. Weighted Sto-
chastic Response Surface Method Considering Sample
Weights[J]. Structural and Multidisciplinary Optimiza-
tion, 2011, 43(6): 837-849.

BLATMAN G, SUDRET B. Adaptive Sparse Polynomial
Chaos Expansion Based on Least Angle Regression[J].
Journal of Computational Physics, 2011, 230(6): 2345-



42 f % TR 20214E 1 A
2367. 15th AIAA Multidisciplinary Analysis and Optimization

[30] TU J, CHOI K K. A New Study on Reliability-based Conference, 2014.

Design Optimization[J]. Journal of Mechanical Design, [43] DU X P, GUO J, BEERAM H. Sequential Optimization
1999, 121(4): 557-564. and Reliability Assessment for Multidisciplinary Sys-

[31] YOUN B D, CHOI K K, PARK Y H. Hybrid Analysis tems Design[J]. Structural and Multidisciplinary Opti-
Method for Reliability-based Design Optimization[J]. mization, 2008, 35(2): 117-130.

Journal of Mechanical Design, 2003, 125(2): 221-232. [44] SIMPSON T W, PEPLINSKI J D, KOCH P N, et al.

[32] MCALLISTER C D, SIMPSON T W. Multidisciplinary Metamodels for Computer-based Engineering Design:
Robust Design Optimization of an Internal Combustion Survey and Recommendations[J]. Eng. Computer, 2001,
Engine[J]. Journal of Mechanical Design, 2003, 125(1): 17(2): 129-150.

124-130. [45] JN R, CHEN W, SIMPSON T W. Comparative Studies

[33] CHEN W, LEWIS K. Robust Design Approach for of Metamodeling Techniques under Multiple Modelling
Achieving Flexibility in Multidisciplinary Design[J]. Criteria[J]. Structural and Multidisciplinary Optimiza-
AIAA Journal, 1999, 37(8): 982-989. tion, 2001, 23(1): 1-13.

[34] DU X, SUDJANTO A, CHEN W. An Integrated [46] WANG G G, SHAN S. Review of Metamodeling Tech-
Framework for Optimization under Uncertainty Using niques in Support of Engineering Design Optimiza-
Inverse Reliability Strategy[J]. ASME Journal of Me- tion[J]. Journal of Mechanical Design, 2007, 129(4):
chanical Design, 2004, 126(4): 562-570. 370-380.

[35] YOUN B D, CHOI K K, YI K. Performance Moment [47] FANG JG GAOY K, SUN G, et a. Multi-objective
Integration (PMI) Method for Quality Assessment in Reliability-based Optimization for Design of a Vehicle
Reliability-based Robust Optimization[J]. Mechanics Door[J]. Finite Elements in Analysis and Design, 2013,
Based Design of Structures and Machines, 2005, 33(2): 67: 13-21.

185-213. [48] LU Q, XIAO Z P, Jl J, et al. Reliability Based Design

[36] DU X, GUO J, BEERAM H. Seguential Optimization Optimization for a Rock Tunnel Support System with
and Reliability Assessment for Multidisciplinary Sys- Multiple Failure Modes Using Response Surface Me-
tems Design[J]. Structural and Multidisciplinary Opti- thod[J]. Tunnelling and Underground Space Technology,
mization, 2008, 35(2): 117-130. 2017, 70: 1-10.

[37] CHIRALAKSANAKUL A, MAHADEVAN S. Decoup- [49] LIU Z, ZHU C, ZHU B, et a. Reliability-based Design
led Approach to Multidisciplinary Design Optimization Optimization of Composite Battery Box Based on
under Uncertainty[J]. Optimization and Engineering, Modified Particle Swarm Optimization Algorithm[J].
2007, 8(1): 21-42. Composite Structures, 2018, 204: 239-255.

[38] DU X, CHEN W. Efficient Uncertainty Analysis Meth- [50] FAN X N, WANG P F, HAO F F. Reliahility-based De-
ods for Multidisciplinary Robust Design[J]. AIAA Jour- sign Optimization of Crane Bridges Using Kriging-
nal, 2002, 40(3): 545-552. based Surrogate Modelg[J]. Structural and Multidisci-

[39] DU X, CHEN W. Concurrent Subsystem Uncertainty plinary Optimization, 2019, 59: 993-1005.

Analysis Methods in Multidisciplinary Design[C]. Long [51] CHEN Z Z, PENG S P, LI X K, et a. An Important
Beach: The 8th AIAA/NASA/USAF/ISSMO Sympo- Boundary Sampling Method for Reliability-based De-
sium on Multidisciplinary Analysis and Optimization, sign Optimization Using Kriging Model[J]. Structural
2000. and Multidisciplinary Optimization, 2015, 52: 55-70.

[40] MCALLISTER C D, SIMPSON T W. Multidisciplinary [52] JN R, DU X B, CHEN W. The Use of Metamodeling
Robust Design Optimization of an Internal Combustion Techniques for Optimization under Uncertainty[J]. Stru-
Engine[J]. Journal of Mechanical Design, 2003, 125(1): ctural and Multidisciplinary Optimization, 2003, 25(2):
124-130. 99-116.

[41] LIU H, CHEN W, KOKKOLARAS M, et a. Probabilis- [53] KIM C, CHOI K K. Reliability-based Design Optimiza-
tic Analytical Target Cascading: a Moment Matching tion Using Response Surface Method with Prediction
Formulation for Multilevel Optimization under Uncer- Interval Estimation[J]. Journal of Mechanical Design,
tainty[J]. Journal of Mechanical Design, 2006, 128(4): 2008, 130(12): 121-401.

991-1000. [54] ZHANG S L, ZHU P, CHEN W, et a. Concurrent

[42]

GHOSH S, LEE C H, MAVRIS D N. Covariance
Matching Collaborative Optimization for Uncertainty-
based Multidisciplinary Aircraft Design[C]. Atlanta

Treatment of Parametric Uncertainty and Metamodeling
Uncertainty in Robust Design[J]. Structure and Multid-
isciplinary Optimization, 2013, 47: 63-76.



