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Abstract: To the robust collaborative optimization(RCO) scheme with two-level multiobjective optimization structure, a solution
strategy employing the non-dominated sorting genetic algorithm(NSGA-II) is proposed. In the process of non-dominated sorting,
the feasibility of an individual is determined by its infeasibility degree and the threshold of infeasibility degree. The threshold of
infeasibility degree is reduced gradually in the process of evolution. At the initial stage of genetic evolution, the individuals with smaller
values of objective function and standard deviation are more likely to be preserved to ensure the optimization process for reaching the
neighborhood of the global extremum. In the following stages of genetic evolution, the individuals with smaller value of infeasibility
degree are more likely to be preserved to enhance the interdisciplinary compatibility. The convergence of the results of RCO to the local
extremum is usually avoided while keeping the desired interdisciplinary consistency. The results of validation by using typical examples
show that the proposed approach is efficient.
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1 5] (Introduction)

% 2% B vF ALt (multidisciplinary design opti-
mization, MDO)fE % 17 2 filt vk K RUBE 52 2% T &
el i), 5230 T E N A EF )z N B
[AIE AL J5 ¥ (collaborative optimization, CO)j&:—Fli#
A HIEFIMDOJT ¥, AHAE A — 1 DB 127k}, COTE
RZ T IS AN 563, W RGFARA R —2
PESE LN, & — M ELRUIRE, E— I T, R
8 RAA 7] () A AT AR T REANAEAE; S5 4b, 4
WEFT S R W, COMIPLAL 45 S5 1) 4fy w149 34 A

Wk 3 2009—11—29; g ks H 3H: 2010—06—01.
FEWH: HZK “863” vHI%t Il H(2009AA04Z104).

JE21H R, LT LB COMBVE R ek S . T
IS THT I COB%, ) FH )3 T SR U 4Bl — S0 24 R R 4
Fa st PR30t R 55 N R AT RA o, #5550 2
FRAR g ANk A AU, I g 5% i # J MRAIE &R
GRATAE AT IR A1 FE, S RGP — B LR %
I AT G, SO BTS2 4A 5 1 52

RCOZFECOSF L 45 L= A= 113, R TITRCOMIAL
e &5 #) LA COMMAN e 3 2 Ab, B4 RCOMF 5T
T2 HARTE 0 SR SR g 1481 JLP- R Sk 454
AN TE G 2 A AT O, B — T H
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s BRI OIS B /ML, 55— 7 THTEAE H s oR 25 ) s 4
ZE A /ME, DI AE R 2 H b ie) /. RCOI & 48
PAERR PR RAAEE R, JE 0T 0] 2 SR A S
H T 32 2L RCORE B 3K fiff 35 g K S0m) 134 4328, 1
— N HE AR 8~ ik R AT, BT
S BINAT COSFIENESE,, 22 BOUHRR X I VA3 AT 0T
G, PoAk &5 5 52 IASUARL PR 536 Wi A2 K G A Ol ke
GG 0 515, WA 7 ¥ 5 S HF 7] (decision sup-
port problem, DSP)FI £k ¥ 4 # #)l Kl (linear physical
programming, LPP)), 1% J7 32 ] il N ok 58 2 1) A &F
15 8 AR Y PR S I S50 VR AS A ), 25 3800 O A
SBCE HE R H = R A 2 H AR 40 5 (multi-
objective evolutionary algorithm, MOEA), 1% J7 £ ¥ W,
FWFFR I8 H J 6 TRCOWFFL STk, ik
RIMKFTRCO G N Jay AR A v R R BIF.
ASCEFHRCOFA 2 HARTE A H. 2 BN = Ak
fH AU ), 25 T 3 T NSGA-IIRCOK fiff 75 2.
56, %I S R MR AN R AT A, AR
PRUE 722 FHA — Bk R HE R, 35598 TRCOM 4
JAMAE AR e ), 78— B E B TRCOMAL
45 2 52146 s i el LR, B T2
B (R TTVEAH L, W A0 45 SR 52 e 50 AR ()57 .
2 RCO % R g 37 (The formation of RCO
model)

T4 IANRTRE )« BT D R 45
AN e VB AP AE, SEbr LRE RS & v R
L7 BN & 1 DN 25 1R 52 0. MDO [a) i A ANl o 7k
IR R = N = P S o o 3 £ 5 B S 9 gl ]
(PIRE5 OC R IE . — AN 25 R ASEf e ok vT DL
WA EARER 5 — AR 0 H RS 50 1 i
R AR B2 8 22 BB AN 8 1, 25 Pl AT 2 PR 0 2%
SR BB R A R K520, AT 2% lEMOD [
oP R BT AR R AR B R 2 Y A AN E 1 DR R,
AT KL T CORIEMRCORERY, AFAR 4k 45 S 2 AT A e
PE.

2.1 COH A (CO algorithm description)

CO¥ E A0 TR ARG Bt ) 8, AR 48 LA 1 L
R TIER, 70 il i R Ge AN 2E R R AL L5 1.
58, RAEY ) FRR IR AR AR S IR, %2
BHEWE L B S AR KA 00T, AU S5 R
5 RBE RS 2R B PR 8 1) 22 7 85/,
HARARA G RAL B R RGP TR,
T8 Ik 2 R ) — M 2 ROR P R A 2E B A 2
RGP B bR eR HOR J5 iR J ) H bR R, 2R
2R B L W, A g o E, b gl B p kAL gy
RV 20t R FARARI R A 2 0] 22 1K
IEAR, I A5 2 — NI RSB it 7 5. COZi 1Y

PO 7 B, 25 5 SEIL AR VAR, & 72 R HE] i Heal
ARG R IR A AR AT 2N 5. BB R S
WUt i) AT A #1727 R, WICOR) 2 ik
A E.
RGERMAL:
min F'(z),

s.t. Ji(z) = Z (zj —x};)” +

SishtSiaux 9
(zj —z3)?=0. (D
Jj=sisn+1
H: i = 1,2, n, 2z RELNAB I 7] &,
2 RN H BT AR, 550, 0 T R IL R AR
ML, Sjau BT 2 RHAT B VTR B CIRAS AR B AN 4L,
a3 RN R R N R AR R AL E AL

TR
Sish SishtSiaux
min J;(x;) =) (z;; — Z;)2+ > (wiy— Z;)Q’
j=1 J=sisn+1

Hrr a b 7R RO &, o RoR R AN B

AR, 2P RIS ARG R BGE TR A B AR

WIEEAE, ¢ () WFRHR AR,

2.2 FF SUA ) RCO #E#I(RCO model based on
SUA)

DU #2370 A1 B I AN e PERT 3R, #2881
G AN € 43 AT 7 V2 (system uncertainty analysis,
SUA)RIIAT T R G A % 73 BT 7 ¥2i(concurrent sub-
system uncertainty analysis, CSSUA) M Fit A iy 52 1
o3 BT R AW, GUSE N A 561X ] 4 A1 288 24 1) A i
PR BRI R, S T B A B0 Ba S AN S AL iR T
% (implicit uncertainty propagation, TUP)P!; LIZ5E A JiF
25 IRCORE B, R S5 48 € % 15 BHE B A
Fif P DR 38 T 5 | 11 0 4 A g KA 2281 L e iy
PYATMDO & 45 40 A0 A B 1) A B4 22, X HLAR
JEDUE N ISUA AL, 25 HHRCOME Y, JL AR G 4 Al
FRIZE RSB aT.

RGP
min i, o,
Sish
st J(z) =D (25 — avfj)2 +
j=1
Sisht2Siaux
(Zj - xzj)2 = 07
J=8isn+1
= 0f(2)
2 2 2
o; = Pl
f ];( 82_7 ) 3
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e TSRO HE PR A SIVA I 22 A BHE R D R AL 7 i 563

Ferb e Mo 73590 2 Z GE 4 H b R 5500 393 58 0 s #E

7%, San M Saux 739 N ZR G0 R U2 i MV B e vk AR

I, 02 FORW DR RITT %, 0 FR0R R
GPARII Ty 22,
TRk

min J;(x;) :szl (zij — 25)+
j=1

Sish+2Siaux
(zi;—25)%,

J=sisn+1

s.t. g, + ko, <0,

2 (agl(wl))Qo_Q +

gi 31‘2‘]‘ Tij

j=1

Sish

g

SishtSiaux 891 (a-;z)

(

j=sisn+1 0z
SishtSiaux+Silocal 891. ($z)

202+

Tij

2 2
) )oo Ti; (€))
J=8ish+Siaux+1 Lij

Horp: o RN THFRNI S GBI, Siocal
SRRV BANK, KA 9 SR AT AT S
K, g, IR IEZS M AN, ke = LIS AR [ 7 45 24
N0.8413, k = 20 AT FEEZ1°40.9772.
ZRCOME AL, Y vk AR it (R v 22 0 50 &, i
Wy e vt A2 i 1R bR oE 22 T AEAH B (1) 722 B b 8, OF
VE S 5l Bh e oE AR AR B — S0ME 2 R4 FH 4 o
A RHAN ) —BUbE, 7E i & A g5 R AL HAE R
5, 0 AN 5 P DR 2R 1R AR A ANBBURK, DT AN RS AN
E M DR 20 R G — B £ AR - R H s R £
RS,
3 3 FNSGA-IIRCOK f# 7 #(RCO
solving method based on NSGA-II)
3.1 RCOKf#J7 % (RCO solving scheme)

TENSGA-TDT VA AR SCBL S R P, RAIE R
I THSEORFE T BRI Z e, 76— e FE R bnT ik o
Z H bR Ak 1) 8B N J3 SR AR . (HE AN BEARE vk
RCOZ) B N Ja 8 B ARL 5510 1) 851, AL A X b B 52 A2
RCOMACAESE (1) F Sr ol 2T B I1). COMIR A &5 Fn)
W46 rei 1 38 BB, LA ) T I SN HET WT 4R w1

FERCORERY SR g i B, A4 TG % 1) A 325 s
17 DL JL PR ) e 4 i, LA a5 R4S SR Ak
B r R BN ATAT 3. K FINSGA-TUT £ 83047 =K i
I, BEATLAR B B MR FIEE, T RG]
A3 TC PRI G SRR, JRE G 1 R U A ) e B ) A, {H
R HRRCO Z B3 N ey 0 s 1) 8 H 7 B iy R 23K
TERCOSE 1Y SR fige ot #& v, vl 3 3k 42 i) v A7 A 44
PR AT AT 3R B 2, SR AR AR A I FE AT A SR AR R B
TN TTAT . SRR, VB B R I AT AT i e
DU A AT AN A 78 43 15N 4 JR B AR A5 1) B 3 [ 45, B
HHALIIEAT, D45/ N0 AT il (rFa T, RO &0 nis

P RTAT AN AR AT AT Ja e 5 1R PR, SR ORAIE R AT 44
E 22 Ry AR s B S NPT AT S5 R AR B %17
A PR B R s AR R AT AT I B Y, e OB K
AR ARG BLLE L AR S R AT SR
FREFEASR], g I T e R R T 2 5, mf
SE SUA AR K1 2R 88 1) e KA B R SR )
TEAL X B SR AN E OB, HRAZ RN
AMEIIASITAT B, HAoR B X (5) .
O(zi)=J1 (@1, 2;) + o (2, 20) +- -+ (@, 20).
Q)

Ho: 2 RN ABABYANE, ©p ~ 2, 0 TR
AR, T~ T8 TR E b e B, Ros A
Wz, 2155 T A BT AT R B B, (2 Ron MKz 2
BRI R 2 .

HFIASPRANTTAT BE L5 80 AF ) LR R sE A AT
AT L, AR AN ATAT B/ BEE T BUAR, A T4y
AN TR, AN RATANMA. AT, PR IA
FIAT LB, R B 22 1 H b pR AR A/ B AN, T
JEEE AR 5t D7 ORI D0, AP 1 4 R AR L o
B REAT; B BEALIREAT, W AT AT BE (1
{H, DR AL IOANRTAT BER/IN AR, DRI 3R A2
FHEVK)— Sk, rIREE TR st A BN 0. Rt
ACACK 3 T, 328 90 1 AN W AT 52 B EL IR S S
SOV

popsize
; ¢(zz)
=T ——, (6)
popsize
T — 1 — m’ (7
maxgen
T, T >0,
— , ®)
0, 7" <0,
Hrh: popsize A FIHEMEZLH , genhy i AL AEL,

maxgen A Bz KBEAREL, no kg 2 B A — 2 19 5w AR
B, HAE T B A maxgen 0. 165 22 47, T M T 1 2

FiAbh, AR A AREL, W E AT MA I BRI
HH. 5 genfUOR B IS AR AT AT AN A Hon S HAH R (1)
B oo 1 52 SN 209 FI(10) TR,

. maxgen — gen
n = [max{a - popsize - —————,
maxgen

3 - popsize}], 9)

o = chromosome(n, constrainpos). (10)

Horb: aMBa > B) 0 AT A MR AR E H 42 6 &
o < 1,6 < 0.1, ENTHBUEECC, MEA
FAT FRE I T A 4 A N b 8 K, R A I3 B 5
AN AR A RO, (R A R, S H 85 4512
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[8] ff) — 5501 ; chromosome A % 4 AR AN 0 47 5 3
B4 HE ¥ J5 (PR EE; constrainpos A AN AT AT
ENOER DA

R R T, ASATAT RS B E By Fllp Th
MR K#, Bl = max{pr, po}, KHNSGA-1I1ZY
R 1) A SO R o AN R TR S OC R N, X
AN H AR E A AT AT BUEAT 5 B, T
ANIE A 2 F 2, 2 LR 3N A AT — A,
WA 2, KA 25

1)z AT (ANAIAT BE /N T48 T B, 2, A PTAT (A
AIATRE R T BH);

2) zi Mz ZANGAT, Az, AN AT BE L 2, R /)

3) z Mz A TAT IR, X RS H b oh ECR bR
HEZEHAT UL, 2, BT A AL B AR A L 2, (1) 2.

BT AN A AT FE A O BRI SRR v, A3
P FE P AW vaIR, B A B AW, B 1
B AR R AR ST A AT AT BEAEAR /N R, RIS B AN
AIAT FEAN R 28, AR TS B (149 8 FH n) 8, AN mT AT BEAR
NIRRT LA SZ 1.

3.2 SEIP B (Implementation steps)

Step 1 1 RGP A A K /N A popsizef 4]
GEPIHE Py, VSRR AR H AR R EORI AR E 22,
TR B 222 R, AT AR A, R4 27
B gl B, TH AR A AT BEAE, A H b5 &
A bRAEZE L ANATAT BE S IR, XA Py AT S
Bie ¢ & HE 7

Step 2 XFAESCHL R R HEF S AP HE, 1 i AT
FE T AR R 1B B AR, ARG AT AT ORI AR Sy
R, A8 AT R A AU — 3k 1 2 48 (simulated binary
crossover, SBX)H -, & w7 #4F K H 2 Ui A8 7 5
T (polynomial mutation)!'%, A8 X 5 -2 Hn F1 AL ¢
HA S8 W8 20, S5 B AEEQ,

Step3 AR, = P, U Q,, tH5AMEH b5
PR KR RS E 22, IR AN ARAE AR b [ 5 18 29 i 45 7%
TR FERME G WG, TR AMEA AT . )
FH 3 (6)~10) T 5 2 1 PP i AS v AT B s A, A A
NSGA-TIFIZY A AL BE 52, SR EAT AE SR

Step 4 ARHE R AR SCHCHE T 5 A TR 146, 14
R/ HpopsizefT#HT— P REP,, t =t + 1, 1R
[FIStep 2, H 2 FEIT45 K.

4 T FEHHl(Engineering example)
4.1 F2A 4R (Mathematical description)

PR Ay 2 R UL A R NASATEAEMDO
VAR R0 bRV S 2 —. I H AR 2 700 2 4%
ARG B O 2 R I [R) I, A 1S D A8 1 AR
INOFUR ). AL W LA TN A i, BE AR

By

min f(x)=0.7854x,25(3.333373+14.9334x3 —
43.0934) — 1.5079z, (23 + z2) +
TATT (234 22)+0.7854 (2425 + 2573,

S.t.

27 397.5
g1 = 2 —10<0,92:ﬁ—10<0,
X123 T1x573
1.93a3 1.93x
gy = — _10<0, g = —2 1050,
ToX3Tg ToX3T7
4
\/(75964)2 +16.9 x 10°
ToZ3
= —1.0 <0,
95 11023
745
\/( T5y2 1 157.5 x 106
Tol3
- ~1.0<0,
96 8523
5
gr =225 100, gs= 22 _1.0<0,
40 T
T
= —-1.0<0,
9= 102,
1.5 1.9
9102L—1-0<0,
Ty
1.1 1.9
gn:L—l.OQO,
Zs

2.6 <21 <3.6,0.7 <2< 0.8,

17 < 73 < 28, 7.3 < 24 < 8.3,

7.3 < 25 <8.3,2.9 < 25 < 3.9, 5.0 < 27 < 5.5,
(11)

Horp, o N W TH T8 BE, 2o IR, o /N R
TSk O Sy ST 1| b2 QT SN 1 [y S Ny NS 7S A SO =)
1, gy NS A I B S N IR, gk B R 1 B
KLY 3 LI, g R g Ay Sl (R ) 5 I P2 240 3R,
g5 Fge M P B KN LR, g7, gsFllge h RSF RIS
() B 6, groFH gr o A I RST TR 2256 20 2.

4.2 RCOFH K f#(RCO model solving)

ZARAL ) B i Ky 3T AR R RNAS REHAR
i, F2ERH A g, 9o, gr~go Ik, T 2712
Hg1. g2, 91, go~Go, g1, T Fl3Hg1~g3.95,
gr~groZH . B % BE AR B IR IE A A, bR ifE
ZEBIN0.1, AT EEPEAE OC R Bk e 2, AR R 2 1 4
N0, bRvEZEBEN0.1. FRRE K N popsizeist 480,
HE AL AR Brmaxgen® 4150, B I 15 S BT
no¥ A 10, AIAT A EAR S Hnd il 0.4, B
410.08. 4 4 K FINSGA-ITT i X RCOME % i3k 47 sk
i, A6 AR S HCHE R TP, R AT AT R B AR 43 50 SR P
1B RN SC A 4t B B A BOAE, V1545 140 59 2R RN
Fe2Pror; UK B B BUR T VR 4T SR A, BUR
BwBUNO0.5, T4 RN ERIFTR.
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Table 1 Results of the fixed threshold

z1

T2

3 x4 x5 T6 x7 Jors o AATEE BAE

3.5168
3.1109
3.1108

3.1212
3.1117
3.1219

0.7724
0.7304
0.7305

0.7250
0.7307
0.7249

18.9448
18.6418
18.6409
18.6880

18.6346
18.6875

7.5114
7.9475
7.9475

7.9511
7.9474
7.9508

7.8540
8.1065
8.1063

8.0593
8.1074
8.0616

3.5404
3.2789
3.2789

3.2802
3.2789
3.2802

5.1684
5.0062
5.0061

5.0094
5.0062
5.0088

3761.3
3076.9
3077.1

3065.0
3077.7
3064.5

532.6834
433.1959
433.1953

433.4223
433.1828
433.4310

0.0002891
0.8297000
0.8303000

0.8041000
0.8287000
0.8017000

0.0001

1.0000

&2 FHERMEGRMALER
Table 2 Results of the dynamic threshold

x1

2 x3 4 5 6 7 o of ANA[AT

3.5954
3.5954
3.5953

0.7000 18.7117 7.3000 8.1595 3.3009 5.3716 3401.5 482.4221 0.00025241
0.7000 18.7158 7.3000 8.1595 3.3009 5.3717 3402.4 482.2900 0.00024551
0.7000 18.7093 7.3000 8.1597 3.3008 5.3716 3401.0 482.6194 0.00024849

& 3 AR Attt R
Table 3 Results of the weighted sum

3

dn

B4

o of AT AR T

1 3,1,17,73,7.5,3,5

2 3.5,0.7,17,7.3,7.715, 3.35,5.287

3 2.65, 0.63, 20, 6.8, 6.4, 3.0, 5.099

4  28,0.71,25,7.9,7.599, 3.0, 5.099

3425.3
3056.5

3428.6
3056.5
4381.2
4104.7

43834
4104.7

488.0234
445.5307

488.8364
445.5307
727.7270
695.7016

727.7375
695.7014

0.00026322
0.24670000

0.00028808
0.24670000
0.00403000
0.25950000

0.00401000
0.25950000

0.0001
0.1000

0.0001
0.1000
0.0001
0.1000

0.0001
0.1000

MR ) &5 s T 40, 76 R FINSGA-ITT
2 3R AERCOR BY 1), A 3 e HE 7P v 8 1) 128 HY
XA AL &5 B 10 5% K. Y 9 {8 EX 4 0.0001 1,
Paretodfie LA AN TTAT BEAH /N, H A% eR BRI AR
ZEEER K, BN T R B AR A A > B E A T,
Paretodp L IR AN FTAT BEAE K, & 124 FH —3K
PEALE, TOIEARUETHE RS L. J3 80, AN TAT B
(1) 18 (B 5 K NF, AT AT AN R AR X 16 22, TR Tfij Paretodi
fd il B K H s AR 2. 2P I 45 Rk
P w1, 2 2 O 5 S AT DRI 2 B ) — 2k (0 R
P, B AR R EORbRAE 22 B TR Vb i 25
S G T 5 AN SR SR A )8 1% B A R
(03 B 7 4, AE DR AUE 27 R 1R — S0 R0 5 B N 3 i
WAy 2 TE) R 31 7 BUAE, 3L 32 R 2 1 5 A
AN AR 78 53 TE N A Jey B AR i B IT, 384 s 2 ARk (1]
(1 —30k, AR T 58 BE AN 2 2 Ab.

230 K L3 IOBURD 5 325 T 43 B A Ak 45 5

DAL IR T 3 IBUAE 1R 5% Wi 250 2 PELAR, 3 HLRH
LA IMBCRS A 0 H 152 0 1 W WA AR s ik
DR XA S5 SR IR, © AT ITRCOMF T SCHRE-©!,
HARW B AZ T3 T SRVE. T RI40 102, B HL
BN R s A7 I, AT A B4 SR AR AR A R A T
IR /DS, “2 BRSSP G X T 416 M3 04,
DAL EE R R AR AEL A, AR st A7 (BRI, H
i R BRSO, AH 2 A AT B AR 22 A
25 AR v 5N, DA S AR 046 s (10 38 BURT
FA IR 7 1R 1 B R HINSGA-ILF VA I, WA miid
BEAL™ 2E 0, DRI B 123 B Lk B AT 1 DL IR T 4
A5 4 Jr B A, AE AR SCRCHE Y R BT R A IR AN BT
A7 FEBAE, 55 DR 5 32 R A2 st DAL 3 5 AT AH T
(K3, #8202 A a] — S AT R . PR S
20 R B0 28 B AR 38 BT 95 8 SRR E g 2 A
A7, R ILA R BOR UK IR st A 1,
DU IE N 4 SRR AR BRI, J 39R T (A2
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st PS] = >k 2 B A] ) — S0k,

FiAb, kT RE PR E BT H ) B A ARk B
TTE B BUR, B 2 BT AR BBV 7 22 35 5 R0,
K 2 ] SE PR A IR OB 0, ISR S LAk TR
RN 12 5 i 5 PR ARG A ) A AR () 1 s A AL R
SCH s I TV EEAT O, SLARAL A R k4
71N, SCHRLI11ZE HA (0 0 T D0 A Tn) 01 348 8 g A A
Hz* = [3.5,0.7,17,7.3,7.71,3.35,5.29], H kx k%L
B0 f(x*) = 2994. i@ ik R4 b iy 25 FER A SCk
(P ER VR B VLA P LA ], 2 SR FH ] A P, B4

BUNIE, 2E R SRR, (R T R AR
BRI, ANRTAT B EBOR, ANBE AL TR
(K] —EPk 2R, R MBS BE DL, T4
L5 R S (LB A — 2, LA 22 7T R R vh P 1 Jit
DRI A, — T AT e LA &% (KT SR L3 A, 5
—J7TH AT 8 A& FHNSGA-TR il F vp T ik (4 % 2
B A, P 22 AR, eI AT I AN 15 31 T )8
IR B UM, L9 [ € B A RAT L, 78— e REfE 1
G T BN SR PR AE A, )R AN T AT REFRELAR DS, 56
AT T EERHE SRR,

k4 AL R

Table 4 Results of the deterministic optimization

1 9 T3 T4 s g 7 o AT RE BRI
3.5000 0.7000 17.0351 7.3165 7.7164 3.3502 5.2866 3000.6 0.00016996  #Zh#&
3.4956 0.7000 17.9480 7.3000 7.7149 3.3407 5.2777 3152.2 0.00021274 0.0001
3.4291 0.7000 17.0000 7.3000 7.7607 3.3364 5.2344 2931.1 0.20050000 1.0000

5 45 (Conclusion)
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