fmn &2 % M
Acta Aeronautica et Astronautica Sinica

Jun. 25 2013 Vol. 34 No.6 1347-1355
ISSN 1000-6893 CN 11-1929/V

http: //hkxb. buaa. edu. cn  hkxb@buaa. edu. cn

doi: 10.7527/S1000-6893. 2013. 0235

3T Ak Kriging 5 70 A0 2 B4l A£ 7% )

75 AT 5 R A A

jl] g/g“l’ g{,‘;’él’ * ’ E-J:J"J:‘hla i%%ﬁizy }’J":‘i}’:s

L AFEMEMAAY THERSRATIRF R, X

100191

2. WERAHAFRKE X EE KATE Y @uﬁw:malm@ﬁ

3. kX EH T, dbE 100094

\ LY
\\
’?‘ 4

)

O OE . ST AL R0 A O R R T 22 05 R fE EUA%"T{&F&&*E@& AELGE T 52 2% i 25 A0 T BB Z0 4 7™ i A IR
AT R R B AR ek ﬁtﬁéﬁﬁtﬂf“ﬁﬂ%ﬁﬂ{%@fﬁ%?}E"Eﬁifrfﬁfqﬂlﬁ( CRE O R
FAOH B2 0 AN S ittHTﬁﬂ:ﬁM{Krlgmgf%’*”\ﬂ%\yﬁ##(iﬂﬁ b T REBE T . G AT N T R AR R X
Kriging £ 7 i) 2 8k AT 040 s T AL AL H’JT%’*”T% WU BRAR S PR 45 A AR AW IEMAE L B P R

fﬁﬂfkf“ul_@] %%k E‘}:s/nn

SE . LEH TR s Kriging HOW, \EBMIRE : BBLA

hESEES. V215.7 5 vﬂﬂ A

\xé

SRR (MO 5 B 7 35 % 1 T 58 B 4y
Bt 58 6 T2 4% B A R A] 5 B SR A 2 i KR
BUBK S5 44 o 52 05 B 5 Bl RE AR AS B RO 0 B
R E N[ W~Mﬁ%&@mmﬂghﬁ%
(SORM) 4§ 2 B figt b7 5530 SO RE A e B =2OTReES
Bl R (RSMD B8 2 %&x%f
2 FRLAR 2 o 85 PT 5 () ﬁm;%ﬁ¢1
B R 22 35 2 TS %ﬁaﬁ, 3T
E#%%m@&,@ﬁ%ﬁlm$ﬂﬁﬁﬁ%m
R RE A SO JE i AR E

ol JE Al R R BROR 25 R R B0 — B AL
o AR Y S R R B R e RN e P )
i 2 [ 2% 5T Kriging A7 ) 1S 45 i) it HLASE Y
4% . Kriging 15 8 A F F H At 1% 58 00 45 (L H AR

K"M(F(v) M)/ Z W HH 12 (SORMD 25 55 35 3R it 25
0 B A 2 e AR Wkﬁﬁﬁjﬂ% Xi%rww L IF HBA B T ROR

‘E%Hﬂﬁﬁ%ﬂéﬁm%ﬁ%@

EA R, TR AT

AN THERER B SRt Kk'

XEHES. 1000-6893(2013)06- ?{\‘x 0"

A P57 1 %ﬁ<mwmgmmg%aﬂ%a
#w %1JD R A T 5 B £ B
F)T?ﬁE’J{E BB R HE B @QKriging 15

AN

"H Kriging #5& & 0] L4 73 #r & 115 ) \EI’J%?S‘%H
ijj([a]

W% Kriging #2515 0 i F] T 45 1 7] 48 B2 3

SR R BN AR Tk R 3 Kriging #1824
(1 e A Kriging A28 J5 2% (9 8G B2 JF At —

M o7 T 3% . RO A SO R N RN T
(ABO) 53 5k 348 Kriging #8 /y 4 5 I fE 2
B, LI  Kriging #6RY  RE4U0RS B 5 P45 & T %2
PR 5 v L AR AR ROCR ORI o U
PN (R A BRSO o N VA DB 5 4 N R = St

KB : 2012-07-24; iR A #F: 2012-10-15; R HH: 2013-01-03; M4 H kg AF 18 : 2013-01-09 11:16
) 4% H R 33 : www. cnki. net/kems/detail/11. 1929. V.20130109. 1116. 008. html

HEL&£WHE: E%"9737i %l (2013CB733000)
* BIL{EHE . Tel. : 010-82338356 E-mail: zjg@buaa. edu. cn

Gl # A LiuZ, Zhang J G, Wang C C, et al. Hybrid structure reliability method combining optimized Kriging model and importance sam-
pling. Acta Aeronautica et Astronautica Sinica. 2013, 34(6): 1347-1355. % i& . % # |7 . F Wbt . % . 2t F (£ ¢ Kriging # % fn &
FWHEENEYTELEEET S AEFR. 2013, 34(6): 1347-1355.

© =24 igntEst  http:/hkxb.buaa.edu.cn



1348 fn &2 % W Jun. 25 2013 Vol.34 No.6
B IO E B EORS B L 4R R
1 Kriging #&B 1)1k
1.1 JREEE
Kriging 5 B % £ 4t 1) Wi 7 {8 & — > Rl Bl
TR PREL vy () s B — A ] )RS 7R R — A~ Bl B 158 22
YR
p
y(@) = DB S 2@ = fHap+ ()
ji=1 . (b) Kriging model
“\,r
o Aing KO 5 — Yoo i B RS 1
. n IR X
£ d. B = [B B Bt f = ‘Q\%Kg‘if et
. arison of Kriging model and quadratic polyno-
[fl @) f (o) f”(x)]—r s =Co) o AL R )mlal response surface model
M TE 5 40 A N (0.07) + 2 B 7 2 9F 22, &\

2 () AL AR 73 A7 Xt Kriging 527 'ﬁﬂﬁl{%’\

T e EZE AR . = (o) A IR REpE \'ﬁ
E(z(x)) =0 \\{ il
{Var(z(zr)) =4 ﬂ\
cov(z(w)z(2)) = g R(0; ,I)
AH:ROw,2) jﬂ*ﬁ?@,ﬁé)@’wﬂfé R" ., R"Jy

2

n YESC ] i, \:\\ ¢
Zlﬁ(mﬁl;%ﬁ;ﬁ?fﬁﬂéﬁﬁ,ﬁﬂ
R(G;w,2) = DR, (s, — ;) =
j=1
exp(— D30,d7) K
j=1
N\
dj = w; —x, {
%Sﬁiﬂiﬂﬂ,ﬁ%é\s [\ S2 o \ ] ’
s;ER (n=1,2,,m) ; —[R j‘\& SFPIJj
A RHE . Ry = R(0s5s:55:) »ze\é 1.2,m

K1 =4k mm% y = 2+411 + 4z, —
28— 25+ 2sin(22,)sin(2x,) A P74 16 HFEAR

(a) Quadratic polynomial response surface model

15 (myn) ymyn=0,1,2,3 , I 7E L ERE E 4 HH
(AgIﬁ—tuﬁf“ET% 7 Kr1g1ng TR ) X]L

mgﬂ‘;-ﬁ”E’JUAfEFL%? Lm?
oy T AR ]\,

LR
1.2 NTIHEE

\"

J\I?%ﬁ%?gm 2005 4F H Dervis Karaboga
xﬁﬁw@%ﬁﬁ&km%m%m 1 g —Fh iR
TN B T — R TR0 R 8 R B, 1
‘3§iﬁ%%%ﬁﬁ%hﬁﬁ%T%%@m*

U\%Iﬁﬁﬂﬂ

NI o I AT RE Y A 425 1 22 AR T AR DL Y S Y B

ijzﬁmr;o — AN NTWEREH 3 FA LA RE
B | B 0T A . SRR MR B N SF TR
Bl IR B N, H#SE T8 N B4
#oE—A D 4w i, Horh DGR T S S8
N EEE LA 3 A S5 N OBR
limit A5 KAFFR R EL(MCN)

T 5 B B AL AR D b B AR D NG AN R
{X0s Xoooes X ) B2 limit A1 MCN, 29 #h
)G B W TF IR EA TR PR 2R - 1 oR 5 0 DA 1)
SRR B 0 A R T B AR AR L A0 LB A Y 3
A BE LU TH A R 38 5 B2 R U R 8 W i IR i e AT
B . T SR Y R] BEAE T B R e AR B X
S i 1) T B R R 8 e T G2 A 1 i 7 SR 3 R B
F it s AR SR P S AR e R0k . W SR AT 30 109 S 19
%4\%@Iﬁ‘éﬁ%ﬁﬁ%ﬁ<ﬁ%ﬁ%m& (1 R FORE 3 lim-

0 4B R B T 1R 0 7



XHESE JE T4k Kriging KL S SERIRE 15 10 45 1) T S BE R &

Wik

1349

B, Q0B 1E PR & i RO B Rk 5K
BEE — i g,

BAER PR

1.3 ETFTAT#ERFEXN Kriging 3

RN T B 3 34k Kriging B A
A SR BB R0 AL G BB R 3 Krig-
ing Y [ 72 Ak W B RE 7 AN T 04 O 1 10 42 )

%% [ dmodel, perf]= dacefit (S,Y, regr, corr,
theta0) £ 37 A Kriging #EAY , JF 75 B FE i 1 17
FHON T e B 530 0 % 2 B0k A7 0 Ak TE 7 eR 2K
[ dmodel, perf] = dacefitabe (S.Y, regr, corr)
K2 AL S ) Kriging B85S 5@ 1 B
N T REE T AE 40 WG 22 A $e B e A 0
B, an & 2 PR

AR R A L RS TR 008
@O #—AFEAM Kriging BiR,
@ WG AN T B 0L 1 2 500 B 466 0 A 1Y 0.07
F /N N, N..N,.N..limit. MCN I D 4 %) 4 fit
Xi(izl,z’...’Ns)o 0.06
@ FFHLRRA AR S A B it B 5
] ‘\‘}3, 005
fit, = {117, fi=0 43\‘,3"'
14 abs(f) f < 0N 004
L f0 RS L AR H R bR ﬁﬁa@«w%ﬂ _ _ . .
JLTJSF“ iljﬁ \\ 003 0 20 40 60 80 100

@ %%%*ﬁ?ﬁ%ﬁﬁiﬁ‘%”\% i
I+¢ © (5
{}g ] 2 A ,71} ’ }’ T

Arfr: ke (1,2,
B i REBIE @ §rt—1 1722 1] f 8 LA
SR R P 08 P I 0 L A 38 4 FE A 1L
T B35 FEE ALK U2 97 At O 58397 I e 5 )
1L % 14 B8 35 2 I 00 1.

© T r ] BE \f
] = flt \Q)'
Zflt \
P g R 4l xS ] vl?i"jiﬁfjﬁli

ﬁMﬂ
R HIR . Wq

© R X A SRR MUK Bol i 1T B
SE F R BRAFL IS 2 500 150 W1 3 A ik A B e LAk » 20
J%E%ﬁyﬁﬁﬁ(ﬂf’:i%%ﬁﬁﬁﬁﬁyﬁﬂ
X = Xoin + (X min)Tand(0,1)  (7)
A X Fl X 5}77']7@%%? o e d KA AN
B/ME.
@ 2R 3% AR T Joe KA FR U I 25
A0 R B R @ .
® #1532 MR MHIUA Kriging £3Y
F FH MATLAB 1 fy DACE"* ") ( Design
and Analysis of Computer Experiments) T. H 4§

ZEN

Iteration number

|2 MATLAR D otk f it 7
Fig. 2  Optim \By'proce% of 9in MATLAB
L5
it ) Kriging BURAT By = sin «
ﬁ{%\ﬁﬁ R A (1 ).
RN L5 R 3 B

. IT
s SIN —

5

2,

i ’
1.0
05¢F o
/
= or _
g
I
~ =0.5 E
* Sampling point P
-1.0 p —  Classical Kriging model = E
——y=sinx
- - =+ Optimized Kriging model
_1 5 1 1 1 1 Il 1
0 1 2 3 4 5 6 7

X

B3 PLLTTE Krging #A IF 3% e& 8406
Fig. 3  Sine function fitting of Krging model before and

after optimization

M & 3 AT LA ML JE 1 Kriging £5 5 76 i
IR e R Sl R

DAL 1T o i 208 pR SO B LA T S Krig-
© =24 igntEst  http:/hkxb.buaa.edu.cn



1350 i =

¥ iR

Jun. 25 2013 Vol.34 No.6

ing FEIY (VRS L HEAT ELBC T - BEAS J5ANAE O T 0
SEREA N B R T 97 K R B9 d s 3 L 21
[~ L3S R 4 fros. AWER AT LUE L ke
AR 5 AR DI04 S 5 T AU 45 SR A A T D T
EAE A5 B A B S ER DX SR AL AL A5CR I AH 2 B 2

)
§$

(b) Fitting image of original Kriging model

(c) Fitting image of optimized Kriging model

RORRT L

Fig. 4 Fitting effect comparison of Kriging model

M4 fufeni)s Kriging SE8405

before and after optimization

TE X I N B ALl IR 100 A4S g 47 J7 22 % [
az:%z(y*y’) oy KR AE ., Y AR
R PR, 5 R a3k 1 s .

\ )

x1 HEFELE

Table 1 Comparison of fitting variance
Parameter Original model Optimized model
o’ 7.252 3 0.364 0

M1 al DA AR e B R B 5 5 22 3 /)
TR AL R L AT R 4R 2 A RO AR

2 WA TRER %
2.1 gztl)lb*a

ﬁﬁ*/%ﬁ # i — Pl i f Kriging 42
1 G fﬂﬂﬁ/ﬂﬁ A I AT R AR A

iR Kriging 0 76 o BB 1 ARG BE LA S T30

\\wﬁgﬂws@mﬁﬁm 9 55— B
<R A

YR B AT R R, R R
Bl 5 s

Assume that the initial design point is the
mean point X}

!

Generate a small population S, in the
whole design space by DoE

I

Calculate the system
response (performance function value) Y,
\( by simulation

Establish an optimized Kriging prediction
model using S,and Y,

1

Computation of initial design point
X according to the model

!}

i=i+1 Importance sampling S centered Xand
calculate Y. Y, =Y+Y, S =S+S

!

Establish an optimized Kriging prediction
model using S, and ¥, and compute

i+l

No

Yes

End

Bl 5 ARSIt E R E
Flow chart of the proposed method
© =24 igntEst  http:/hkxb.buaa.edu.cn

Fig. 5



B S L T4k Kriging #5070 0 58 BEAIRE 125 10 45 #) AT 52 BE R 5 00 0k 1351

RG] RE R, R BRIN T -
TR REVHRES N XS R 1
I BIE ROk AT
P2 LIRS SO SR AT AR R
FHREAR S HlRE 25 3 pR B30 RT AR A0 ) R AT e R
HEAT 3 I, X Sy AR A5 A — R RIE S
SEI K S HZHMEASEIRN S, E
T BUE A BT 45 0 3k A BROT T RGN Y, .
W4 LIS MY, IEEA S Lk Kriging
AL, R A DACE T HA ] 5k A58 580 X6 43 A28
MR 85 & — IR I SRR B M 0 50 8 X0
!SI X R X Z AR
JERLAE (RG BE 1R 22 e TSR, W R 4 R AR

R

EPR2~LHS5. i =i+1 ,Eiiiiﬂﬂ%ﬂ%
A4

Bk o
w '\ AW 4
2.2 HARBHE W\ S’
2 b T S 40 B ) R F 9 2 0

B NG 2 20 W QNN &l [ I A8 21 T
%;Ra‘é?f%*@ﬂﬁ?&@ﬁé%#ﬁﬁiE@ﬁ%k?%

ST, HHARERNTC R . AR FRARZS
T TE i DX R 2 o I S Il S T 36 B e
FIRODR 285 1T L 93 By % A58 194 W B s 30X A9 {6k 45 g 1 1

E*&Bﬁﬂﬁﬁﬁﬁjﬁﬁ%%‘ﬁﬁWﬁﬂ@?ﬂ%ﬂ%fijﬁ\ﬂv\( ye
L\ &

T,

R HLA R J7 2 R TR SRR
i B T B 42 0 410G K %
ﬁﬁﬁﬁmgwmﬁay$ﬁ%m§ﬁ%%ﬁx
S04 T 500 R 7 52 (5 KT R A 7 A
G L 5 ROREAR b R A

R R 2 S R T 8B X
S A B 1 2 R A 3 A 2R R 1
S HHE B T MR CR T BT A0 A 6
TR TR MC i B T R O R s )
M. B 6 ) o T 8 MC iR, 264010 20 10 5
S AR TR o 68 R A 20K T 4 9 T 5 4
P A RE I G R Bl 1 S 1 7 B
0 T T 6 (b o 7 55 B 7 1 46 B o
BB IR o MRE A 2576 A S A8 10 B 3
S B T AR

o\
ﬁ%%%ﬂ%ﬁﬂ%mz%%ﬁﬁwmwaiggi 2

x, A

4 L Original

coordinate
system

Standard normal
coordinate system

Failure domain
2+ o \

| Security ®
domain ,fe ,

] (a) Simple MC method

{‘\ LI
Standard normal
coordinate system

- 2
Original
[coordinate
system
3tk Failure domain

.

1 F Security
domain
L]

: B MIC 35 55 T B RE 9 L
‘fﬁg}‘ Comparison of simple Monte Carlo and importance

sampling methods

AT O IE A F BERE D7 3 L B O R PG
18 EUGEARTH R 30 5 AL R 4 R eR R
B A R R AR R R PRI A AT
A HOR ORE A il A PO 2 B D B ) LI B
o SR AR A DL LS 5 L IE S IR A 4
T AR LAY Kriging #5707 56 55 5 B3 1) #8054
JE L 2 AR DT B2 5 AT S B TR AR S

2.3 WEEHE

B BEOCAEFR rb (9 b R 5 500 i A AT BR OG0 A
T o AT AR G R R AR A A R I ST 1Y
Kriging B A8 45 4 1 BRAR 25 75 2 31 53 HE xS
A BEHLAE B A B RE L FEAR s 22 S i) FORM 35K f
YA P 1) 36 530 0 0 AT 5 AR A . 5 R AR 31 1Y

THEE 25 A0 LA, 0 SR 1R 22 B, T 4k 2 1) 3F 1%
© 2= igm%Eat  http:/hkxb.buaa.edu.cn



1352 fn & % K Jun. 25 2013 Vol.34 No.6

RGUCRBRE/DN T o E (L WIR SRS B 252 . Bt
1 T FORM JAA B A7 15 1% 22 . O sl B 1 22 R

F2 TEMENSMHITHERD
A e S A — KR PR Kriging 8 F ] MC Jr ik

Table 2 Calculation results of different sampling

ﬁ%%ﬁi+%:/%/bgi§i$%$o . [16-17]
points
3 ;E&{E‘_;é;’fﬁ” Sampling Cycle Total Reliability I?;:iiftn [Z)C:iingtn g(af
— . . R point ’ point index g8 » x5 )
3 PR A ) R B ARAS SR O vk B AR S Y i 2
%fﬁfg‘?ﬁ\Qﬁ\im%ﬁ?fu&:ﬁ(ﬂﬁmﬁifﬁ 8 7 56 2.475 29. 217 \>1.3‘:§9 —0.028
) R oL . 10 6 60 2.477 29.208 51.359 0.093
i B2 RVCR T 9 22310 > g BT s A U X 12 4 48 2479  29.214 51.344 —0.036
R FRAR S Ty B AT A 15 4 .36 2,476 29.214 51.345 —0.007
{\\\:'
3.1 Hfl1

%%%E!MH#MAﬁﬁMNE%#
KELER RS BB Z = g(av2n) = 2120 — A%%wﬁﬁwﬁﬁfﬁk T RO RR

1500 s, il oy BIMIE A I+ pery = 38p0, = o MR A BRI BIIFARARS - 6 EL B A9 Al
54 .0, =3.8.0, =2.7, . \\ *Ef@z%,ﬁ\%%mﬁﬁ?mﬂtm,Bfupelﬁﬁ%ﬁﬂ‘
ﬁttiﬁc%{)\%#/\ﬁﬁfr% 25 51 i &$ BRI FE TR AT RO, — e 12 A~ BT
ENGIE R =i @ B fﬁﬁfrﬁ ?\fﬁ'@ﬁ é‘% 2 B 1 ASTE Dy R B R ik 3 TR

\ 'iE 3 HOA1HHEERIL
‘Fable 3% Calculation results comparison of Example 1 {\ \
J\ 3 %
L

Method ‘ Sample point B xf \\J\Qi Failure probability/10 3
MC simulation \ , 10° ?\;¢ = 6.3
FORM 6 2.482 7 29. 195‘\ . 4 51.372 6.5
Classical RSM 13 65 2.392 4 g}% T s0iom 8.3
Classical Kriging model 3 36 2.475 1 (‘éx,;?/xﬂ 51.092 6.7
Proposed method 3 36 2.479 5\{ N s 9.214 51. 344 6.5
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Table 5 Calculation results comparison of Example 2

Method Cycle  Sample point B x1/107 x2/1073 x5 x4 Failure probability/103
MC simulation 108 332.8
FORM 5 0.432 9 9.968 7 2.507 8 0.9739 23.408 8 332.5
Classical RSM 18 162 0.536 7 8.652 7 3.8629 1.348 1 15.324 8 295.7
Classical Kriging model 6 72 0.401 6 11.534 0 2.768 3  0.959 7 21.166 2 344.0
Proposed method 4 48 0.429 1 10. 531 0 2.386 2 0.964 3 23.3640 333.9
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4 Table 6 The first sampling points and their computation
- results
)
40 kN Number E/GPa oo /MPa  P/kN  guux /MPa

longitudinal
load applied 1 117. 20 1262.4 42. 760 905. 67

to the hook
surface 2 116.78 1276.7 43.262 928.08
Fixed 3 117. 85 1256.0 42. 847 906. 26

constraint
A ) - applied to 4 116. 31 1282.1 45. 161 963. 83
Fixed T the pin - .
Constraint 5 119. 55 1293.7 42. 674 917. 04
applied to
the pin 6 116. 84 1264.2 44.763 957. 60
7 117.13 1283.9 35.190 789. 28
8 118. 24 1289.0 39. 920 876. 14
9 117.07 1252.7 39.373 871. 21
10 116. 89 1254.7 33.583 742. 87
B8 B 200 B oy A 11 115. 48 1 280.3 41. 029 875.53
Fig. 8 Docking hook constraints and load distribultion 12 117. 24 1 267. 9 35. 774 703. 60
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Table 7 Design point coordinates of each cycle

Cycle E* ac2 P B
1 119. 77 1241.5 51. 354 3.214 7
2 119. 24 1233.7 53. 694 3.575 2
3 119. 33 1231.5 53. 661 3.574 8
4 119. 34 1231.9 53. 664 3.574 9
5 119. 35 1231.8 53. 664 3.574 9
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Table 8 Calculation results comparison of different

methods
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Abstract. In structural reliability analysis, a polynon 'al\ﬁ{\gt\mﬁ'is usually used to approach the implicit limit state function.
But the limit state function is likely to be implicit and hi Iy’nonlinear for complex aeronautic and astronautic structures. The
calculation may not converge if the simulation oitgep lynomial function is not accurate enough. In order to improve the accu-
racy. efficiency, and convergency, a r{alia‘mﬁlby} ;,thod combining the approved Kriging model and importance sampling is
proposed in this paper. Firstly, the para&(ﬁ}e’? of Kriging model is optimized using the artificial bee colony algorithm. Then
the implicit limit state function is fitted With'the optimized Kriging model, and the sampling center is revised constantly by im-
portance sampling to improve gradually the fitting accuracy. Finally, the reliability is solved combining the Kriging model and
the parsing algorithm such as the first order reliability method (FORM) or second order reliability method (SORM). This
method improves the accuracy and convergency of reliability calculations with highly nonlinear limit state functions. and has

high computing efficiency.

Key words: structure reliability; Kriging model; importance sampling; function fitting; artificial bee colony algorithm; pa-

rameter optimization
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