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FaTF IR A B AR R AL T i RN 2R vk 2R 40 0 S R A T 1, R MR R 2 M R 4
KA B % 2 — , B3 2007 4F Olsen S5 H P A 30 AR B35 20 2012 44T iR A 4% 2% 100 )3
AR $ SRR A TR
ARSCHEE T H AR P20 T4tk HARLM: B 5 R G010 2 RS FE A Al T Oy i O s
JENG R G R AT R — R H R I AR A X I 2 1 I FH 6 AR 2R A e 4 1t o 24
FE BT pR AR, (75 B 28 20 O R A T4 o Al T — R AN T HE AN R S AR 2 A X S I HE A B 2
L xRt R4, AR TR 5 2 SR RS 55 A I St S ARG M BUE B, T
ARSI MCS B X3 A it LU 358, 245 TR S /R AR SO 2 J2: IE A RU ).
Y I T T
% 18 Gauss MR T L4508 1% R 50
V(1) + 2Bw,Y(1) + &?Y(1) = W(1), Y(0)=Y(0)=0,0<:<T, (1)
Horp g BBHJE R, w, & BIRIUR, W) AT HE N G, 1Y Gauss FIMEF, Y(1) ARG
L, BRI A T4 b TR M F = { (y,9) : [y > b,y € R} BRI RGN E S
P,=P(F)=P{31te (0,T),|Y(t)|>0b}. (2)
FR4E Duhamel F453, REE (1) BIBRI S M N E R VT RIR A V(1) = f;h(t,r) W(r)dr, Hrp
h(t,7) SRk ofme o7 PR, 7R 7 B 2046 A B Bt ik o e ¢ B 20 i i .4 A = T/n e, =
kAt k=1,2,-,n, H2Y At —O0 W, g(k,s) —h(t,,0) A Z,(1),Z2,(2),,Z,(s) FnRHEHM
SR IEABENLAR 8 WSS RGN V() H

nm=igwmauwﬂmwn. (3)
IS0 2 AR A8 o

F=UF, =0 {1 ¥()1>b} =U {1 Y(k) | > b},
SRR Bk = 1,2, ,n) 3EAAOR I 1, 20 SRS B V() = b1, 20
ASEHEIS AR B,

B, = JZX) + ZX(2) + - + Z() . (4)
158 1, AR

k
min B; = X, Z;(s),
s=1

s.t. Y(k>:b7
T 1, I 2 RV
Z: = {Z;(l),Z/.;*(Z),"',Z:(k)}, k:192’“'9n’ <5)
Hrp
1
2 ()= — g(k,s) /2nGAth, k=5,
Ty
H

k
ol =Var(Y(k)) =2mGyAt Y, g*(k,s),  s=1,2, k.
s=1
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B k=n i, Bz, HRFRRIE A2 b 7~ n I BR 2, DA Rt il A ST O T A 2
SERZN 2 I ¢, I 2R SRR R

P(F,)=2®(- |z, | )=22(-8,), (6)

Horb @ () bR PREL
HEEZ VS iR

G =F.G=F-UF, i=12¢n, (7)
Hop =" FORMEA WL €I F T, MR T FAURIET F(j=1,2,.i - 1) 95
AR RAR F By F =), 6, = X G, AVE SRR AT Y

PF=P(F)=P(§Gk)= ;P(Gﬁ’

)
PG e
PF—;P(Fk) P(Fk)_;nkP(Fk). (8)
AT AT, U 5D BER A9
13F=§,lﬁkP(Fk), N

2B b9, = N/N,, Hol N, FORVEFESAIRL F, PIORASCE, N, FORIETE 6, hIREA
T I SCHE (B A BUEA R F, T BREAR (LR ISR 2 15 Y step 4) S BREARIRAEAS
7 22 BRI EAS 5 22 9 TR L T

ﬂ=§nmwn anw>ﬂmﬂm, (10)
T B 5 PR
P(F,)
f(k) = (11)
ZPW)
Wﬁ%%ﬂ%?mﬁﬁTﬁ
P—onk<nﬂH Mgmiﬁuw (12)

S M FRBRER MR, 7, = N, /N, , B8 5, RIIEDY p, #0(0-D) BEHUIE L. (75
Mpkj ’
SR p, AL, O35, = m/M,m FoRIAIRTTE G, A1 F, SPHOREARH,

2 Ak bR

Step 1 fHEPEIN(3) B3 1% REE R,
Step 2 MUEI(S) BRI 2/ (k= 1,2,-+,n) K 27 ARA(4) HHH AT tES 15 B, (K
=1,2,,n) , BRAEK(6) HAIEARBIRIBAR P(F,) .

(13)
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Step 3 MR (1) HbE— A SRAAR F, . 740, 1] E3 514 BEHLEL U, F3H3 1 )
(3 A =D A [hi= 1,2, n,g(0) = 0, BLU, T AMB I M & = 7.

Step 4 FEAEF, PRIREAR Z, 754 n ERRUEIEZSBENLIE R Z %[0, 1] A5 A bt bL
¥ou,, W

Z+ (a-{Z,u ))u,, U, <

N
I
S N

-Z-(a-<{Z,u;))u;, u, >

a=0 (U, +(1-U)PB,)),u =z,/8,.
Step 5 MR KZ HE Y(E) (k=1,2,--,0) EY(k) WRY(k) >b,Y(k-1) <
by, Y(1) < b, Y(k) &AE G, W, UMER 7, =1, W 7, = 0.
Step 6 MR (12) HEH FRAMRE KX (13) TR 7 R

3 B(HH

31 KU NFERGEHEEES
Gauss MR BRI R YEDh 124 R 58

mY(t) +c¥Y(t) +kY(t) =mW(t), (14)
HrFy0)=Y(0)=0, G, =10"*m*/s*, m = 10* kg, k =40 000> N-m™", ¢ = 800w kg-s™'. %4>
B BB b = 2.24 cm F1 b = 2.8 em , BNEIT T = 20 s Jhk i b7 pR % A

1

h(t) = aT eXp( - Bw()t> Sin(wdt) s
FHor

w, =2mrad/s, 0, = /o, - (Bw,)”, B =0.02.

B AL =0.02, ] n =1 000 % BEAN 22 43850 AT 10 YGRS, BER 100 MEEAR ARG
W2, #HE 1 3 RFRIRBFEREA F, 5 6, FIREAREUE 5 2 4 51 R FRIE N E
TERBMERAGTHE S 10 YORIR 25 R B AT BUENE I R AEE A THE. 2 b = 2.24 em
BF A THE S 3.025%107° , A8 2B 25.11% ;24 b = 2.8 em B, ffiiH{E 2 3.678x107° , B F &
¥k 23.90%.

£1 b =224cm, M = 100 iR B4,
Table 1 Results with b = 2.24 cm and M = 100

m Py m Py
11 3.422 855 4E-3 6 1.867 012 0E-3
10 3.111 686 8E-3 12 3.734 024 2E-3
9 2.800 518 1E-3 11 3.422 855 4E-3
10 3.111 686 8E-3 8 2.489 349 3E-3
13 4.045 192 8E-3 11 3.422 855 4E-3

B 1R 1 R — U A B 2 S MR B AS 1R AR B0, LR 100 SEEAHAT 11 4
HARNET F, 5 6,, BHIM— DA, B2 RRMTHES L — G 6 it EE

W22 3 PR =307 X 107, BACRER ARG , £ 07 SO ORI, 4 2 4
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W T AR SO BT T HERERE A SR (M = 500) BYARFRIE DL, BRI MCS J5 ik (10° AMFEAR) 15
BP0 BT B MR B A T £ 2.961 x 107 F1 3.701x 107 [& 2 @R BEREA S 1K)
W2 FIRARSO 2 (L) IR AG T HE P BUE I 2.961x107° F1 3.701x107°, KA 200 44
RZ 5, AR AMAHES MCS ke LA 22 L.

®2 b =28cm, M = 100 B E25 R
Table 2 Results withb = 2.8 cm and M = 100

m P, m Py
14 3.456 189 4E-5 14 3.456 189 4E-5
19 4.690 542 8E-5 18 4.443 672 2E-5
12 2.962 448 2E-5 16 3.949 930 8E-5
18 4.443 672 2E-5 12 2.962 448 2E-5
10 2.468 706 8E-5 16 3.949 930 8E-5
10° 10"
P,=2.961x10"
s < - -
" 3
e 10
A
. — P.=3.701x10"
B 107 5 ——
- Yo
10°
-
------- b=224cm }
S b=2.80 cm
10 : : : : 107 : : -
20 40 60 80 100 0 100 200 300 400 500
sample size M sample size M
Bl — YRl b o R AR AR B 7R b ] 2 REIRBGA T, 5 R ABCE A
Fig. 1 Variation of the first passage failure probability Fig. 2 Variation of the first passage failure probability with
with the sample size in one turn the sample size for different failure domains

3.2 FEEMMAFERSEMEBEED
BARANESN 12 RGN T o8 RO R TC AT A B B RT3 8 1 LA s U 4L A
22, X AR 3 J125 R G, TR E SR R GE , AN A i DR IR R Y 5 i A SR HT R ek
PRI AR L v 5 R0 R M 2R Go xR 2 1 2 Aoy LB AR TR A 38 L g R0,
F AL 12 R G
X(1) +2Bw X(1) +wl[X(1) + X (1) ] =Sy W(t), (15)
Hi g =0.05flw,=1.0FRY e =0 BHLERTHMES ARIR, e(e = 0) ZIELME
BH, y = 0.3, WS T=15s .25 (15) BIRBUS F = { (x,%): [x| > b,x € R} .X(¢) Al
X (1) BOBA LR T RN
1(, € , %
f(x,x)=AeXp{—M(x +2xj—} , (16)

2
0 20,

G _ . , "
b o) =fﬁ‘;,és = wlod, AR £ = 0B X(0) 5 K (1) MBI, A A LA,
Wy

A7 | Co Pk,
= exp| —— —,
4Be P 8sol) " 8eol
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K, JEBIER Bessel PRAL.
G (15) WFH Bl

1 .
Vi(x) Zlirr(l)EP{b - X(t)At < X(t) < b} Zd'(z)Aexp{—

LM ANER G

v o
Z(Téx 2 ) )

V(1) + 2Bw,Y(1) + 0’Y(1) = Jyw(t), (18)

o, SEFREME SRS (18) BT L 2ER N
Gy 1

V;(x)=2ﬂa_yexp:—20_ix } , (19)
Hrp

a'f, ZLOZ, oy =0'§a)§, G, :l.

4Bww; ™

T

Vi(b) =Vi(b) (20)

BF AT R LM RGN SFHENEN S 0, MR (20) 26173 T 28 SRR L M S 800 A8 ik
B 3 30 Bl 4e A 3 3 K, 35 Rk /N, o [ — e Al B ARG S AU
KOV B R N AT 1 3 ARG & R AFRFELES IR IE .

1) Z4IR b =30, LS H e = 0.1, 1 (20) AT MESH 0, = 1.310 634,

2) WEWHF b =2.50,, IFLIESH e = 0.5, ERLNESE 0, = 1.858 361;

3) EEEER b = 1.50,, IFEMESE e =2, HFHEMNS B 0, = 2.164 058.
MR ME R GE (15) 9 SRR TR

P(T)=P{3dt e (0,7),|X(t)|>b} =P{Ir e (0,7),|Y(t)|>b}, (21)

SRR b ZR B0 1) Bk i 7 pR BNk

h(t) —iexp( Bw,t)sin(w,t),

Hfw, =. /o’ —w%>;ﬂm 0.05,n = 300.

mean high level crossing rate V,'(x)

0 0.5 1.0 1.5 2.0
non-linearity parameter &

B3 RIS ERR% 0 R F P |5
Fig. 3 Mean high level crossing rates for different threshold levels b and non-linearity parameters &
MHIA SO R HSHGEAT 10 YGRS, 2] 3.1 /N7 iR B8O | S0l i AE A %L
M =200, 3 FSECT RS E R W 3~5, 8P 1.3 SRR 200 A R
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WA F 5 G, WREAKCE 56 2 4 5070 e R U 1Y 1 20 R R AT HEL 10 UIRXE i 1 28
SRAIMEASEAN- Y S AL S RAILFR 6.8 T LU, A MCS (10°( 8 10%) AMFEA) Jrik, Xk
LNERGIAT Buler (WAL BIRL, 7115 3 ASHCT & 5 RBMERAGTHE, W3R 6 W AR
58, AR SCGE R XL 3 SR O 1 T B 3 KRR A THEL, B 280458 10
UC, R 100 AMHEAS 10 TR 19 58 R OB R SR (1 S 3 57 R IR 6. 18] 4 = AT
5 (RER) 5 DX ik (5240 20 O BE R A T HE R R A B A2 AL L.

®3 HHSETFIAImER
Table 3 Results of case 1
m P, m P
20 3.887 448 5E-5 26 5.053 683 OE-5
19 3.693 076 OE-5 23 4.470 565 5E-5
21 4.081 821 0E-5 18 3.498 703 5E-5
31 6.025 545 OE-5 24 4.664 938 OE-5
17 3.304 331 OE-5 19 3.693 076 OE-5
£4 ECASH RIS R
Table 4 Results of case 2
m Py m Py
30 7.772 795 2E-7 23 5.959 142 9E-7
31 8.031 888 1E-7 28 7.254 608 9E-7
35 9.068 260 7TE-7 31 8.031 888 1E-7
29 7.513 701 8E-7 26 6.736 422 6E-7
39 1.010 463 4E-6 37 9.586 447 0E-7
R5 BEASET RIS
Table 5 Results of case 3
m Py m Py
30 2.124 923 7E-3 25 1.770 769 8E-3
32 2.266 585 4E-3 21 1.487 446 6E-3
25 1.770 769 8E-3 22 1.558 277 4E-3
24 1.699 939 OE-3 26 1.841 600 6E-3
26 1.841 600 6E-3 19 1.345 785 1E-3

*6

ASCTT - MCS Jr i | DR A 12 1 45 R LA

Table 6 Comparison of the proposed method, the MCS and the domain decomposition method

method and parameter

case

1 2 3
estimated value 4.431 7x107° 8.005 9x1077 1.770 8x107?
the proposed method
coefficient variation 14.02% 15.75% 16.25%
domain decomposition estimated value 4.487 1x107° 9.702 7x1077 1.826 1x1073
method coefficient variation 10.67% 12.25% 11.73%
MCS estimated value 4.209 4x107° 8.437 3x1077 2.011 9x1073

M3 6 ) 4 I UL, 5 MCS AHEL, AR SC7 k2 IR A B0 5 5 XK A A L, 35 6 R
AR i EA , (HL XS0 32 R 28 S R O/ BT 4 B s 1 DX sk gtk 4 H A ELAE AR
50 MREAS RS TARE , s Hh XSO il AR g | AR SO vE 20 R 200 MRS (EASC
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T i REAEUTRT Rk i B | E AR A T R SR T A A Tk

10
. case3
S0
S 10 . case 1
= " T
© -5
-6 case2
510" e
&
S0t
4]
=
10"
0 100 200 300 400 500

sample size M
B4 3EASHT ANk (RL) 5 KB E (SR4R) B 27 R B A B 22 fb 4]
Fig. 4 Variation of the first passage failure probability with the sample size M

(the proposed method ( dot line) , the domain decomposition method ( solid line) )
- +
4 )L_‘l;[\ él:[

BN VSR R (S s | N D i 3P SR WK BN UE - 2 PR QR T A IR i =N
BB AR SCH A AR, 5 T R SRR S8 LR SR TR S AR R
GE B o RS AOAG T J7 1% SR B A2 R A3 el ) B AR 25 AR R M A S L A S o R R A AR 2
PEEESE ], OF5 MCS B XS i 7 i AR P AL, s IR AR SO vk W TE A M B oA b, RS I X
S TR AR R 0, (L T REAR g B R A AR 2 R ROH T 1 PR AN R 1 R AR A
A RO, I B BIZ R R T A SCR R T I A R s 05— 5 T, 75 JE B AL 52
BB TREN B ESR B HATT 1 2205 200 DA MG THECR B4
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The First Passage Failure Probabilities of Dynamical
Systems Based on the Failure Domain
Reconstruction and Important Sampling Method

REN Limei
(College of Science, Chang’ an University, Xi’ an 710064, P.R.China)

Abstract: For linear dynamical systems, the system failure domain was reconstructed, an im-
portant sampling density function was built with the probability of the basic failure domain and
the important sampling simulation method was employed. For the non-linear dynamical system,
the equivalent linear system was constructed according to the principle that they have the same
mean high level crossing rate for the specified threshold. Two numerical examples were given to

demonstrate the accuracy and efficiency of the proposed method.

Key words: structural dynamics; first passage failure probability ; important sampling method ;
mean high level crossing rate; mutually exclusive domain
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