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Active learning analysis method for structural reliability of systems with
high dimensional performance factors

LI Bing-yi*, JIA Xiang'!, ZHANG Xin-hang?®, LI Bo-wen®
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Science, National University of Defense Technology, Changsha 410073, China; 3. State Key Laboratory of Astronautic
Dynamics, Xi’an 710043, China)

Abstract: In the structural reliability analysis of the system, the learning function in the active learning Kriging (AK)
method does not cover comprehensive information and the termination criterion is too conservative, resulting in too many
points added in the solution process of the high-dimensional factor system. To solve the problems of high cost and low
efficiency, an active learning analysis method for the structural reliability of systems with high-dimensional performance
factors is proposed. First, the Kriging model is constructed based on the initial samples, and a new learning function is
proposed, which considers the uncertainty measured near the limit state surface, the variance, and the probability density of
the candidate points themselves, making the added learning points more representative and updating the model. Then, the
maximum relative error of the predicted value is used as the termination criterion, and the failure probability of the system
is estimated. Finally, based on the verification of three numerical function examples, the proposed method is applied in an
instability problem of the connecting rod in an 8-dimensional crank slider mechanical structure. The experimental results
show that the proposed method reduces the number of addition points while ensuring the prediction accuracy, and can
achieve accurate and efficient reliability analysis compared with the typical learning functions.
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2.1 FIMVELG2ZEIEH
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B IE A3 17 (folded normal distribution, FND) 5] A 2%
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Covp, = . 25
"\ (Nwes — 1) PSS 2
step 4: FE T 1R Z2 I 0 A28 Lk A U )

245 Kriging B 7Y R 1 e max 5 BIE e AT ELEL.
F7 Emax > Ehr, W G T Kriging #5885 2 0 55 28 1E
A, 5 Z step 7; 5 I, 13 N step 5.

step 5: ZE T ELG 2 %% ) AL S AR 7 >l 2™

I P th ELG 2 %% = BR300 Sy AT VR A, B2
T (16) F1 (17) £ $E ELG 2 pREUE e /N 2 /E 3
L] Rz A T A SRR T AN e PR
H MR LRI F 8 15 &, 1E A F — 2P 8 Kriging
[EE TN

step 6: 5LHT So, % 2 step 2.

W RE R BT 5 G (), ¥ {x*, G(x*)} I
So. 5 % step 3, H#4 Kriging A5 B i, A5 78 ()6 S 40t
FOHAh T, BB AR 2 ) SO Kriging AN, =
B Kriging 158 145 5, {58 T 5 5 SI e 5 RS 1t 1 F0).

step 7: R SEPEFEAR AR 1F AT

#i Covp, < 5%, MAA AR TN ORI 2] 1 2%
WOME RPN F8 bR, 3 N step 9; 753 U1, 3 A\ step 8.

step 8: F'& Sy, % Z step 3.

A S BN R BRI R TS AR ek
Sy, BRI T 2 4t 4 A DK 1 20 A RRAE, BE AL AR i N
AMFEARIMN Sy, PREF 2 HIT ) So 1 Kriging 1524, % %2
step 3, FLHTNT Sy St T

step 9: % th 2R A 2 Ak THE Py

i Hh 2 RO 22 A T 28 A PN B 28 1) Kriging 1524,
T R HAh AT 52 8 2 A Ak 4.
3 FFERAE

o3 I HUE eR b A B AL MR RE R 1, B R
Bk SR 1 e ek 2 da H PR 7 RO R T R
P J3 At SR 56 UE T R AE R« = 28K 2R RAOME A T 1)
ROR, 35 O 2 305 ) oR B SR 25 AT R L.
AL S AT br R AN [A] 2 2 BB ) 38R Tea

(time of calcultion) iy AK F-45 2] sl &k 21 2% 11 5%
PR TIE AT I 8], A 55 B AS 1R 07 7 1 =R il o2, L B,
RLAFD (5). Nean 9 E S PERE B B0V FH OB, RO 46
RSN B AN, Covp, Flep, 53 5 N KRB
il THE AR S RECFIAR X% 2. NRMSE 90— 1634

77 #i 1% % (normalized root mean square error), f!

n

Z(yi — i)

NRMSE = | =L . (26)
>l
i=1

oy, Dy ECSEE NAR; g A TN S48 NRMSE )
IAETE FELA [0, 1], FAB BRI, TR0 25 SR 5 F S 45 2R 1)
(15 22 /I, TN &5 SR vk .

H1T AK Y S\ Sy Sy BUNBENL T 3074, 8 T
PRAIE 25 B IR R e T, A [F) 2% 51 R Bl 2 R A5 L 10 iz
AT WP YA, 1 R — VB AT I, AN 6] 1 2 23 ek 07 2
FIAE R So v S1v So A IE —HHUA. R, MCS 1847
10 7R R 2R AR 2 B DA 2R RO 22 1) LS.

3.1 B2 4 RR R BE

N BT BT 2 B0 R R EOR, ke
— AN I SCHR [28] H B U 1 2 4E U S5 3R 4T 30 0E.
PIAN R T 35 IR AR 1 TE S 40 A, ok e ek e ik =0
TR

G:2ﬁ—&0Mﬁ+€?+xﬂ@+x§—L (27)

BT P 7 vE R, B2 (24), 76 -5, 5]
R LHS A2 Bt No = 12 MRS, I 5 H B SV g bR 4L
18, 43 3] Sy I T #9 2 Kriging #5784, 454 A 1 1)
IEATE, BEHLA R N, = 1.0 x 105 ANEEA 42 JRy ik ik
Sy A1 Ny = 1.0 x 106 MFEA IR ALE Sy, 1
ELG 2 BR 04k s 10 £ 30 5 21 i 12 b, kb 78 S I B 8T
Kriging A& 7 B 45 5 /2 £ 11 vk IR0 ] 58 1 F8 AR R,
Hf e = 0.01. R FE , F s 17 AR 7K
i B4 R IR PR 25 T ot b P 3 BT, ot I A A 0 P 34
T, 2R RO 23 11 FRUIIMEL B G fe RRH X 1 22 1A AR A ]
4(a) . ELARSRfgSE Bt think 1 fo.

HH 18] 3(a) W I, A0 46 B A A5 BT A4 1 Kriging 5
U 2 S50E 26 (0 T 5 T i 22 550K, HLXAF LSS 1
PG I 22 A1 K. Bl N A% AR BT Kriging £ 8, 2K
SN 2 DA 7 S AR P 0 38 3, 24 39 i 42 > s I8
B2 ], AHXT R Z2AAE 0.001 5 %. HIE3 AW 5
JUA 28 B () 77 V208 BE, BT 4t 75925 ) 3K g I 18] AH B
U BREBE 2, (2 0 s 802 S/ 1) JUM 22 ) R 30T
IS RS L IE AN SO LSS B — 5 A, E 2
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1 KEBLERIILE
S4B Jiik Tealls Nean NRMSE Ps /% Covp, /% ep, /%
MCS - 12 + 1.0 x 106 — 54.1018 - -
U s 88.43 12 4 50 0.0339 54.090 8 0.0921 0.0203
EFF B %4 115.45 12 + 60 0.0029 53.950 4 0.092 4 0.2798
H % 219.73 12 +91 0.0100 54.100 1 0.092 1 0.0031
i1 ERF %% 115.89 12 4 60 0.004 3 53.9777 0.0923 0.2294
REIF B %1 175.13 12477 0.0080 54.104 9 0.0921 0.005 7
FNEIF 5% 177.28 12479 0.009 4 54.1012 0.092 1 0.0011
REIF 2 5 ¢ 109.51 12 + 56 0.0209 54.088 6 0.0921 0.024 4
ELG 2 &% * 101.15 12 4 42 0.1929 54.1010 0.0921 0.0015
MCS - 15 + 1.0 x 10° - 1.2657 — -
U % 6.3125 15+8 0.000 6 1.266 6 0.8829 0.0711
EFF B4 % 6.3125 15 +8 0.0009 1.2676 0.8825 0.150 1
H %k 11.5938 15+ 10 0.0008 1.2653 0.8834 0.0316
Hg2 ERF 6.593 8 15+6 0.0143 1.376 6 0.846 4 8.7619
REIF &% 4.625 15+ 10 0.0008 1.2675 0.8826 0.1422
FNEIF B %1 11.6875 15 + 11 0.0007 1.2698 0.8818 0.3239
REIF 2 5 $¢ 4.0625 15+9 0.0007 1.266 6 0.8829 0.0711
ELG2 ¥ * 4.9844 15+5 0.0029 1.2619 0.890 0 0.3973
MCS - 28 + 1.0 x 10° - 1.9603 - -
[OFEE 63.91 28 + 8 0.0006 1.958 3 0.7076 0.1020
EFF %L 72.46 28 + 8 0.000 4 1.9595 0.707 3 0.0408
H % 75.54 2849 0.000 4 1.958 7 0.7075 0.0816
CRLTK] ERF B % 50.50 28 4+ 6 0.0009 1.9613 0.7070 0.0510
REIF F % 77.54 28 +9 0.0003 1.9608 0.707 1 0.0255
FNEIF B %1 80.17 28 4+ 10 0.000 2 1.9612 0.7070 0.0459
REIF 2 5% 62.23 28 4+ 7 0.0006 1.958 7 0.7075 0.0816
ELG 2 i % * 7.95 28 + 1 0.0021 1.9708 0.705 3 0.5356
MCS - 45 + 1.0 x 10° - 0.528 6 - -
U % 375.87 45 + 47 0.007 1 0.5296 1.3705 0.1892
EFF B %k 609.11 45 + 75 0.0056 0.529 1 1.3711 0.094 6
H s %k 1079.27 45 + 127 0.0033 0.5278 1.3728 0.1513
R e R 5 ERF Hi#{ 349.46 45 + 44 0.0090 0.530 4 1.369 4 0.3405
REIF B %{ 883.88 45 + 68 0.006 8 0.5296 1.3705 0.1892
FNEIF &1 961.14 45 + 114 0.0014 0.528 4 1.3720 0.0378
REIF 2 5 ¢ 726.68 45 4+ 57 0.003 1 0.5288 1.3715 0.0378
ELG 2 B * 278.32 45 + 44 0.0036 0.528 2 1.3723 0.094 8

T “ =7 IR MCS J5E R RS A THELE s LI, A T SEXS REAE “* 7 e 7.

3.2 FHHI2: A% RER BIE B
T ANEE 4N SLARMEIE SR B AL
BRI A 25290 T J T FE A 0 A, L RIE A
G=—27 — 25— 25 — x5 + 10z, + 1229+
1223 4+ 1224 — 43.

(A 5490 1, 76 22 5] bR B S 4R BLAR ) 2 3 2
RERE A, BB So A Kriging #5785k RO 10 0000 4B
T F g RRH T 52 22 1) A2 A i 1] 4(b) o A I R4
(K 15 A FEAS s FI F) 2R 280 5 4B A 22 0K, HL e K
FAXT R ZHIZZ R T 0.01. 25T ELG 2 %% 2] s £ n 1
AN ST R, RS OB T U, B O

R 2 AR S 3 PRI, kS in 2 ST o5, AR 7F EAH
B BE, BN S A AU, R AR R ZE A
0.003 97, /NF V5 7 (1 BB 0.01, i fe 24388 0 2% 5] i 4%
N 5AN, BT 45 Kriging B Z5UE W F: 0 = 0.0063, 8 =
[14.6247, —0.6158, —0.636 1, —0.452 3, —0.624 4]. 3R
15 Py =0.012 466, 5 MCS 733 [¥) 25 2o 2 “ BLsz” {8
Py =0.012 657 KX R ZE N e p, =0.013 34.
RIRAER IR | FiR. B TAHRREAR SN 5 JE 5
T Kriging #5578, 3 S AH SL ¢ ¢ 1E v I, 5 2835 v] 5230
SRR B A . X BRI FEVE SR AR, AN 8] 7V 2R 0
AL A 2 T AE T 00(0.01 %) b, 5528l T Bk
(At v, FAHZEAN K, Xof LRAs AT SRAR IS 8], 4% o6 4505 72
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][22 5 AN B B (R BLG 2 AU N > iy 4 NBTR

3.3 EfI3: o4 RE R EE G
XF—A™ 6 4E P BE pR B3N AT 0 #ir, Rk N
36h2 M2
{a(h — 207 1 b8 — (h— 20712

G:460—(

3772 1/2
{0.8bt%2 4 0.4a®(h/t — 2)}2) '

S 0 bt b M TSRS A 5 OB AL R,
LA, L 5 5 e 2 B

=2 EHBETHSHEH
K5 AT BTN bRt
1 a 12 0.060
2 b 65 0.325
3 t 14 0.070
4 h 85 0.425
5 M 3.5 x 108 1.75 x 10°
6 T 3.1 x 108 1.55 x 10°

TE Tt 7 1A 50 E T AT R BB, X — A8
24 ot A Vi HRUE AT 2R G I R P I ) I R 5. A
EEAT 18 B AR v, AR TE SR R T R, X AT T S
AR I, B S AR L R R AN
e E(d; — df) P(b—a)
G(x) = e NV T
Horn % BRS8N IE S 23 A, B SURN 43 A 20
RIFR.

[0) 4,
2 V%

M-M i

&5

HRBR ARG REE

*3 HRBREAFHNEFIHEHER

FALEH 1, FEPT I T B T, 3 T 5 (24)

p % 50, T a EUENEE A [12 — 5 x 0.060, 12 +
5 x 0.060], B [11.7,12.3]. Sy 1.5, ¥ A& KT IESS
Sy A BENLEL. SKAR R, 2R RN 2 TOIIAE A S R AR
WRZEH U 4(c) . 1 RMREE T, % b 2 R i
RITE 5 A% 1R 22, BT H ELG 2 2 ) B BU0OR A
72, A0 AT SR BE A8 DR KR AE 5 20 SIAA I TN % 22 45 2
(1 %) 9. FoAth bR Kb 19 m 2 2] mi8oi > 9 6 1 (ERF
R %0, T, i /N 9 62.23 s (REIF 2 iR k). {H /£ ELG2 &R
BRI LA 2] 55 T, 97.98 s, % B SRR R AN
TE A ERR AR .

2 4 S0 B TR 45 SRR LSS ML A AR E
ELG 2 B - $R  o) fU5 HAR SR E; 4 4R 0 6 4 1%
RE bR B9 R 45 SR BA, BT B U v ad e R R
Kriging B8, 75 =y 4E 15 0~ B B S AE R =y R
RBMEZ AL T, 5 WL 2T BN B, 25 S TIOR
AN BN T 5 2] R BT RS FE v, AL 347 T 452 52 Y
. T ELG 2 BR 302 212 11 #3900 27 > s (30
A SR B0/ 38 AT SR AR N 1) 500, G G 2 6 4E S48 v,
AU, 7RG, X453 55 T ELG 2 B A N %
FE& T T AR BRRAS T TR0 77 22 FV i £51) PDF, g

X iR 22 1) 2% 1B W), 3B A B BT Kriging I 90 v 2% Rk
PRI TRON A T00. 2435 A2 25 7 AL R B4 ok i, 3k A
T 5 2 RAUE AR B AR S 2 1 HE I T BT SR 22 n A
A 2.

SN Hpr =P BE bk
a mm AR 100 1
b mm R 400 1
P kN HhAT 750 75
E GPa FEATRRPEAR Y 200 20
dq mm EFFRE 20 1
do mm MR 40 1
e mm P 2 125 1
- T HRL b T R SR A 0.2 0.02

R 145 T LUE H, [FRETUR FE AR SIS 30,
BT o 7 iEAN G I 44 A 25 5] SR AT IA B Hofh oK 2
B ) BB N TE 224> 5 2 R R RERS FE 00 00 AR
Xif Eb T, FoAth 2% 31 B 3005 72:35032 K F ELG 2 bR 501 i
) T4, ORI B2 77 v TR0 280 B vy W42 1 4(d) 1Y
SRAR I FE, B 2% o) AR Y 2, RSO R A T HE
BT T B SE, BRI e e 1B TR, B AT L
W BME. 4 ME e = 0.01 B, SR & 38 0 44 424 2]
5L RO R A THE N 0.005 282, SZBR_E, H BIAE 1
Hem = 0.072 1, KA A THE DY 0.005287, 5 &
SE4E 0.005 286 JL-F-— 25, BLAH {36 i 23 A~ > . |]
T, BT 4 7 V2 e B 9 &R G 2 e, T DL
228 PR e SIS B VRS o R T 28 SR
5 4 @

AR SCER X F2 G 1) S R ] SR oy A R i R
T RAETHAEOUT 1RO ZAE DL 28 HERA Al T
1 ) 8, 45 5 A AK 7V A T F T —Fhs
HEMERER T RA M TSR T3 ] i ik, =
BALHEHT I ELG 2 %% 2] s 3, LRI 2% pE i T A PR
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SRS T B FIU 7 22 ) Ak R A R Ak i i R R R
BT O 2 0 2T BRBORT 2 21 ) TR AR
TN, A9 B 27 2] e th B AT AR M. [ I ) 22
AR R 22 B 28 1 HE DN, e fg 8 G B 1 52 S s B A
B 0 2% 11 AN 0 S R0 25, AT i/ B S PR TT
i I OCHR, 5548 BOAS. 72 3 A1k RE R B0 BT 2 HH 7V
BEAT WAL (LA, B — > 8 2 i Ay i PR LA 45 4
H AT AR A R T I T, O [R] CA 12 2] B BT
AT XL, SIS SRR, AL R SERE L 26 AF 1, iz
TR IN 27 2] R HCE /D, RS AR LS A RIS
T AR SR AN (5] 48, £ S8 b TR AT — e S A A
{121

Pt B th 5 VR A A JR i it b 34 2 3, Th 4
Ry e >0 5 (0 A B AR A A A LSS 3L, LA i 7E o
O R TR R R > U B3 St/ # T

25 RN N P S YT 43 A A R R 2R R R T R NI
A5, TR, BT O VR EL A 2 S BR B SRR AR AN
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22, X /IR RUE 2R 2R G ) 7 AT A R KR 22, HLA&E
XF B 10 4E R Kriging #5780 A & 204 2[R, 1A #
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