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Non-Probabilistic Structural Reliability Analysis Integrating the PSO and
the Kriging Model

QIAO Xinzhou, CHEN Yongjing, LIUPeng, FANG Xiurong
( College of Mechanical Engineering, Xi’an University of Science and Technology, Xi’an 710054, P.R.China )

Abstract: In view of the problems with implicit performance functions and limited experimental data in the reliability
analysis of complex structures, a non-probabilistic reliability method combining the particle swarm optimization (PSO) with
the Kriging model was presented. A multidimensional ellipsoid was first used to characterize the uncertain parameters of
structures. The Kriging model was then constructed for the implicit performance function, wherein its optimal related
parameters was determined through the PSO. Based on the proposed model the reliability analysis was explicitly conducted.
The results of 3 numerical examples show that, the proposed method is of effectiveness and feasibility, and has higher

accuracy and efficiency than those based on the traditional Kriging model.
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Ben-Haim!" 1 Y32 H T AR AR 0] SEME AU & Elishakoff 25 A1 5%F M S HH T — M 3L TR R 2 &R
B TR A, I AR R I — DX R SR T SE AR AR 2SR, SR PR AR S T T
DX [E) Y () MR ] FEPEFE bR, T AR T8 b A BRI LA 55 3. Jiang 261 & J&@ T 4F bz il SEdE bR i 2k
AT, E A B A R T — L TR ER R G R R ] SRR AR, 12 A8 AR R R bR U2 ) v D R
A4 T 1) o S X R e TT R Jiang SE B IR AT SEMEHE BR S 0 AR N T R PR R R
. Meng S T —FP 3T p JUEHE S EON AR AT FEVE RS AR Meng 5 HE— 258 T —FR T HE RO
PR AT SEPEFR AR, A YA R T 55 B O ME S, Wang 250 Jiang 25U g — 25 HE H T DX [ RE RO BRAE Y (1) AR
A RE A A, 5 B 7O B o AR Bl Ts A AT AR B AR R S OB AR e ) A R L (B AT A
PE. Jiang S ARYE HOME S — 25 3R T BRI EARE SR 0] 5 B A — A AR A B A e k.

IR AT REPE AT O R A S A D RE pR R, 78 52 2 TR A rh i R T 1 2 BR XSS A D e pR AR
X AT AT SR AT e BRI AR B R L FEAS T SR R AT BR 7T 20 BT sk Monte-Carlo B4 48 F I,
KRN L FEARTS SR A AR AR AR S5 o WA B S5 A A T T S A A T — A aTE B e 2
FAR AR A AR A ] S 1 A T, ARV SCAE TR i 7 TR 92 00 R BRABE TR 5 X R4S A 7 M ] S 4y
Br. Bai U P T I TN 5 38 I ) R T A AR AR T SR A B O k. S A S R AL
PUA L5 DI RE sREL, FEK 2070 FH T SCPR ) RHLALE ] S o b i AR A1 ) Kriging BRI [l T4
AR 2, 3 HL-RF BIEE TR T IEMER AT St Ha b, 8™ R SCRp 1) S LA = Fh elodb b Ak
17T G5 ATSEVE S S AT, AR T B XA MR S AR T Sk 3 B Il R (B Kriging AR AR
77 2 W) W (B A A M, B8R 1 0 B 1R 25 2 T B SR Y N7 B T 25 SR B AR SR e A B s O, L
Kriging AR HREE 2053 T LG R, R —.

Bt X Kriging #2819 3R 2, A SCHE W T — Bk 7 B I 1k (particle swarm optimization, PSO) 5
Kriging fA AR G B AEREZE T SE A 7 ik AR SO ZE R 2 HE N T - 565 1 15 X0 A BRASE AL A A E AR 232 ] Sk
FRPRIEATHER; 56 2 T4 T A SO R 5 i S HSE AR 5 3 WA AN IR AR SO B A R 5
4 IR SCHEA T .

1 BT HEERIR A AR AR AT SR A
U T R IR R

g(X), (D
K, X = (X1, Xa, -+, X) TR G5 H B nE AN 0] i, SR AN g (X) = O Z5 MRS, 70 % 42 g (X) =05 2R 3%
(g(X) < 0) PFh.
SR AN E SE X A E B — > Z4EfR ok i
E={X(X-X X -Xx<1), 2
K, E nZEREER, X ° HBRERAG 0, Q@ AMHERAOEREAERE, HFAh
oD pxxy o puxix, |
o | PR )T iy (3)
PLAE,  poXixy e ()

o, X FRAF G XA AR, o AR x5 78 fx (A DG BB T 2 L 2 4B ALY (E 8, 7T LAS% S
ik [16].

Ry 5 X R R ST R X, T SN R S X A i R R AR TE X8, AH I B 45 A T fiE RS
AT E 0 AR W R G (8) F— O AE JF S BN R BRTO << 1L I8 1 25 T 4 ss [n] A gk s e, sl od ik
AL AT A5 350G G T T AR SRR (a5 AN A S B B A [R) S B0 A5 0 R ) = AR TR AR i i TE Xk
HAEFLE T EE MY i L5 He.
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Fig. 1 The linear transform and the reliability index
WG, 254 A AR RE 232 T SR AR Brn T s SRR AL 2S ] N S B R ARG (6) = O S Ji R 5, T @ anF
DEAIR) R fi
n=min|ld||, s.t. G() =0. 4

SR TT RS bR 5 S GO R AT S AT AT SO, 7RI HL-RF 250775 7.
2 PSO-Kriging Jr ik AAEMER AT ST

R 2 TR SR b 2589 D e pR A A Ry, DATF &R —Ft LR AR n] SEdER bR 5 PSO-
Kriging 77045 A B AEMER 0T SEE A i % i B LUF =4l O ##E Kriging £ Q) iz
FH PSO i M BIAH S SHGH AT T B FETACHEAR LR i vl S PEFE AT,

X AR R A HE ST, 1 JE T B HUA B A0 HREAS . FEAS S A BE UG I S A A B A — R
IR TR AR A 1 e AR R W L TEAT G RAE G BE AU HITAR T, SRAFIN [A] B i . SR 50 1 5 40 A 708 X
3§, Sobol JFFIMAE A" TCIRFEAR SIN 2 /0, B alfE TN AR 5) 3 A 0, BN BRI,
AR SR Sobol J¥ AR 7 LA THHAE.

2.1 Kriging & pyH 2
Kriging ARG ALK M AR R ECE VR — D RENLE R, HARA R R e gl

y ()= f@)'B+z(x), (5)
L, f) = [£10), o), FCOT R IENEIESREL, B = (81,52, B, F BE bR I R B, — 8 T B M ff 2 50 4,
2(x) H—DYER 0. T 22 Ko U725 00RO, xi, x ) BENLIEFR, x Flx S PIAE A ) £, R AN [RIREAS £
ZH A DAY, R A AEAS SUZ IR A SCHE, FTRIAUTR 1Y Gauss BRIZL:

R(x;,x)) = exp[—zeklxgk) —xg.k)|2], (6)

k=1

2, 6,371 BRI HH XTSRS kRS A B A BB E, 0, AN, R Bt 25 R AR 5 —xﬂk)lﬂgiﬁnﬁﬁ%w?}ﬁ‘id\. Al
UL, MRS G Kriging B 15 AT HARRPE, XTI 00 A DT CRIE RTINS B2 2 22 1.

R Bem MEA R AEN Y = [y(s1),(52), -y ()] AR IR EITC (i A7 111475 22, (575 TN {ELy () 4 J7 22
e/ME, 1538 Fo? ) TCAl T HE N

B=F"R'F)"'F'R 'y, @)

6% = %(Y—FB)TR’I(Y—FB), (8)
Herb, F ORIl RO SE PR RS, R WA SCHE G TEM R ARUSAA T 25 1 T A S B B AR R

ln|R|+mlné’2}
5 .

IR RS R 5 A iR L Kriging BRI BEE T RER, 2E 1M Al SR ARAR R ) ] Stk R b,

max ¢(f) = max { 9
>0
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2.2 PSO FiEKMBERIEXSH

PSO Fik R Z ST R, FIRBHA T &R X5 BT822, AR AR 8 AR A AR AR
(BP0 1) T B 448 R 5 ], AT 75 B AN B 1938 B 70 R A 2 T v ™ A2 AT 31 T (128 i 72
TCVSHIAEAE AL An o], HR AT AR SRR AU . A SCRHH PSO XHAHXE S H 04 T k.

TEFOLERE, A (9) 15 I 0 B2 pR &K, LA Kriging BERY A n SREA AR, FErp s ASRE 107 B x,
RS 7 BRI, B 28 AL T 1) AR presdC N piy B S AL B IR AELg 1 AT prcs 1 B DT AR B RE T HOHS
Bl LI Ay, TR AR i (L T S i 1 8 B R R

Vi = v+ cjrand(pf — x5) + corand(gf — x), (100

A= i (1D
K, kR S HTEAREL, rand 4 (0, DZ B BEAILEL, o A SRR R, TR 0925 2T 23 0 e, oo PR FHERS
F R (9) I, ERALOMH B 20k 1 42 SRy B 0 oL B goest- MEI FA Y Kriging HE 7Y Ry e (LA T , ] 45 g A
LA IRE R, AU (4) T BT s AT SR b,

AR Y LA, PR 2 22 DL & S5 4 T RE pR BOT SR i rT S V4R AR, B 20l 2 ISR
|m—nﬁﬂ§s¢ﬁ@%ﬁﬁmfﬁ¢ﬁi
2.3 FTRAEZHIEERRRE

AR IR AN 2 PR,

select sample points using the Sobol sequence
sampling

!

set the initial population number, the maximum number of
iterations, the inertia weight, the learning factor, the position

and speed range of the initial population

!

caculate the individual fitness of each particle to obtain
the optimal fitness and positions of individuals and groups

.

update the speeds of particles, as well as the optimal
fitness and positions of individuals and groups

meet the conditions

yes

build the Kriging model

!

find the reliability index

B2 RkmAE
Fig.2 The flowchart for the proposed method
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F]2 PSO MREMOMEA T FE:

1) W B VG SEL WS PSO IR FHRENECH N, B i KB AR BN Ter, FHKGBHEAE B R 0, 2% > H T
Her, er, WIURTIEER O E DL KR T A0 B S B0 o 1 R A7 L

2) = (9) TR A ATE N FE (R, PO S R 19 15 B 5 5 S R A IV poest, WA ST AL
BT IV B R, BECHIDARE TR R ) A AR B DR I poesee

3) e 2 Hi 7 B I AE - A R AR B ges 0T L O I AELEA T T, AR 24 i o 8 A0 o 17 {1 o 1,
DU 24 A7 8 B 4 e B A7 5 et

4) FOHEEAR I S 0

5) HIWHE AW R (9), ZH R, WIS AR AYe; A AN i, ks,

$I3 RO, EAHN A Kriging B,

HEA Y Kriging BORR RS AT SEPERE AR M st s AL A,

SIS AR AR RS s — w1 | e, WS Lk 5N 2, DR X Wi 31 o B 30 B e R A
IR, AR [P ER 1.

3 &/ il

S BRUEAR SO RS BE FISOR, 3 = AL OEAT AT, Fer P — S IR A TR, 45
5 Kriging 771 Monte-Carlo (MCS) J7 ¥ II%5 A0k H. B0 091 P AT B2 R G 2R BT 52 o p, AR
éa@iﬁ%&fw\% % 100%, kR FIA ST B3 # Kriging 748 M 0500755 55 Nexaer 6775 HL-RF 3557
HMCS F71 (FEARH 10°) 2t 19 2, R MCS 4 Hh 25 50 (07T 25 BE, 1% R A SE 28, 4T 100 1
MCS F18, 4 T 25 SR i MCS BEREIE . 322 A% 95% 5 X A | T L. 4 S04 B F 978 Intel
core i3-10100 3.60 GHz PUAZAbFRES 1517,

BHI BT

g(X) =exp(0.2X, +6.2) —exp(0.47X, +5.0), (12>

A, X, €10.0,1.0], X5 € [0.0,1.0]. ZEARE A, FEA M = 50, Z%%c), o XIBE N 0.3, BYEAGE 0 ¥EH 0.75, f
FAEARUECH 10 WK, EEEBRBIR Y € (-1, 11; AR CEARUE N In: —ni 1| <0.001.

F 1 THIERECH 0.2 A SO R IRt AE; % 2 91 T RMIERECT, A SCH Ik, Kriging 71
Rl HL-RF 3% (BH{) (9% AR (6] 3 2500 T AR FIHISE R80T B 7k AR 2.

R OMEECH 0.2 AL

Table I The iterative process for a correlation coefficient of 0.2

iteration step design point reliability index
0 (-2.4442,4.2332) 4.8882
1 (-1.8607,4.1064) 4.5083
2 (-1.8641,4.1039) 4.5074
reference value (—1.8692,4.1017) 4.5075

R 2 AFMERE AT (56 1)

Table 2 Reliability indexes for different correlation coefficients (example 1)

correlation coefficient PSO-Kriging iterations CPU time Kriging iterations CPU time reference value
0 4.1704 2 0.45703 s 4.1653 5 1.00112's 4.1701
0.2 4.5073 2 0.38524 s 4.5002 6 1.20133 s 4.5075
0.5 5.2134 3 0.68554 s 5.2039 5 1.01367 s 52138
0.7 5.9237 3 0.88563 s 5.9355 7 1.40156 s 5.9235
0.9 7.0337 2 0.57889 s 7.0302 6 1.16778 s 7.0339

B2 HZEK 4 BRI RENL GB/T 12718 BE4¢, 18 HEE A Z 3] —4 120 kN B9¥I 1] 1. FEAE ]
W B OIREARR,, TR R SIREAR R, B 8 3 AT 1 [N 72 R, 8 AT AR B 1) [ IR~ Ry LA SV A T Z A 58 HH s
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W R H Y0 R RIARA PR AN W A2 4, JEIXTE] 20 51 09« Ry = [30,40] mm, R} = [8,10] mm, R} = [24,36] mm,
Ry =1[7,11] mmANH" = [125,151] mm, & A RV AN dias.

T T T
—&— PSO-Kriging R 0.2026 |
020 F o Kriging  —0-189 -
0.1620
; |
~
N |
= |
S
5 0.1151
2010
=
2
i 100526 |
00072 0.0044 00077 0.0034 | 0.0028
1 . I |
0 02 0.4 0.6 0.8 1.0

correlation coefficient p

B 3 AIXFREENT L (B 1)

Fig. 3 Comparison of relative errors (example 1)

4 BER
Fig.4 A chain wheel

HEAC I T RE PR ACH
g(R1,R>,R3,R4,H) = dppax —d(R1,R2,R3,R4, H). (13)
AREGIPREAM =30, Z8ci, I E R 0.2, BIHHENE R 0.75, T RERKECH 10 K, HEBRH K
Ve [-1, 1], EREFRIE R |, — nimi| <0.001.

3 45 TASCRECH 0.9 WA ks d s % 4 50 TR RECR, A7 | Kriging 771
MZHAH (MCS %) IR LEZE R 32 5 4510 T MCS SRR 95% B A5 X 8], RIS HEEA R K 5 4l T
ANTRIRH I R BT PIFR 5 75 A AR 25

F3 HOCREY 0.9 ML R

Table 3 The iterative process for a correlation coefficient of 0.9

iteration step design point reliability index
0 (0.0662, 0.026 5, 0.008 8, 0.006 50.4059) 0.4123
1 (—0.0031,-0.0004, 0.0146, 0.014 1, 0.3458) 0.3464
2 (—0.0040,-0.0005, 0.0124, 0.0176, 0.3415) 0.3422
3 (—0.0044,-0.0007, 0.00132,0.0179, 0.344 1) 0.3448
4 (—0.0042,-0.0007, 0.0134, 0.0181, 0.3439) 0.3447

reference value (—0.0058, -0.0015,0.0146, 0.0155, 0.3437) 0.3444
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o3 WK 6 Frnil 25 FTHT

S, 6 TKFREAR ) fe RVF FE N donae P11 3255 100

HRGE RO KRB PR E = 199 949.2 MPa, Poisson [t u = 0.3, #[i] . 2]
FrAFRRKBERL, FFHD~ @D, @ ~2, @ ~ G, @ ~ O #E L0 5 FR R HA, Ay, AsFIALERTET A 7
9 %n 11 B EZ AT N Fy =1779.2 kN, F, =2 224 kKNFIF, = 1779.2 kN, 5 85 1 B7K 2 Fy = 1 334.4 kN,

R AR, AT RORIARA, G = 1,2,3,4) LLAT

#FEI’JJLJ“ L AN S, AN XA ANEE 6 PR,
® 4 ARACREA TR tR (5261 2)
Table 4 Reliability indexes for different correlation coefficients (example 2)
correlation coefficient PSO-Kriging iterations CPU time Kriging iterations CPU time reference value

0 0.3469 4 16.15572 s 0.3406 7 27.16953 s 0.3465
0.3 0.3504 5 20.19465 s 0.3466 9 34.93226s 0.3509
0.5 0.3517 4 17.23898 s 0.3612 7 26.35562's 0.3513
0.7 0.3487 5 21.56773 s 0.3454 8 31.05089 s 0.3490
0.9 0.3447 4 18.06577 s 0.3404 7 28.09947 s 0.3444

£ 5 MCS KSR 95% B XM (56 2)

Table 5 The 95% confidence intervals of MCS solutions (example 2)

MCS value mean value deviation lower bound upper bound
0.3465 0.3469 0.0029 0.3463 0.3475
0.3509 0.3506 0.0029 0.3500 0.3511
0.3513 0.3511 0.0030 0.3505 0.3517
0.3490 0.3491 0.0030 0.3485 0.3497
0.3444 0.3448 0.0031 0.3442 0.3454

30 ' ' [ 28181 | |
== PSO-Kriging

| Kriging 4
=20} | ]
2 1.720 7 |
g
£ L -
2
20} 1.2254 1161 4
= 1.0315

0.1154 0.1425 | 0.1139 | 0.086 | 0.087 1

0.2 0.4

0.6

correlation coefficient p

B 5 HARFR2ERT R () 2)

Comparison of relative errors (example 2)

0.8 1.0

TR BRARZS iR B

B 6 25 4THiE
Fig. 6 A 25-bar truss structure
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g(Al,Az,A3,A4,L) = dmax _d(Al,AZ,AS,A4,L)- ( 14)
AREFITEEARM =30, Z8c, o¥IRE R 0.2, MR N 0.75, B RERKECH 10 K, #EEFR S0
Ve [-1,1], AR SR AE R I — ni11 <0.01.
F* 6 ANEAERNSSE

Table 6 The distribution parameters of uncertain variables

uncertain variable mean value radius
Aymm’ 700 70
Ay/mm’ 6200 620
Aymm’ 5300 530
Ag/mm’ 8800 880

L/mm 15000 1500

T THIERECN 0 AR SO LR RE; 26 8 5 T ORI EC R BT, Ak . Kriging J7ik
MBS ZAE (MCS ) BIXTELZEH; 6 9 44 T MCS SRR 95% B A X (R, RASHERA RN B 74T
ANRIAHSE 20 PR 7 Bk AR AR 22,

£7 MCRMON 0 BUREIGLR

Table 7 The iterative process for a correlation coefficient of 0

iteration step design point reliability index
0 (-0.0083, —0.426 6, —0.364 6, —0.0519, 0.8256) 0.9997
1 (-0.0109, —0.5652, -0.483 1, —0.058 7, 0.933 8) 1.1952
2 (-0.0100, —0.5201, —0.444 6, —0.054 0, 0.859 3) 1.0997
3 (-0.0089, —0.4827,-0.4126, —0.047 8, 0.7875) 1.0870
4 (-0.0084, —0.5107, -0.4222, —0.0509, 0.8504) 1.0793
5 (-0.0105, —0.506 5, —0.4289, —0.046 5, 0.8372) 1.0694
6 (-0.0094, 0.5032,-0.4301, —0.043 1, 0.8356) 1.0669
reference value (-0.0092, —0.504 3, —0.428 0, —0.048 4, 0.834 0) 1.0656

R 8 AFMXREM TR (FHH3)

Table 8 Reliability indexes for different correlation coefficients (example 3)

correlation coefficient PSO-Kriging iterations CPU time Kriging iterations CPU time reference value
0 1.0669 6 27.02193 s 0.9944 9 37.73403 s 1.0656
0.3 1.2683 7 31.52558s 1.1793 10 41.92578 s 1.2679
0.5 1.4906 6 28.02193 s 1.3997 10 40.44356 s 1.4917
0.7 1.9043 6 26.02193 s 1.8253 9 38.37882s 1.9023
0.9 3.1439 7 31.52558s 2.9934 11 46.11937 s 3.1431

£ 9 MCS KM 95% BAFX ] (FH]3)
Table 9 The 95% confidence intervals of MCS solutions (example 3)

MCS value mean value deviation lower bound upper bound
1.0656 1.0659 0.0029 1.0653 1.0665
1.2679 1.2672 0.0028 1.2667 1.2679
1.4917 1.4919 0.0025 1.4914 1.4924
1.9023 1.9023 0.0028 1.9017 1.9029
3.1431 3.1430 0.0029 3.1424 3.1435

3R 1.3, 7 ATLUE T, ASCHTEAY PSO-Kriging J7 i REZ IS TS5 M, H S5 S H HiRER).

% 2. 4. 8 Al A1, ANRIFHCRECT, # L Kriging 7%, PSO-Kriging J7 7% W15 0 a1 8506, L5 H 1y nT 5¢
PEFRPR R S % M, RAA SO B R TR S

H & 3. 5. 7 AT LAA H, PSO-Kriging J5 2 A X 15 25 % AH 5¢ 22 B0 A8 b AN ek, B A s (i 1k, i
Kriging J7 ¥ XA X 22 550728 A b A UK.
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6.681 7 i i PSO-Kriging A
6.167 5 Kriging
6 |
N3 4.762 8
~
@
5 4 4
£ 4.047 7
[
2
=
L
2
0.1220 0315 | 0.0737 | 0.1051 | 0.0255
0B 20 —p— »
0 0.2 0.4 0.6 0.8 1.0
correlation coefficient p
B 7 HxFRZEX R (B 3)
Fig. 7 Comparison of relative errors (example 3)
:l_: N
4 4 e

SR T —Ff PSO 15 Kriging BRUHZS & AAERER ] FEPE T 5k, %705k 1 PSO 5 iR 2R A
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