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Figure 1 The membership function of triangular fuzzy number p.
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LGB AG. AT s ) X EE = M B K iz
SR U 348 4T DUk J4fr o 2% A1 PE U5, 3 2X(26) #1(28),
ARG DRE TR

[ﬁ](X:]) = Z[ﬁ](bn’ blZ’bl:‘a’ a]’ bZ]’ b22’b23’ aZ’x)’ (30)

:—EQEP, b,‘], b,‘}, ay, s, XE{O,l,Z}, bize{0,2}, izl, 2,j=0, 1,
2. FF R(30) 5 6 1 D17 9 2, 15 5] RG]
IRERAE SN W

[P1(X=0)

-3

bypsesbyyaysay

= Y [P1(x=0]a,a,)

[ﬁ](bm ,b23,a1,az,x)

Y P afeban )T,

PYT=T,

&

11
=21

mﬂ)

a‘,az

Y [PYa|b,by0nb,s) < [P1(b,,) < [P1(b,,)

bll’bl

PUbs)- Y, [PNaslbynbanbyy) < [P1(by)

bZl ’b22’b23

x[P1(b,,)x [P1(b,,). G1)

P TR R AR AL PR DX TR AR = A BB 10 M 256 43 A
WR3FTN.

1 (3 1) PT 45 2 % Bl 2 G 1) X A ASOR AR %6 4y
FilnFR AT~ R4 AT XA T EFRER =4
BOMI RSB 10 B S X AR T 1, i 75 2 2,375 (1)
X[ 8 = F BRI AL R )5 — 1 7 Vo AL 3, RG24
(k1) X [ B AR HE 26 3 AT A R 4 BT s

AN L8 R G AR AE BRSO AN 2 1 I, BORR T

Fe2 o AT R X IA) = AR SO S 50 ME 2R 43 AT
Table 2 The interval triangular fuzzy prior probability distribution of
root nodes

R A RE RS DX [a] R AR R A 22
. [[0.9991,0.9994], 0.9995,
[0.9996,0.9998]]
Ba 4
1 [[1.7,1.9], 2, [2.2,2.4]]%10
2 [[2.5.2.9, 3, [3.2,3.6]]x10"
0 [[0.9989,0.9992], 0.9993,
[0.9994,0.9997]]
By
1 _
2 [[6.3,6.8], 7, [7.3,8.0]]x10"
. [[0.9986,0.9989], 0.9990,
[0.9991,0.9995]]
B 4
1 [[3.1,3.7], 4, [4.3.4.6]]x10
2 [[5.4,5.8], 6, [6.4,6.9]]x10"

£33 AHANX A =AML G 5 A
Table 3  The interval triangular fuzzy marginal probability distribution
of nodes 4; and 4,

R T RA, ATRAS DX TR R A A
. [[0.996604,0.997502], 0.997802, [0.998101,
0.999000]]

[[4.790082,5.591916], 5.992602,
[6.493348,6.996884]]x10™*

[[1.417951,1.548839], 1.599190,
[1.689590,1.850787]]x10°

Fa AL RGN XG0
Table 4 The interval triangular fuzzy probability distribution of trans-
mission system

T REXHIR 2 X 1A B

LT RXOR A X

R e N o
A5 R ME 2 Vi) 5480 A 2
[[0.997000,0.999216],
[[0.999979,0.999994],
0 0.999995,

0.9999950, [0.999997,1]]
[1.000875,1.003097]]

[[1.587869,2.044891], [[2.271995,2.275415],
1 2.275775, 2.275775,
[2.615854,3.079512]]x10°  [2.276305,2.280191]]x10°°

[[2.010585,2.398903], [[2.554405,2.557162],
2 2.557409, 2.557409,
[2.854713,3.425412]]x10°  [2.557872,2.562178]]x10°°

FUME R X ) B = A AR B0 Fh TR A 25T AR
(RS AT 2414 . 32 FIMATLAB & BNT T H 4611 58 b |A]
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R A AR I G2 3 AT e R G T X T S A
REMMER, 45 R uRSA6 K.

XL, 35, 6439 533, 4P T 45 R A A,
TSR T X (A = A O A0S B IR A, R
Ui T ] LA X R = A BRI EOCR R AE R GRS
R PRI AN . S X (14) F(15) R &4 15— 1k
(1) 2R GUIRAS X [E)(E BRI AL R 4T b B, R B Rt kb T
RS0, 1R L2 541 X (8] 2y

M ([P](x = 0y) = [0.999992, 0.999996],
M([P]x = 1y) = [2.275085,2.276599] x 10, (32)
M([P](x =2)) = [2.556867, 2.558281] x 10 °.

43 FECCFITETXEMEEM % SBN RS AT
ELLS R

X TR AE R B R AR S R G, WAL S MR R4t
%3N )1 R G55, FHR R BUE Z I R G PR R —
BB BB RO, A5 RG] SV W 07 4E
AR R G0 450 0 B RO AST 1), BCh T R A6 2 BT
LT B B B R G oM, 1K S BUR G AT
FEME AT 4 RAFAE K AR 25,

{5 xﬂ%zﬂ%ﬁéﬁﬁlﬂﬁﬁﬁﬁ%ﬁ’]%ﬁﬂ&%‘ai&%#ﬁ,
K RBA 564 R BORES A% A I 9 R BORAS B, i)
P 30(25) AT T 5 H A AL [ X R EL AR 2Kk 350% A

[I] =[I] — [[3.335001,6.336018],
1 2
7.334730, [8.337084, 11.33926]] x 10”7 (33)

Hy T R R AU E AL BB AT M AR R
2%, WO TR R R AL B — AN RO AR, A5 B A% 3l

RS AFEEMIATEVEN 45 LID G5 A
Table 5 The marginal probability distribution of nodes 4, and 4, with-
out considering fuzzy uncertainty

Ay, ADRES 2 1 0
RS 1.599190x10°  5.992602x10°*

0.997802

Fo  ATE BRI AN E P 1L 3 R G RIE2 AR
Table 6 The probability distribution of transmission system without
considering fuzzy uncertainty

XA 2 1 0
IRASMER 2.557409x10°  2.275775%10°°

0.999995

RE LR LA T N 10%. HIER(29), L K3 H
4 ) DX TR = A R R R N

m = [[3.703909,7.034076], 8.141735,

[9.253136,12.58015]] x 10°%, (34)
M AT T B 45 3] =3000 hisF 35 B S8 HE 2R 4 A6,
WMRTHRN.

BT A L3277 A3.37 it A DL 7 X 26 g 22
Tk, 49 BRI R AOT % 30 & S i DL H7 X 25 45 Y
7R, BT IR AT R C R E B PIASRE, lE] Ay
RAIA Y I EAT 3RS, WIRTA 2R — 2 A 1] R
Dy, Dy SAF BRI AT 3R 8. 11T 711 kD, DoY)
NIRRT R, DR A 25 18 3 DR R A T4 s X 2%
(REESIEiESSEIV G

M A5 2 2 48] 58 R0k

I 0)

X =
( 13!“ d bzl’bzzﬁbzva d c,x)
{[if]( Ja )7 1)

Il
MM‘E

0ld,.d,))- Z[p (a

Sa.

1

F71 IERRICT RCRIBEER S A
Table 7 The probability distribution of CCF node C

RE RC X AME = A AR AL 2 o A
0 [[0.999622,0.999722], 0.999756,
[0.999789,0.999889]]

[[1.111111,2.110000], 2.442222,
[2.775556,3773333]]x10™*

7 RS IR R A Bl A G DL S ) 2 A T
Figure 7 The BN model of transmission system when considering
common cause failure.
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£8 WD EDMKMMAER
Table 8 The conditional probability table of node D and D,

dl, dZ
ai, a c 0 ] >
0 0 1 0 0
0 2 0 0 1
1 0 0 1 0
1 2 0 0 1
2 0 0 0 1
2 2 0 0 1
'b e [W](al|bll’b12’blS)[ﬁ](bll)
7 1(6,)17 1(b1s)]
217 1(dfas )7 1)
'b bzb [[ﬁ](“z|bzvb bzs)[ﬁ](bm)
'[ﬁ](bzz)[ﬁ](bzs)]} . (35)

H130(30)I(35) A EIFE R R )35 s Dy FID, L
Lo ZGEXH DX A = A RO 20 A7 23 55 a0 229 A 10 7
N

KR 10 H — {05 [ R GERAES X Ta)E = A 8
M AT A3, fhsR(14)R(1S) TS BIFL R R 2T &
Guab TIRZSO, 1RI2 A HE 36 35 B IX 18] 43 59 9

Mm(P ](x - 0)) — [0.999991, 0.999996],
M([ﬁ‘]( = 1)) = [2.566431,2.568347] x 10°,  (36)

M([ﬁ‘]( :2)):[3.395690, 3.398277|x 10°°.

L R4 10, SRR 2T AL 3 R GEAL TR0
WA (WA 10) B 58 KT A 25 R S R R At 48
(IL7e4). IXFRWISE IR SR O 1A R 2 XU 52 S LR %

F9  IENY RD 5 DR X IR E R ) A
Table 9 The interval triangular fuzzy probability distribution of nodes
D, and D,

A& T RID,, D, IR X J7] AR R A8 %
0 [[0.996227,0.997225], 0.997558, [0.997891,0.998889]]

[[4.788271,5.590361], 5.991140,
[6.491978,6.996108]]x10*

[[1.528360,1.759326], 1.843022,
[1.966910,2.228500]]x10~

1

FA0 B BICIR RO A% B 2 St 191X (6] (RO B = 7 A7

Table 10  The interval triangular fuzzy probability distribution of trans-

mission system when considering CCF

N 7 RO 2 X {E A — AL 3 RS

= TR M 2 X [ LA R4 M 26
[[0.997000,0.999216],
[[0.999975,0.999993],
0 0.999995,

0.9999945, [0.999996,1]]
[1.000875,1.003097]]

[[1.587869,2.044891],
1 2.275775,
[2.615854,3.079512]]x10°°
[[2.010585,2.398903],

2 2.557409,
[2.854713,3.425412]]x10°°

[[2.562530,2.566861],
2.567298,
[2.567918,2.572971]]x10°°

[[3.390945,3.396273],
3.396731,
[3.397447,3.405289]]x10°*

ARG AT SEVEA B35 R, AR BT oA 0 R AU
Jit SR 388 i B 2D 3 D) R O 2 G ) S

5 ZEip

AN SCAE AL G¢ DU H07 000 2RISR LG B A L, 52 S
T IX TR 22 28 DUy 0 245, 5 X 10580 K )
H— A b P TT V5. DLIE PR R AR AL W T (B 1A
AL LA, K 28 G0 A7 A X 36 DR R R DU H Ak
LA R T7 RN DU B 0 2% R R o O I8 3
T IX TAIE AR 22 25 DU 387 I 28 0 B A SRR R R0 2
B RGAT AT FEVE S, SR RMIA SR 7w A
ROAL B TRE A 40 T B s SO A A2 3 R
B L, I RE W 0 AT LR R R )R 1) 22 35 R G AT
ATEEE AT

AT T80y A DL BT 0 45 F) A HE AL 4,
FEAT BT H ARG RN R, B ARG RBMERE
AARECERIE I E DL, AT A BRI AT R AL N RIS
SE TR LK R R RO A gl SR IR L, 5 A T RE S B
iR DR, AS SO HR 5 R A BOR A TR R . A
DO A AE 3 MRS B AS DL REAT T Se I 7T, AR
25 FEARHA b A0 7 1 i 22 ) B SR DAL R A SR T, AR SR
RITEN B EZRENE IR ARG L EMR 2103
DR 9 20 O IR R Y DL o 30 ) 2% ] ] A T B4 A 3
DR 1) Ja 6 R 0 A S RN A I BB AR,
A 2 35 R G0E MEAE BTG T VE R W X R 48
B 2 W7 A6 24 £ SR s 1 ) 2 2 A B 1R R 9
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Reliability modeling and analysis of complex multi-state
system based on interval fuzzy Bayesian network

MI JinHua, LI YanFeng, PENG WeiWen & HUANG HongZhong

Center for System Reliability and Safety, University of Electronic Science and Technology of China, Chengdu 611731, China

With the increasing complexity and large size of modern advanced engineering systems, the traditional reliability analysis
and evaluation technology which is based on large number of sample data cannot meet the demand of complex system.
Aiming at the engineering application requirement, this paper focuses on the reliability modeling and analysis of complex
system with uncertainties and failure dependencies. Due to the diversity of input information and the system failure factors,
and system redundancies, the uncertainty and common cause failure (CCF) have become the most important factors for
reliability analysis and evaluation of complex system. In consideration of the epistemic uncertainty caused by lack of
probability statistical information, the fuzzy theory is employed to express the fuzzy information of system, and the basic
events failure probabilities are described by interval-valued fuzzy numbers. Taking account of the influence of CCF to
system reliability and the widespread presence of MSS in engineering practices, the CCF is quantified by the f factor
parameter model and integrated to Bayesian Network (BN) model through a new defined common cause node. Finally,
a comprehensive method for reliability modeling and assessment of a multi-state system (MSS) with CCFs based on
interval-valued fuzzy BN is proposed by taking the advantage of graphic representation and uncertainty reasoning of BN.
The method has applied to the transmission system of two-axis positioning mechanism of a satellite antenna to demonstrate
its effectiveness and capability for directly calculating the system reliability on the basis of multi-state probabilities of
components. It has shown that the method proposed has done further improvement of the theory for reliability analysis
of complex system and can realize its engineering application.

epistemic uncertainty, multi-state system, interval fuzzy probability, Bayesian network, common cause failure,
reliability modelling
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