531 % 55 12 1 Hh Bl M T 2 Vol.31 No.12
2020 4F 6 A CHINA MECHANICAL ENGINEERING pp.1394-1406

— b 28 Bl 2 DL i3y 0 28 O A O ik

AT EERS HRED & AT MR
L AL KFTRRE ZTANMAKRD AR EZERNETEZET, A2 85,066004
2. LA BERHEARAEHNFHFTRELLREGELRKF) . A2 5 ,066004
3. ARLKFALE LU ANBEH IAEELEELLT.ALZH,066004
WEAASABETSHEXGEHFDEN T H ML RN EsHERSERTH 5 @K H, R
HT —HHRHEN B AL I FiE— AT T-SHALERG AN oH 87 W& 54 F ik, ¥ T-S
FEKERBEN A EN T AL A OLTA, BH T-SHSITALFHEND A3 E N et W%
FUHMAER HEMRET EQHEETF EEAZXME L QEERTESRMERKBRY SMEES
B X ETRE R LGl NEERKEA By EEEE R BEAHBHSN T RNEHE L, @Eid 5%
F Dugan 3 & & B89 30 &5 0ot 7 W) 26 47 7 ik Fo 5 25 ot 0 W 26 57 7 ik s b B T BRI 5 ik 89
TR, "G ARG ENRELR T ZRARTTERIN. T AR AL R AR BT S5 BH
R ERELEIHE ARG EZAT ER AR TR ES BRI,
KR A DI W T-S shA RN ; BB REUE; nTHEMS T
FESES . TB114.3; TH137.7
DOIT:10.3969/j.issn.1004-132X.2020.12.002 FFHR S CATEIR SO 4R IR (OSID) o daeiics

A Novel Dynamic Bayesian Network Analysis Method

2

CHEN Dongning'> HOU Annong’® YAO Chengyu’ HOU Xin'” XING Ran’
1. Hebei Provincial Key Laboratory of Heavy Machinery Fluid Power Transmission and Control,
Yanshan University, Qinhuangdao, Hebei, 066004
2. Key Laboratory of Advanced Forging & Stamping Technology and Science ( Yanshan University) ,
Ministry of Education of China, Qinhuangdao, Hebei, 066004
3. Key Laboratory of Industrial Computer Control Engineering of Hebei Province,
Yanshan University, Qinhuangdao, Hebei, 066004

Abstract: In order to give full play to the advantages of T-S dynamic fault tree and dynamic Bayes-
ian network in analysis modeling and reasoning calculation respectively, a novel dynamic Bayesian net-
work analysis method, namely dynamic Bayesian network analysis method, was proposed based on T-
S dynamic fault tree. First, a T-S dynamic fault tree was converted into a dynamic Bayesian network
directed acyclic graph and a T-S dynamic gate and the description rules were converted into a dynamic
Bayesian network conditional probability table. Then, the algorithm of novel dynamic Bayesian net-
work was proposed for forward reasoning leaf node failure probability, backward reasoning root node
posterior probability and solving root node probability importance measure, criticality importance
measure, risk achievement worth, risk reduction worth, differential importance measure and sensitiv-
ity. The feasibility of the proposed method was verified by comparing with dynamic Bayesian network
analysis method based on Dugan dynamic fault tree and static Bayesian network analysis method. Fi-
nally., the reliability of hydraulic cylinder synchronous system was analyzed by the method proposed
herein. Failure probability of the system, posterior probability, importance measures and sensitivities
of root nodes were obtained, which may provide basis for improving system reliability and fault diag-
nosis.
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Fig.3 Translation of T-S dynamic fault tree into dynamic

Bayesian network directed acyclic graph
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Fig.8 Bayesian network
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Tab.10 Conditional probability table of intermediate node y,

(static Bayesian network)
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Tab.12 Importance measures and sensitivities

of root nodes(static Bayesian network)

N P(yPni=1lz1,22) AR\ MR | SR | KR S ARSI e o T S dghe
75 T1 Lz b P I RAW RRW DIM
0 1 ST @OE T @) '™ @) | I | I™@) | S@o
1 0 0 1 0 21| 0.038 24 | 0.282 15 | 29.074 35 | 1.393 05 | 0.141 58 {39.502 08
2 0 1 0 1 22| 0.038 82 | 0.710 71 | 29.074 35 | 3.456 68 | 0.356 63 {99.500 83
3 1 0 0 1 Z3] 0.034 39 1 25.503 33 oo 0.501 79 oo
! ! ! 0 ! 2.2.2 WA YA TR 4 B L S R AL
K1 MHHEy MEGEBER GRS ML)

Tab.11 Conditional probability table of leaf node y

(static Bayesian network)

F5 | oas | o PGP =)
0 1

1 0 0 1 0
2 0 1 1 0
3 1 0 1 0
4 1 1 0 1
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Tab.13 Conditional probability table of intermediate

node y, (dynamic Bayesian network)

Fh 7 28 DL I 0T 0 2 9k T LGSR A Y AT

TEAT: 55 I 8] PN A9 2% S0t R A
P(y=1 =P )P (x)+P(x)Pxy)—
P(x )P (x,)P(xy)=0.001 35

AR 285 DL i34 I 45 23 7 07 2kl LSRR % &
SRR R RIS SR
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Plri=1ly=D= PG—1 028929

o o 7P(12:l,y:l)7 -

P(x,=1ly=1= PG=D =0.717 85
- . Ply=1.0=1)
P(xs=1ly=D= PG=D =1

FR A SCHRL10-11, 26 ] ] 75 28 DL - 307 (99 25 1
MERFEERE 17 (o) SCHEEE 17 () L
SR TR () XU AR T (o) 5 R U
S(x;):

I"(z)=P(y=1lz, =1 —P(y=1lz;=0) (7
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Cr o Pr,
I (1,)—713(3/:1)[ (x;) (18)
RAW 7P(y:1‘l',:1)
I (1,)7—13(3}:1) (19)
IRW _ P(y=1)

(x:)= P(y=1|lz;,=0 (20)
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DIM IP(x; = 1) (x )
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N IP(y =1 B
2 P —DnF@ =D

P(y%"“’lj:l\xl,xg)
Fr T =)

1 2 3
1 1 1 1 0 0
2 1 2 1 0 0
3 1 3 1 0 0
4 2 1 1 0 0
5 2 2 0 1 0
6 2 3 0 1 0
7 3 1 1 0 0
8 3 2 0 1 0
9 3 3 0 0 1
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Tab.14 Conditional probability table of leaf node y

(dynamic Bayesian network)

s . . P(yUJ‘J:ng,yl)

1 2 3
1 1 1 1 0 0
2 1 2 0 1 0
3 1 3 0 0 1
4 2 1 0 1 0
5 2 2 0 1 0
6 2 3 0 0 1
7 3 1 0 0 1
8 3 2 0 0 1
9 3 3 0 0 1
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Tab.15 Posterior probabilities of root nodes

(dynamic Bayesian network)

RGLRB B 5 X
R K ! 5 fE 55 W] Tu
1 0.074 13 0.215 16 0.289 29
P 0.183 29 0.534 56 0.717 85
@ 0.254 71 0.745 29 1
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Tab.16 Importance measures and sensitivities of root nodes

(dynamic Bayesian network)
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Bsf 18] B 1| B8] B 2| 4T 45 s 1 P | sk 8] B 1| ik 1a] B 2 4T 45 st 1] iy
0.141 4310.140 72

21| 0.009 80| 0.028 44 | 0.038 24 0.282 15

a2 [0.009 9110.028 91| 0.038 82 |0.357 57(0.353 13| 0.710 71

a3 10.008 76 | 0.025 63 | 0.034 39 |0.505 00 |0.495 00 1
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Fig.9 Principle diagram of hydraulic cylinder

synchronous system
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Fig.10 Dynamic Bayesian network of hydraulic cylinder synchronous system

BOEC m =5, % A0 [E B 5 [0, 2 000D,
[2000,4 000),[4 000,6 000),[6 000,8 000),
[8 000,10 000),[10 000, o), 43 %I it ] Bt
1,2, 00,6, RBAR T 5 A 4 3 Ik DA B o0 A, 4%
TR a0 RBCRWME 17 iR,

(4 T-S a1 3 WL e Ay 2% P R 36, U v
]9 5y MR AR R ISR 18,
®18 PET Ry BWEEFFERRGRIRGFE L R5)
Tab.18 Conditional probability table of intermediate

node y, (hydraulic cylinder synchronous system)

*17 BREARSRENRT REARE . P(y&'n—:ﬂx,l,xs)
Tab.17 TFailure rates of hydraulic cylinder i O ! 1 2 3 4 5 6
synchronous system root nodes 107%/h 1 1 2 0 1 0 0 0 0
R R 2 1 3 0 0 1 0 0 0

W] TEAR W] RS

As A 3 1 4 0 0 0 1 0 0
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Tab.19 Conditional probability table of intermediate

node ys (hydraulic cylinder synchronous system)

PV I =1lz1.a2)
FE | x T ‘

1 2 3 4 5 6
1 1 2 0 1 0 0 0 0
2 2 3 0 0 1 0 0 0
3 3 4 0 0 0 1 0 0
4 4 5 0 0 0 0 1 0
5 5 6 0 0 0 0 0 1
6 6 6 0 0 0 0 0 1
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Tab.20 Failure probabilities of the system

in various time intervals

Fif i) Bt 1 2 3 4 5 6

42 3 HE % 10,185 55[0.151 13]0.123 00[0.100 03]0.081 29(0.347 08

FRAE R 20 B K15 R GEAEAT 55 I 18] Y Y
KRB H 0.652 92,

HFETF Dugan 3l 25 5 B A A9 30 25 01 - 37
Gor i s R R R G R RO R . W
Se L H#EE R GL I 2P R 48 Dugan 3l 2 BB B 5 5%
J5 » ¥ Dugan 2l 258 R £k Sy 20 25 DT 357 99 2%
A ] TC I IR 3 S 1 R 3R I AOR AT R TE
5 55 B[R] P B 2R ROE 3458 0.652 92, X 5 ALY
B AG25 R A, i — 20 Bk 1 AL Bl A DL S
I 26 53 B I B A 1

ARSI EAMERR IR R 58 1A B A # 3h
BREAT R Wy BAT LA 5 [6] i 8] B 3R 58 1 2R
RO SR S R IR B S R
32 MY ARRHE

MR 2 (3) Al SR A5 & 58 £ A [R) I [) B 2k &%
AFAR T A S g A . FEAR U 2N () AT R AR &R
BEAEAT: 55 B[R] P 2% 200 AR T A A S 3 A8 32,
K21 PR, MR 2L TR 2620 2000
Tro g R B AR BE 2 R G kA R
A7 Wl B AGE 0) BF G 4 R 3 AR T X R
AT HE A b3,

F21 REABFRBEOERFL R5)
Tab.21 Posterior probabilities of root nodes

(hydraulic cylinder synchronous system)
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Tab.22 Importance measures and sensitivities of

root nodes(hydraulic cylinder synchronous system)
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