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ABSTRACT

As the number of gates and basic events in fault trees increases, it becomes difficult to calculate the exact probability
of the top event. In order to overcome this difficulty the BDD methodology can be used to calculate the exact top event
probability for small and medium size fault trees in short time. Fault trees are converted to BDD by using CUDD
library functions and a failure path search algorithm is proposed to calculate the exact top event probability. The
backward search algorithm is more efficient than the forward one in finding failure paths and in the calculation of the
top event probability. This backward search algorithm can reduce searching time in the identification of disjoint failure
paths from BDD and can be considered as an effective tool to find the cut sets and the minimal cut sets for the given
fault trees.
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Table. 1 Rauzy's BDD construction algorithm

G=ite(x,g1,¢2), H=ite(y,h1,h2)
GRH= ite(z,glRH, 2QH) if (x <y)
ite (z, gl®h1, 2Qh2)if (z =1y)

If®=AND=1RG= G, 0 G=0
If®=0R =18G=1,00G=C

2.3, CUDD 2lo|E2{z|
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Z2gtx g)&9] F. Somenzi 7} 725 BDD A AR A]
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Fig. 1 BDD Conversion of AND gate
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Fig. 2 BDD Conversion of OR gate
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Table. 2 Failure Path search algorithm

1. Identify the first and the last(failure, terminal) node in
variable order.

2. Find the node which is connected directly with solid line
from the terminal node.

3. From that node, search the connected node with solid or
dotted lines upward to the first node.

4. Repeat the 3rd procedure for all nodes that were found at
the 2nd procedure.
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£ A8shd A gES 4 Sl
7EP=Y (1] P(X)), 2

m=no.0f node X, in ¢ failure path
n=no.of failure path
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Fig. 3 FT with repeated events

Fig. 4 BDD(X1<X2<X3<X4)
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Fig. 5 Sample FT
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o|Hoi= BDDE ©]-&sto] TEPE Aliksh= W
alA] LAHOZ Got 7| & Blxf. WA A FT
£ BDD= H3stH 19 73 72 BDDE Oé—%—’,\— 9l
E} W= 4 4= DFLM(Depth-First Left-Most) ¥
© & ghis W40 A5 YR FE| 2 @q,
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X1 < X2 <X3<X4<X5<X6

19 62 BDD g AlALS AA A4 DOT o+
2 BDD Alitol 9] w4 e, 7t B} g
AZE o] QYErE BA 20} 719

"00000093" -> "0000008D" [style = dashed];
""00000092" -> "0000007F";

o] K& CUDD Al4kojAl CUDD7} A8 =
00000093 ==+ 0000008D -=2} HA oz AZAx|o]
Qth= 9Jujo]al 00000092 ==+ 0000007F =29}
o asol siehs ojulelt. 19 72 ol DOT
2o el Aolth e wag, HAl

=2 oulgith. 718 x1 .- 2o Ader o
w1 e sof o] 27 Hof iAol
Olujoln, X1« X4 « X5 HATIOZ o
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. 293 212 upxjute] 1 thabe Soj)
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digraph "DD" {
size ="7.5,10"
center = true;
edge [dir = none];
{ node [shape = plaintext];
edge [style = invis];
"CONST NODES" [style = invis];
UXLIM->TX2M > X3 > X4
"CONST NODES";
3

> X5 "> X6 " >

{ rank = same; node [shape = box]; edge [style = invis];




"FO"; }

{ rank = same; "
"00000093";

}

{ rank = same; " X2 ",

"00000092";

3

{ rank = same; " X3 ";

"0000008E";

}

{ rank = same; " X4 ",

"0000008D";

}

{ rank = same; " X5 ";

"00000089";

"0000008C";

}

{ rank = same; " X6 ";

"0000008B";

}

{ rank = same; "CONST NODES";

{ node [shape = box]; "0000007F";

}

3

"F0" -> "00000093" [style = solid];
""00000093" -> "00000092";

"00000093" -> "0000008D" [style = dashed];
""00000092" -> "0000007F";

"00000092" -> "0000008E" [style = dashed];
"0000008E" -> "0000007F";

"0000008E" -> "0000008D" [style = dashed];
""0000008D" -> ""0000008C";

"0000008D" -> "00000089" [style = dashed];
""00000089" -> "0000007F";

"00000089" -> "0000007F" [style = dotted];
""0000008C" -> "0000007F";

"0000008C" -> "0000008B" [style = dashed];
""0000008B" -> "0000007F";

"0000008B" -> "0000007F" [style = dotted];
"0000007F" [label = "1"];

X1

BDDE 0|83t Abm4-S HAMIAL

8
i
-3

23

Fig. 7 BDD from the DOT file of example FT
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zho} 0|5 AR AT TEPE 8
Backward Search ¥ o2 T2
Ehdch 9 7oA A 2E 4 QAT B
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Fig. 6 DOT file

& WA DOTHRIN 1A ES 2
W 0] 713 Aoz wl npore] 1
of o]t BE H2 S FH Aotk

=
E

2= Ao

1H,

2015-11-19 10:08:11:*=6

+=6

B=14

2015-11-19 10:08:37 : Calculate BDD : 2015-11-19
10:08:11-2015-11-19 10:08:37

2015-11-19 10:08:37 : Parse Read : 2015-11-19
10:08:37-2015-11-19 10:08:37

2015-11-19 10:08:37 : Probability preset : 2015-11-19
10:08:37-2015-11-19 10:08:37

[000000001]1.00000E-02 = X2[0.100000001490116]->
X1[0.100000001490116]

[000000002]9.00000E-03 = X3[0.100000001490116]->
X2'[0.899999998509884]->X1[0.100000001490116]
[000000003]8.10000E-02 = X5[0.100000001490116]->
X4'[0.899999998509884]->X1'[0.899999998509884]
[000000004]7.29000E-03 X5[0.100000001490116]->
X4'[0.899999998509884]->X3'[0.899999998509884]->X
2'0.899999998509884]->X1[0.100000001490116]
[000000005]9.00000E-03 = X5[0.100000001490116]->
X4[0.100000001490116]->X1'[0.899999998509884]
[000000006]8.10000E-04 X5[0.100000001490116]->
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X4[0.100000001490116]->X3[0.899999998509884]->X2
'[0.899999998509884]->X1[0.100000001490116]
[000000007]8.10000E-03 = X6[0.100000001490116]->
X50.899999998509884]->X4[0.100000001490116]->X1
'[0.899999998509884]

[000000008]7.29000E-04 = X6[0.100000001490116]->
X50.899999998509884]->X4[0.100000001490116]->X3
'[0.899999998509884]->X2'[0.899999998509884]->X1[0.
100000001490116]

[ Proba= 0.125929002201557 ]

2015-11-19 10:08:37 : CalculatePath : 2015-11-19
10:08:37-2015-11-19 10:08:37

Fig. 8 Failure path search and TEP

ol aokaby 17 99k 2k o2 & ¢l &AM
o, X2->X1 &= X1k=EojA X2 =2 A4S
Axjo] ik ol shfe] WY R} Ak
10] 30| LT X27h 1Ako] Yl AkAbol

] dohE oJujojtt. I2]al X3->X2'->X1 = X1

Aol Yol X271 AAF AEska X30] 1A o] L

Aol A%l dks ol o] ARV g

F7A 27} fek. 0@ o] mE 87ho) nHH

Cut Seto] EAjgtchi ejujo]ck. o] 87j¢] A=
oﬂ 7y 71719 1A 5L 283slo] AAFSE TEP7L
0.125929002201557 & Srol| A FTAS AV §l= 4
§—__'L—5—]. 7:”/\]_ %l'ﬂ]‘ 01;{] ].0 ol— 2z oh;}_

2 ge 147 2ok Cut Set, MCSete] o] of]
A ol EAL FTAO A 416F MCS+= {X1 « X2, X1 « X3,
X4 « X6, X5} it 19 72 BDDojJA] L2 8719 11
A7 Rol A Mo A AR o 2T, FTA
o] Cut Sete]] s gk

231
=
24
=
=
A

o
o m‘”

o>
_llN i:l

X2 o X1, X3 « X1, X5, X5 » X1, X5 « X4, Xb « X4 « X1,
X6 « X4, X6 X4 « X1

[000000001]1.00000E-02 = X2->X1
[000000002]9.00000E-03 = X3->X2'->X1
[000000003]8.10000E-02 = X5->X4'->X1'
[000000004]7.29000E-03 = X5->X4'->X3'->X2'->X1
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[000000005]9.00000E-03 = X5->X4->X1'
[000000006]8.10000E-04 = X5->X4->X3'->X2'->X1
[000000007]8.10000E-03 = X6->X5'->X4->X1'
[000000008]7.29000E-04 = X6->X5'->X4->X3'->X2'->X1

[Proba= 0.125929002201557 ]

Fig. 9 Summary of failure path and TEP

a3 ojFl e 2 RE FadeE o835t MCSE
51 FTAOJA =18 {X1 « X2, X1 « X3, X4 « X6, X5}
o BUAFS & 5 Ak A7 AstoznE
FTAS] A33t AAXLS H|E &2 7ol FT: MCS Ak
ole] FHEL 718 ARG sk Ho] YEUAT
BDD o= A Aot At & 4 e &
4= 9tk

3t 3 FTA 74kt BDD A4t A3 v]wgt ol
AA = AR FT= w57 2HaL Thesh, FTolA -
Sk 7} gk} BDD W o2 33} gho] 2 A5 HolX]|
Il 719] A& HAT 0|2} o|BDDE °]-8-5H
MCSE 3o} TEPS Aotz FTA WA ok 47 A<
@ 28 4he e 4 Qe

Table. 3 Comparison of FTA and BDD method

exact(3rd) 1st 3rd
Pry Ppr Ppr Ppop

Proba 0.1259 0.1300 0.1267 0.1259

18] 102 AND A|o|E 177}, OR o] E 277}, 7] &
Apgo] 63749] 9] ARagEolek. o] FT<| BDD
¥l SIFF ALY A3k 3 49 ek T AN A3t o)
2 TS & 5 ek

Table. 4 Comparison of FTA & BDD method for Fig. 10

FTA(Upper Bound) Py ,p (Failure
Cut-off=1E-15 Path=23103)
Probability 5.247E-5 5.211E-5

AF7IA ARt AR ALSRS 2 ol
" 57 7 Qo] uhe} BDDE] Fi 2|54 0.2 A7)
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Fig. 10 Sample FT
AL o) uhE DR RE ApFH o2 AXER Y A
DB M= ALY 7S ol AL S B ACKNOWLEDGMENTS

I

sl

A A} % 9lek o]l 7%= BDD

Truncation, MCS A 3-2 ZBDD(Zero-Suppressed

Binary Decision Diagram) -2 HWH-2- Al-g-3jof 3l

% BDD Truncation WHo| & ILof|A] ARE-H

Failure Path Search 2 7}& €44 &85 4~ Q1
AAA T B 71 F o2 =Y 4= Qi)

ol&

z4
=

I\ =

Al B Ao A AAAAT S5 %
ol2i 914 ZAAA] gro] AFg-HL) o
6H&DDﬁﬂEﬂﬂ§H&ﬂ®
H3}sl3l 1 BDDOJA] A HZE Z
510 )P 20 495 Aolshine &

25t ghe 13 4= Qlek oA AlAko 2 FTAO A 3

o

Bt 4% BDD o2 24 glol U o grol
A x)gre X 911, Failure Path Search W& Ala14-52
[e]

A P P
Abal4=E o] HO 2402 Ho|ufls AA R0
2 Q8 A} BDD A4t BH-& ARE-3fjof sh, g
olof thgt &S Afstes AE AEHom =

%13t ool

ot

This research was supported by a grant
(15RTRP-B082515-02) from Railroad Technology
Research Program (RTRP) funded by Ministry of
Land, Infrastructure and Transport of Korean
government.

661

REFERENCES

[1] R. Bryant, “Graph-based algorithms for Boolean function
manipulation,” IEEE Transaction On Computers, vol. C-35
no. 8, pp. 677-691, Aug. 1986.

[2] A. Rauzy, “New algorithms for fault tree analysis,”
Reliability Engineering System Safety, vol. 40, no. 3, pp.
203-211, 1993.

[3] K. Reay, “Efficient Fault Tree Analysis Using Decision
Diagrams,” Ph. D. dissertation, Loughborough University,
England, GB, 2002.

[4] F. Somenzi, CUDD Documentation [Internet]. Available:
http://visi.colorado.edu/personal/fabio/CUDD/html/index.ht
ml

[5] C. Park, J. Ha, Probabilistic Safety Assessment, pp. 60-63,
Brainkorea, 2003.



SHEH B ELSHS| =2 X|(J. Korea Inst, Inf. Commun, Eng.) Vol 20, No, 3 : 654~662 Mar, 2016

ZH §(Byeong Ho Cho)

FE=EETIE

1987 2, HRUB7|&R SHIE MA}
1987.3-1998 8 sh=@ixi2{pipa
xEHalEof : FTA, BDD

e 4~(Byeoung Soo Yum)

SRACT A ST kXY
2213} A}, RR|QRHBIRIE|R}, 64110} MBB Af2AFIS
B0} RIBZIEIY SEAILH, AIAHIORY, B0} Y DEEE)R

Ui o s, Tom i}

Ea

oln

Aok Sang Ahm Kim)

SR [P el MR
IRy AoIo1Te, BEIANT )
wdFA ';

o} : SE, Middleware, Real-time Monitrong & Control System for Safety-critical system

662





