AT 23 ISSN 1000-9825, CODEN RUXUEW E-mail: jos@iscas.ac.cn
Journal ofSoftware 2015,26(2):427-446 [doi: 10.13328/j.cnki.jos.004562] http://www.jos.org.cn
O FERBL 2 Bt ER AT IR T A Tel/Fax: +86-10-62562563

— PR S SRR AR BB (B 4 I D AT A5
ARR EE% W OEYV g B! Apgpb

(AR K2 HERRE L BOR 22 BT FAT 210016)

PO SR AT B B A T 5K T S 30 5 (U K 2), V098 M st 210023)
(R MUERR RS BIRERL A ME 210016)

WIHAEE: #RTA K, E-mail: xubingfeng@nuaa.edu.cn, http://www.nuaa.edu.cn

OB REAFHUEARE—AELSTHAMERAR ARG R E R EER A LT E SRR KRR 4
8945 R 3F TR AL A 69 -F 3 o 8] SAT 54T, R RAT & 46T 39 R 200 18] Aoy — AV A 20 6, T o R ey 2T
ERAE L FH & T REFH R 2 AR S AT R e nt L AT XA R A ik T2 E oA A, BB T
— A AT REL RT KA GRS FHRER BT R4 T R AU LD RT RSO XA EZHE T
5 R R SR TR AR A AR SR A Ao B 48 T 34T KB X3 Lok B AT e Mt S
BT 09T KB AR 15 2| HAR S FAR R 69T KB SHER! JH A 2342 A0 A 33 AR R A 2 M ik 474
;A8 AT REFHAMER G XX B TREFH LA G- F 7 ik ke A kB F A5 A4
Ge Atk B K & 40 09 R 25 F0F S A B 18) 4 5T 64 52 450 B 0. M AR B G Sk AT 18] 4 64 S AT AR AR T — AT
7 ik,
KR CRAFHHEA, R AL RIT K4, 30 18] 547, XAk 77 =
hEESES: TP311

TPCH IR S AR TR B BRI B, 2 i Tl bR S T B ) I )R S T 5 U AR 24 ,2015,26(2):427-446.
http://www.jos.org.cn/1000-9825/4562.htm

S 5| F#%30: Xu BF, Huang ZQ, Hu J, Wei O, Li WW. Time property analysis method for state/event fault tree. Ruan Jian Xue
Bao/Journal of Software, 2015,26(2):427-446 (in Chinese). http://www.jos.org.cn/1000-9825/4562.htm

Time Property Analysis Method for State/Event Fault Tree
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Abstract:  State/Event fault tree (SEFT) is a modeling technique for describing the causal chains which lead to failure in component-
based embedded systems, and the top event of SEFT describes the result of the failure. One important way for capturing the mean time
parameter of system failure is to quantitatively analyze the mean time of the top event occurrence, which provides support for system
safety evaluation. However, it is necessary to formally describe SEFT semantics in order to quantitatively analyze the time property. In
this paper, a time property analysis method for SEFT based on interactive Markov chain (IMC) is presented. Firstly, interface interactive
Markov chain (Interface-IMC) is proposed based on refining the interactive action of IMC. Secondly, semantics of components and logic
gates in SEFT are formally described by Interface-IMC. Thirdly, the semantics of SEFT is obtained by composing all the Interface-IMCs

generated in the above steps. During this process, weak bisimilarity technique is applied to reduce state space. Then, a quantitative time
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analysis method is presented based on the formal semantic model of SEFT. Finally, the time analysis processes for the SEFT of aircraft
radar landing control system and sprinkler system are illustrated by the proposed method. The method provides a new solution for
analyzing time properties of component-based system failure.

Key words: state/event fault tree; interactive Markov chain; mean time analysis; formal method
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y: Landing wheel deploy failure
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B RS A (A L9 187 77 V2 (0 U B R AR N 505 AR JE 45 W T SEFT 02 35 14k AR 101~ 34 B[] 10 9 41 23 A7 7 6 BOHR Y 1)
B 3 i T H 284
41 EOXELS/RAIKENLAE

Interface-IMC JFAT A1 G i F vh ml e <5 tH AR ZS 25 1A) R M () 135 T2, 1 16 A SC BT SR H (AR 28 25 1A 249 e R
HEAT VER U ) AR 58 2.3 TP A E B 1 ] 410, Interface-IMC 59 B ACILET X 34T 40 & BA vl B etk DAtk my LA
A 2R & 2 J5 WA AR SR 1 4k 82 5 HAR A A EAT EAT & B AE . D 7S Interface-IMC 20 & i B5 vp A 24T
WA Interface-IMC 45 5, 88 AT R Interface-IMC 1159 BB FUH AR NS BT A2 5 (1) Interface-IMC HEAT AR A28 1R
Ly TRl PR, AT RS 28 ) G FEEAT B — R G X RE 30 T LATE A G a2 vy 2D BT AR s AR S Rk &5,
ATARAS A= (W 2 1] 43 R A 2D BR:

o NI AR BRARAS A R I AE AN 2K

o LU TR o3 I SEAN S SR EAT SR A B AR
o Kl 43 21 G AT P RBR S 25 1) B A5 A I 12D IR ) DG B, 1 1 A FON X B 4 EAT A 4.

H T D& A 7E— L8R FH 59 TR A 0 AR Y 1EAT 24 17 1) S0k b SCHR (1314 T — R X IMC 3 i
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Y

BRI (18 B35 L R e TH RGP, i AR AT B P AT A AR BRI AME DL TSR FH X R 5 ik SCHR[ 1411
CADP(construction and analysis of distributed processes) . EZH1 ] BCG _min 1] H T X bric i & Si(label
transition system, &% LTS)FIAH SR R E AT 20 T (5 0 DL B 3005 1% v N ) 2042 10038 B B JR v R BT v i AT
REB MWL SCHR[10]145 T 36T IMC 1955 TOBLRISEAN 280143 75 5, Be 38 T T 0 R AZE IR IMC BEAY,
T Interface-IMC ¥4 IMC A8 HLANAEREA AN Hin i S 4E, BT AZEXT Interface-IMC PR ZS 25 1A EAT 59 A4
S R4 B R P, TMC P AR OU sE SO ] 42 Interface-TMC (188 A5 2 g AT A6 5 H 56 $9 0 A 3405 e 4
PARAS e Ah K A8 HANEXT Interface-IMC [1ARAS 2% (R REAT S5 A0 28 K1 40 B, 75 74 DX 20 S A RN« il Hh 28 78

Interface-IMC [ 35 FL AL S O SR 73 S a0 1 . I T S6 48 A B — 28 4 sCRIAF 5 (R AH
Y i B

# Interface-IMC H (1) PAR AL — R 50 P98 S AR A AT LB A AR RSN A PN PR PN P24
HALS PSP HL P S5 P o5, al TR B 20 i P X7 P,

T 00 T B BR L o Sx Actx 25 {true, false}, yo(P,a,C) 224 HAL Y P ﬂu@ﬂé B BPRESE C H,
Horha AT LR RN B AE B B E.

VA AR 2 AR Interface-IMC RS 22 7] T AT IRAS 2 15 0 AS S SIRAS 28 R HEAT S5 4 2.8 40
ST AN EM BRI SIER At SRS RIEAT M 2R 53 I A0 6 TRAZS S0 28 b BRI AS  dE— 2P Al
FRF (7] 25 H0RF 1 R RS AT R 43 a0 e 3R AR, B 20 B A 1 SR # OH T AT RS = (R R 4y 8 )5 75 21— ARl 43
A EN RIPIRES 2 ).

&% 1. Computing weak bisimilarity classes.

[Refine(Part,a,C) = (UXer-,(U {{Pe X | yo(P,a,C)=v} })) — iy

IM _Refine(Part,C)=({J ,_,,,(M _Spread(X,C) U {Rest(X,C)})) — 14

ve{true, false}

XePart
M _Spread(X,C) = UVEW {Enrich(X,{P e X} | P7T4 and y,,(P,C)=v)};
Enrich(X,Y)={Pe X | p\\ P implies P’ e Y};

Rest(X,C)=X—{PeY|YeM Spread(X,C)}.

Input: Interface-IMC Interface-IMCR:(S,so,A,—),—)M).

Output: 7C PartuTD_Part. //Weak bisimilarity classes of Interface-IMCp
Function: Computing weak bisimilarity classes of Interface-IMCr.

Substitute all internal actions of Interface-IMC with 7;

TC_Part:={{P'eS|P' " \'}}—{¢};
TD_Part:={{P'e S|P X }} {4}
Spl:=Actx{TC_PartUTD_Part}.
repeat
choose (a,C) in Spl;
Old:=TC PartoTD_Part;
TC Part:=IRefine{TC Part,a,C}; /Ipartition TC Part by action a
TD_Part:=IRefine{TD Part,a,C}, /Ipartition TD_Part by action a
TC Part:=IM Refine{TC Part,C}; //partition TC _Part by Markov transition
New:=(TD_PartoTC Part)-0ld,
Spl:=(Spl—{(a,C)})I(ActxNew); /lupdate Spl
until Sp/ is empty;
return 7C_PartOTD_Part.
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ERPREEE oL e (G

851 A RV ERAE, VSRR I A BB E B RS T RALE TC_Pare L) SR I 33 4 ok
FIEFRES WA RALE TD_Part ¥R 1% VT 545 A& 2 Spl, B, Actx {TC_PartoTD_Part}.

552 HA R BRI F A A, SE N Spl ELH — AR AL 1% 5 KENVEXS TC_Part 71 TD_Part X153 554
FGEN TC_Part 33— R BT W S H0R P X JOR AT S 28X 3, HAR S B 1 55 00 S8 I AH B (¥ 4 2K ) 4
B Spl 1,24 Spl Jy S G IR 45 R

A LA PR R b BRI S 1 305y R AR AR R R SCIR[LS T 23 B v S50 n] 2, L i) 52 2 B R
O(n*70). 55 2 FRAYAE TN L N T 40AT n C(HD AN R 2 LA — AR, AR SCHR[10, 1617 1,12 3ok 72 ) 1)
AL 2% E R O(nxm), SeH n 3 Tnterface-TIMC AR A E,m 2 Ty /K 0] REG SR HOR 285 4 358 4 338 P o F S 2 JR A8
TSR T m 5 KAE A nx(n=1). R, %R R RN 28 O@?).

EAF ) TR N S5 0 2 o0 2 Ja BT T vl LA L 2R & 7 V8% Interface-IMC 2 mh () 5540 8 HEAT 24
a7 45, BT, 20 390 56 S 20 o (8 A A S M R AT AL B MG A F IR — A S M B MRE A I — MR E I IE
Interface-IMC #5528 i LA IR A 3280 A DO ME 2 54 40 DL R B VR e 20 1 R A B4 2 05 T LA B — AR AE
17 B /s L5 Ji She (1 4 704 55 4B Interface-IMC. 4 40, 5% ] 5(a) () Interface-IMC, 7] LA F 1% 53 45 Bk
TN 251K 15 B ISR 20 {{(S1L.ED Y, {(51,K2), (S2,K1),(83.K3) 1, {(S2,K2),(S3,K )}, {(S3,K5) ) 3, BEAT S8 A 4
Z a1 2 5(b) I 7R 1) Interface-IMC.

4.2 SEFTH}E4F i+ E

K Interface-IMC Fsffifiiid SEFT {5 AR 2 J5 SEFT W10 2 Fi4h£F Interface-IMC A R 78 4 — N
A, A B, SEFT T J2 254 & 25 (R~ 25 5] 18] B g AR S (1) Interface-IMC A8 7Y v T2 S50t 1 1) it 30 1 o A= I
IF] ) IR A 1 Interface-IMC A8 TLANAE I 58 SCRT A1 tH 2 A5 A2 e 4 B B 42 10 00, 308 5 T8 i e s 1R 1) 2R
AN 7 AR I ) S 3R R b, % i i R B A R AR 8 R ) 3 B8 (B R AT T T e — B e 4 Ok TH B R B I ROIRES
Fl kB I EAE AR A SO, T 78 SEFT ~P¥ET -8R T —A IMC (94347 T.A IMCA(interactive
Markov chains analyzer)!' ", u] JIj 1 5548 H. T /R Al JSHE(IMC) HF AT EAIR 25 2135 H bR 25 ) f) 55 K R0 5% /N 39
AL

W SCHTIR, T HER LA SEFT #4112 18] (131 )2 28 B Interface-IMC ¥ IMC [¥138 B 3 1E K546 9 Hir ARl
fr AR, BT AR IA KA A L RO BT 2 ) ) IR AT LA 78 9145 31 SEFT 1) 58 48185 SRR 25 [E 2%} SEFT 1) 3
P 735 B TR) F 1500 5 E Interface-TMC R B AE H4 N i HH 28 28 2 IS 536 g B 1) 349 B8 (10 A0 1 6 46 3, TR
Ik, {E Interface-IMC H U5 )55 4R s R AS (K o) ) 300 S (0 1), B N i HE ) P A 208 — 280 TR 1) IMIC (928
AN XA ST LUR 7 (S 1A ] IMCA SR 145 Interface-IMC FRISF 345 I )45 42k

BEAk, A SEFT F4FFIZ 45 11 8 X008 U [ FRAT AL A b vl LUAS 21,58 7 i3k SEFT 102 4438 S
FIVERTE 1 P BN A LA AR LA T 8 PR R 3 1) IR i N AR B 22k [R) 28 o N i 3 48 48 3 59 TR B4 )
Wl 2 fa7 IR AF B &R SEFT 523418 YY) Interface-IMC ", 2R 52 b KRR TAS S R B] R EE e f1— AN H4 3
Y4 AR SEFT 584555 UK Interface-IMC P=(S,s°,4,—,—™),SEFT Ti )2 F- £ 5T % I B % H 30 4 B 1 ROIR 25
s AE IMCA 4252 (W3 N\ SO A & T By 7R BT O 2 4 15 28 T8 48 DL R T 23 T I WD 46 RS INITTIALS F1 H
FRIRZS GOALS.FRATTAT LA s° A HIEGIRZS INITIALS, BA s 24 HERIRZES GOALS, MG P b (W o¢ R M3 IMCA
Al S BRSO AE IMCA 15 H 6 INITIALS 135 GOALS o 1] Fr9 due KR dsg /N 31 S8 1 &85 SR AT DA 1) SEFT A,
R T2 20 A 0 e R R e /N ST 2 I Tt st A AE R G rh S A R S B B A s 0 R G R 5 Rk
A (R S KRN B /N B B ]I 5 S0 LA VPG RGN 2 A MRS X T2 A KR G0 5, ATl 2
KA B /N T 35 I TR A9 VP A 2R 45 e A M b .

g5 BT, v A S AT PR H 1Y SEFT IS [R)4RE 4 3 A7 5 ¥ 1) SE BRSS AR R AT 4, B A 1 b BR AR 16 7 s

o B5E%F SEFT #EAT 3B S IR, O 3 T A7 1B 48 1 TFIA F 1) Interface-IMC #552Y;

o HURASTETS EIK Interface-IMC £ 43T I47 4 G345, /9 2] SEFT [ 5¢ 3845 B JF HAH A1
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Y

T AR o A FH 59 FOR LR A R AT RS 25 (R I 29 1
o )i, %t SEFT [ 5 4838 SURER ST IR 18] 45 P 23 7 1L IMCA (interactive Markov chains analyzer)!'8/t
002 A S A Ik 1) () S BB (R AT UF 55
FH T 1% A B R H R4S 5 SRR AT 2 1 1R, DR e A S IR 7 vk A T 2l .
TE CSFATA 1, I i& 3 ZRIH I D) 68 2 55 T Eclipse “T- & 1 & 1, D4 58 B AX O D Re R v 5 58T, H A7 1E
TEREAT 5540 26 1B 182 ORI BE 22 (1 SR04 5K

XML document of
Get XML document of SEFT P SEFT

v Output Interface-
Parse XML document and create Inteface-IMC models of IMCs of SEFT
all elements of SEFT elements

Pick two Interface-IMCs and compose them 53

v

|

I
I

I
|

|
I

I
I

I
|

I
| |

I
I'| Reduce the state space of compositional Interface-IMC by weak bisimilarity, }
} and put the result into Interface-IMC set |
I

I
|

I
|

|
I

I
|

I
I

|
I

I
I

I
|

|

If more than one yes
nterface-IMC are le
7777777777777777777777777777777777777777 )
‘ . . no \
| Expected time computation v |
} |
| Computing expected time of SEFT by }
| IMCA |
‘ |
| Y |
| End }
- - == a

Fig.7 Implementation flow of SEFT time property analysis
Kl 7 SEFT I [u) 5 4 50 #r 1 S DL AR

76 B3l TAE MG B JRATRETE T — /N AH R 1) 2R 45 28 R (A A5 15 23 A7 Jst 284 T H (critical system failure
time modeling & analyzer, i % CSFATA). % L H I RG240 &l 8 IR, A4 4 A~ 20 B

o P E: B (user interface) H T-5 H P AT A2 B, B 52 H P (05 N B 1E;

e Interface-IMC i % 7 v/ #i b (Interface-IMC generator) ffl T-%} SEFT ) XML SCAFHEAT AT, 61
Interface-IMC A& #Y;

o HZOEVEA PRI (kernel algorithm processor) ] T-58 34T 20 & LA BCIR & 25 TR i 20 1, 51 R FH 6 1
3BT T H IMCA %5 26 842 1 28 .1 IR R B A1 1 AT I i) S0 SR (0 4

o 2L IRBIH (result displayer) H T 6 vH 5 45 BEBEAT Har H .
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{subsystem )
User interface

==
{subsystem)
Interface-IMC generator

8 (use) ]
- Interface-IMC creator

XML file parser

<L
{subsystem)
Kernel algorithm processor

Compositional aggregator Algorithm

Interface-IMC = | (use) .

L. Parallel composing
composition
Interface-IMC & < )
ntertace=1 {used P State space reducing
minimization

<

Time property analyzer

Expected time & | (use)! Expected time
computation computing
Jb

{subsystem )
Result displayer

Fig.8 System architecture of CSFATA
Kl 8 CSFATA [f] R G5 H

5 SEHIRFR

AT 43K TRHLE B R Ok o 2R G MR BT K 2R 48 FRDIR 25 A W R g i 4], S 90 T 45 HB 1) 3 e L T
ST A IR g KR s /NS B I 1) SBEAT 20 B g RS W, A SC 8 Y T s R AT I R R A
51 XN EMEIEEH RFKSEFTX G

EEXEEE 1R B 3 4 I TRHLE Bl T TR B ) R S8 (ARLCS) IR 25 S5 A Wl B e 55 10 el FH A S i b 1 O 9
o LT J2 = A1 A 1) e KRR e /N S35 1 T) 53R4T 43

LA T 3 H K SEFT, R Interface-IMC 45 Hy H ™ % i 3C. 4% SEFT H— 3085 3 MafE L AN 25 1],
KH Interface-IMC Ki#fifiiid 3 AMALES PN HRT 109 S 9 Fros ASCHR 4 SEFT A4+ 5 B 511
JE O AS B Interface-IMC BEAT 4w 5 . 7T LA Hi 6% SEFT 1 T0JZ 048 kA2 (1) 1 35 B 1) 7 0 A Jl 82 38 Jl o1 51
BIE Cs 1 S5 ARZS IS 18] 1) S EEAH.

7E453 3 SEFT A A FF12 55 111 Interface-IMC JB i R 2 J5 3 i %) iX £ Interface-IMCs AT 34T 41
GEVEMR R SEFT RS A TE SUBERL AZ SE B b 415 I T 4 ((CH|C)II(C3)| Ca)||Cs, BEREAT — 20 4145, #8R T 55 L
BEHR 4 G 77 AL 1 Interface-IMC IR 7S 2 (R REAT 24 187, K £ 167 1) 45 SR FF AT T — IR A& DL S HE, B 1w 44 11
214 Interface-IMC.

BAFATH AL RARIE R E 10 B~ B TS g b R T0 2848 1T 1% 1, SEFT W 02 Fi4k &
A TR (R 300 B U SR U S 10(h)H Sp RS EIE S5 R AS B I (A 3H EE(H.
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Al < £l
4.-" 0N et

(a) WIEHEI(C) (b) HBEEAEHIZ(C) (c) THIEHIH AL 43(C3)
i < <
@ v &

(d) AND [1(Cy) (e) TiJZ AND [1(Cs)

Fig.9 Semantic models of SEFT components and logic gates in example

Kl 9 SEflt SEFT A5 3@ 48 11 i SO

! A ~f!
+/1 fl' @ -> »@ﬂ
’ ! 1! 1! @ ! KRS VIYES NI
& ::, o S G

(@) Gl (b) R85 HBLHULY i () G3ICy

ﬂ’ f
”» Al
: & ~5)s)
fNN0 5 [BRONaG
54505 250 o5
(d) R 59 HBULY (@) GHIG[IGICy (f) R 95 TR 2 ]

~DHDE CaC
O e+EE 555

5!

©

(&) CHlICIGHIC4ICs (h) KT8 H A2 i

Fig.10 Composition and aggregation process of the aircraft radar landing control system

10 KHLEMHEERRRASRGLR

TN A IMCA S 10(h)33E47 I8 1] 3 848 1 45

Kl 10(h) 1) IMCA % A SCfF ARLCS.ime W3R LAGRIRAS A So, HARIREE A S5, H B RS 5 e ffiid 7 %
A Interface-IMC.IX L, 444 4 19 2 Al 2 45 5000 A1, FL AR 1) 2% R0 28 2 IR SCHR [ 197 0 4 5 1 B0 0 . A0 el R A
B2 0.002 F1 0.001, {5 1% I ) FAAT A /N B (h). A% SE B DG TE XS SEFT Hp T0UZ 544 & 26 1) S5 KR S5 /N ST 349 1 [ 1) 43
H7, 80,75 SEFT (1 Interface-IMC 15 XYt AR AE IR ZS B bR 2 W] 8] 1) g R A g /N S ER A8 FH IMCA 5 A
SCIAN AT V0 I AR RS A MR AR v T2 S i A R D) ) KR e /N SR A [, #8 1 166h. BIT,
TE1% F G0 & AR i A i e 8] 2 30 AN S T T, T2 S0 R 28 1 e K R S /N P38 I T #8010 166h. o438
B SOk TR UG Bl B I I R SR KL A T S N5 Bl 48 A T 2R 2 A T e R R g /N S B4 s TR) 3404 1
166h, HLiZ I R (B 8% K, 2R 48 Ae % 150 AR (R I [R) sl % 2 500] Ry VEAL KL Bl TR ik 1 3 R 4L 1) &2 A P4 it
5%,
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Table 1 IMCA input file for the example
R 1 LI IMCA A\ SCff

ARLCS.imc
#INITIALS
So
#GOALS
Ss
#TRANSITIONS
So.S10.001
S0 .S 0.002
S1 .85 0.002
S, 85 0.001
S3 S4f5

5.2 WRikBT K RGESEFTX )

Bl 1L g5 T —/NIEikB K R SEFT 2 OB 7 6] AZ A9 v (¥ 2R 2 5 SR Ok “ W kBl K R R A A% R R
EEQAE 3 MM, 002 B AL A% (smoke  detector) [ 1% [ #% (heat detector). M bR 358 1l #% (sprinkler
controller). % JE X A4 JE 35 I I I A% S 35 1 fioh R s RITHEAT JC IR A AR i Wt bk 2 ) 38 1E AT 5k K K. i% SEFT £
B —A AND [TH—A OR 'ELAJE A B 77 O 3 MR T 12 R R0AE R A2 i TR OC R A B,
22 JE T A D A AR I A S s 0 R A A T VA T 2R KN 3 IR BT K R G IR KL R G T A A 1R R A kG
SEARE AT, AR 02 2 HESCHR[20] 70 $2 41 P 000, R 86 0 4 SR 25 1) 2R R 2R 1,=0.002, B8 A% S 25 1) 2k 20 6
N A2=0.004, T 4k 425 1 25 ) < 203 4 23=0.000001, 3% HLAB B2 IR 1] 5932 4 /1N ) ().

é Fire protection system fails

OR

]

Sprinkler controller fails

AND
A A

Smoke detector Heat detector
alls
working failed working failed
Init yn Init A

Fig.11 SEFT of sprinkler system
Bl 11 Wik K R4 SEFT

A, X 11 T SEFT SR Interface-IMC 45 H 74615 1% SEFT — 3445 3 MR A 451,
K H Interface-IMC #i& 3 M5 AN B 8T 0E SCan & 12 Pros. Hor, t OR [TIE X ] UG AT & — AN
N0 R 2B 28 Rl i o 1 A DR 33K UK ORI 348 249 41 B8 12(e) T 7% B9 W 358 43, 43 3] 5 0F I B A4 P AT 04T
H A AR SEFT HaZ 48 171 )2 k05 2 1) Interface-IMC #4745 . 7] LLE B, %F1% SEFT W52 34 & 4
{17~V S5 BF [0 189 43 07, 3t e e B B B 12 7 AHTZRAR A BT Cs B C 1 Sy ARAS B (0] [ 1 28 (H . 45 75 3 SEFT 144
PRI Interface-IMC FJEZIE AR 2 J5 il 3 XX 46 Interface-IMCs #EAT IH47T 41 & 58 & #4159 3
SEFT [ 203t SRS f1 T~ OR [) IF1 38 48 1 SCHIR 43 D W 308 43, BRI L AT 20 G A1 23 by W30 4, 2 6 I P AR 47 A 284
VRFAE 25 58,53 50 2 ((CH||C3)||Ca)l|Cs T Cyl|Co. AR AR ME 13 Fron, i T OR TR, A
Interface-IMC #8453 il 40 18 13(H)FAE 13(h)Frn. TR 200 h U T2 248 11, o & SEFT Hh i T2
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AR A I T 0TS A B USRI 13(D)Hh So IR IL S5 5 B 13(h)H So AR EIIE Sy ARSI 7] 9 2241

S E) () )

(a) BEMHAL LR (C) (b) EIEAL KA (Cr) (c) AND ['1(C3)

c

(d) WK% (Ca) (e) OR [J(Cs,Co)

Fig.12 Semantic models of sprinkler system SEFT components and logic gates

K12 WEHkoK KRGS SEFT MAFALE 4R ] TE AR Y

) »( : ) A
A2 §R? @
OROLONNE:
(@) Cl|Cs (b) I35 7 2 i © (ClICIIC

OO & | e

55
GG ® o . ON6TS

(d) RJH 59 E AL ] (©) ((C1]|C3)[|C)IICs () SR8 TR 24 fi]
MOROSOL ORI OLO20
(2) C4||Cs (h) K H 59 TR ZY ]

Fig.13 Composition and aggregation process of the sprinkler system

K13 mEkps K ARG A SR G

A I Le AR A SR ] IMCA BEAT I [R1RE 20 B ] 13(H A1 13(h) 1) IMCA #i A SCAF: sprinkler].ime Al
sprinkler2.imc JL3% 2.

Table 2 IMCA input file for the sprinkler system example
=2 WG KB IMCA 4 A SCF

Sprinklerl.imc Sprinkler2.imc
#INITIALS #INITIALS
S() SU
#GOALS #GOALS
S3 Sl
#TRANSITIONS #TRANSITIONS
So 81 0.002 S0 §10.000001
S0 §> 0.004 818 f5
S1 83 0.004
S5 83 0.002
S5 Safs
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2 S AP DG R T2 A A 1) e K R 3 /N S 389 B[] 1) 43 BT, B, 7E SEFT Y Interface-IMC # SRR, )
BEARAS T B AT R A IS 1] (1 55 R R0 Bz /N 01 BB A AT ] IMC A 6 3% S2 49 0 AT o 85 A0 1 T 40, 320 0R A4 e i b e T3
2 A e A IR ) 1) B R R B /NS EE A 23 590 9 1000 000h AT 583h. BIY,7E 1% 2R 48 b 2% w4 1 S A= i s 1) ) 23 4 2 %0
[P TE T, T2 A R A I 1] 1) e KRR e /NP3 B TD 3 530 9 1 000 000h Al 583h. JL4 B 2 SU k- Wbk B ok &R %
TR A K R G R0 K 2B I B KRN S5 /N PRI TRT 43 30k 1000 000h AT 583h AR 75 B 11 52, N Lk 5] 1 v th mf
DUt E T S B0 i 5003 A1 1 2 500, DR, >4 i s 50 0 K, S5 S 34 EF ] sl iR /).

6 tHXI1E

FEHR N UL R G 1L R b 3R 5 R G022 ORI I TRVRF R, 2 o6h AR GE b AT 22 A MR VE Al A A Hhs . 1 1T,
E F2 40 R 250 IR SRR A 3R 7 T, S A4 (Fault tree, (T FR FT)PY &8 TMLSY) 32 W A AH FT BIERIEEE RLE I
I TR] A DAL J SRS (AT b, AT — BB TAR X IR BERE S AT 3 LLSRFBh & R 8 LK SN R GE IR S A5,
L EALHE 8 A R (dynamic fault tree, AR DFT)P2IE B b (1) SE At b4 g T b2 11 T @2 BEsh 15 15751 2 )
(ARG 725 1N P IR B (temporal fault tree, i B} TFT) Ak T LB 4, X i) I 738 4 PYA5 738 4R R 5
RIS 2 6 2R, DR EE T TFT 3647 58 V0 BT, 25 8 A I L vl il i PS5 e Ah, SCHR (2545t T 156 5 T T(PAND) ) &
ST Ak By SR (1 30 2547 D s SCHR [26]85 i — L8087 19 3058 SR A2 i) I TV P R I2 481D, 12 L AL AN &5 2R
2[5 (¥ 5 I 18] 56 2R LA b J77 VA 0 AT DA I AR 400 Hh 1K) 2R 28R A R DR 2R G 2R B AR T e Dt R e 1 A R 5 rh
REEPEIBUT LLROIR S 811 B 0 SEFTURIG A% 4 e b v T 36 IR A ML T 35 4 Aok B B 0% 16 55 39 LR B 1
DR RO 2, S RE A I 20 25 ZR G847 D v BRI TR AR e 1 A0 A8t s 3 P R Pk N 23R G0 2 20 DR R e it
AT BT

H1T FT,DFT LLJ SEFT #fk = 18 3t SO A LU E B & ATTHEAT 70 B, 38 5 SR B A R 1 S AR
AR LT SCRFREAT 20 M SCHR[271R T — AR SREHIR FT 756 S AERG e s U Al Bk 55 FT i)z
F R AR IR SCHR [28 1L A FH T CBEAL Petri Net % FT BEAT R 18 Ak, 7 7 Bt SO 45 P SCRR[291R
P R AT BRI GS DFT ZEAT R 8 10 1 SCHE, I 45 Hh e S e M HE S T 6 3 SEFT (95 2 3 #r, SCHR[6 1K
Petri Net % JLREAT FE 2UTE SCHIAR, I A2 PR Atl_E 84T T2 S A AR IR 5 20 BT B T Petri Net st fifiid
FEI 2 1) 91 S AT EL AR v SC M LUK B it iR K 1 22 i) (¥ 947 21 4, D A2 A1) Petri Net X SEFT #E47 78 5 i Sk
25t ET- R AT A S R A RE AR I S8 B ) SEFT i SUBE Y, HOR S AHOIR 252 18] 24 1 75 325, 4k LU AT
RO 1B A 19 4 R e SCREIRY, DR e DA K T 12 0 SCRSE R PR 28 A e e b ) I [ A 32 AT 20 A

FERS ZR G (1 R R0 2 BRI T 2R P 2 A 3 T, SR (307 A T B A I 18] 49 85 FF) i 25 B (fault tree with time
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