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Failure Probabilities Allocation and Safety Assessment Approaches Based on AADL

WEI Xiao-Min!, DONG Ze-Qian?, XIAO Ming-Rui’, TIAN Cong?

!(School of Computer Science, Northwestern Polytechnical University, Xi’an 710072, China)
%(School of Computer Science and Technology, Xidian University, Xi’an 710071, China)

Abstract: Modern avionics systems are complex safety-critical cyber-physical systems (CPSs). Failure probabilities allocation is the
important work for civil airborne systems and equipment during the preliminary system safety assessment process. Architecture analysis
and design language (AADL) is suitable for the design and development of avionics systems. It is indispensable to perform failure
probabilities allocation and safety assessment for AADL models. This study proposes an AADL-based failure probabilities allocation
approach, which considers the design of system architectures, model complexities and severity levels. It allocates failure probabilities to
subcomponents as safety requirements. Furthermore, with the integration of the proposed allocation approach and deterministic stochastic
Petri-net (DSPN), an AADL-based safety assessment method is proposed. It transforms AADL models to DSPN models to calculate
failure probabilities of subcomponents and assesses if subcomponents can satisfy safety requirements, so that an architecture that satisfies
safety objectives can be obtained. Finally, the algorithm and the structure of the tool are provided for failure probabilities allocation and
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safety assessment approaches. By assessing flight control systems, it is demonstrated that proposed approaches can effectively perform
failure probabilities allocation and safety assessment.
Key words: AADL; failure probabilities allocation; safety assessment; DSPN
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AADL B CTMC,Jf H.fig B 2l AL @ 1 2 2008 5 56 T MR A B2 1) R B &5 SR 20 W R 48 4 4 . SR [23]
FF AADL AR FIME S AR RUAS 56, 3 tH T B B JR G0 22 A 40 W 75923 K AADL 55 210 42 46t Sy ik S A 700 3 ol A% 77
96 VAL R S8 IR 22 A 0 35 i AR AR STRF R AR 0 0, 0 2 A T PR A AT A A 5 T A s g B 2 AR
A2 B B HEA BT I R AT B AL B B 5 R R B R TR B S AR, Hoh P S B R B AADL R
Fa A 2 7 5 R ARt AADL AR 4RI AADL A5 0 201, T £ AH DS i AADL 4558 J& P %1 i 3¢
R [24] %1 X — 2 AN Hf 52 PR fURK (uncertainty-aware) ¥ VR il AADL #7832 tH 7 — i T G v B RS 36 1) 7 o 1 e
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Fig.1 Framework of AADL-based safety assessment approach
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ARG ARG L FIO S50 AT T3 TR BN 2 F MR R OTR A 1 7 I FE 25 2% no effect B, AN TR 225 B IL 2R 2
REER, R A AN 23 0 3R 3 6 M, £ 1 B30 it o B B 2 k1 # £ k41 OR B4R R IA S AND 4611 o {H,
I AND 21 & &G A M E ST E @ .

B ARG FARE)WANARE),FHH R T ARET R



1660 Journal of Software ##F%4% Vol.31, No.6, June 2020

_ (G +s)(=In@-FP))

fi o @)
(Z(Ci +Si)]a’|ti
CAN TR RO BRI R KRR A
R =e i 8
$e o (@)t N AR (2), TR A A T 575 v A
FR=1-R=1-¢ " ©)

Horb PPy R TR |10 % Ry R os TR | (0T S

P ULk, 300 S 1 S A 2R 1 AT 2% R (A 5ORR A8 B 3 2 ) R 7 ) e 1 o R (R O A R A I P I R
), 33 1A 2 T (9) T LUK R UM 2 40 45 M1 XA & ARP 4761 FRifEHiE Hi [FI:PSSA ) S il 4 T 48 4
WVl B8 8RN R OIR 25 10 T I 185 S5 ] 5 AR SR 1A 772 18 T R 2% JRE R0 o T P8 S5 TR 3%, - T T ek oy e,
AT SCHRED ST AADL 32 H RSO3 43 L 7 7. 2 L 19 AGREE J7 VAN A1 R G0 5 19 SR G 3UVE i AR,
ANREFE oy IR AR B E AT R 6 AADL SR IR PR HH IR S03E 1Y) AGREE 43 i 7 v, 2545 2% L& T M AR BRI A8 1.
HERH I EAM . AADL BRI L RE 75 A AADL B2 Ak MR RURRAE. R T 4 4% AADL AR
SYTC RO J5 SO AR T AADL B 1 2 280HE % 40 I T V.

ARSCHEH SO AGREE 43 e 732 A T4 A2 - 45 40 1 1) T S k2 R A48 25023 A 4R il AADIL 45578 rp ] i £
7 BB ARG 52 e ) 40 A (V0 B 5 A A 73 N AADL AL B 4545 3] (1) DSPN A58 280 m] i 40 2 ff s M I R TR IR
UL )X 2 & B1 Y, BB 78 7 S 2 A4S (steady-state) ik 28 B, mJ T s 500 B 25 A0 e 2 BT TR0 B, RT3 3 %o iy o
P I 170 % 1) S2E 3 1) 2 %5, B % 74 2R (Firing rate) (R0 507 S 6f I8V (4 36 55093 A1 11 2 2 i (rate parameter) ).

3.3 AADLHEAMHFRMIRE H B A%

OR 4438 U1 1) AND 4145 40 >4 F— 41 A4 1. 503 119 AGREE 43 77 125 R 88 ot H B T -1~ A 4 4 i 2k
SN 2R ANIE T I F 106 00 7 R S ) T 38 P T O I 4 ) 1 AR e A5 A T R 1) O R SR A [, B T %
& TR 2 R PR T SE 2 e NS T 2k 4 e CPS.IA I, A T2 [ 2 it B ARER HY T AADL JFIER 4
R4y TC 7 ¥, 5 T 5 ) ) 2 R 2 A A 50k

h
FP, =] FP,. (10)
t=1

o FP, £7REE p 4~ AND 44 1 R A2 h 3R7R 58 p A AND A5 h AN EGE 7 FPy R A B4 5 p A
AND A5 THEE t A2 RS 23 1R 2 K.

SR (7 A8 A4 2 T 18R] & R 7 S 8 K, i DA SO B A5 2R ) e T R A2 9% 2 45 - 30 I I 1 4 T v oy,
TR R 52 2 B T, G SO 2B K [ I B 1 ) B S 2 A N S G RO 2 N R A
KOG ni(ci 5 s 2 FNFRRBER BRI 24 B, AND 414 1 M KRR 2 Ik RFR N

FP,, n n n

W
=Pt [P _ _PUPK gct<h0<k<h (11)
FPow  Woo/ Wopo Ny Wy,

Horprn, RO ES p A AND 4L 155t ANALSHE 40 1O A % B, TT0 W o 1 3 JEE A1
B A (1077 A 2 2 (10), 75 5] 2 X (12):
h-1
”‘][‘;\"’k} (FP,)",0<k<h (12)

FPDZ(HII,Z ..... k-1k4,.., hWTm Pk
b ORI A2 A p A AND ALETIR KA AT 2 0

n
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h-1 h-1
ep | Mok ep | Sok T Spk
p p
W, W
FP,, =n =, ,0<k<h (13)
' H h Cot TSp¢
t=1.2, k-1 kL g thl 2 Kelk4l..h
o 20 KL W,

HH UL, 32 B A 5K (13), 1K 35 AND 214 (A BGR) H A 1R 8 2% i 22 57t B 2R O 6 43 L 4 AADL FI6 T R 48
4 TEILWEZEHAHR

AR IR SO R 43 HiC 7 R AADL AR 42 4 PEVEA U7 v E 52BN Eclipse $fif, 55 4.1 F A H S
B T SHL G AR 5, DA B AT R R e BB R CPS =l 7E S 4.2 M~ 4.4 TiXHR LT
AADL [1) 555 WE 56 43 B Je 22 A PE VPl 7 AT R U, 26 4.5 AR 777 5 ARP 4761 Frifk b 11 e 4 VEVE
7 AT X L AT 5 5 4.6 50— AN I AT R G AT A M S R, 3t — 2D Uk BE TR R AT A
41 TEIM

£ AADL R ZEME 2R 43 e B 22 A PEVEAL 7 R ) sSe AL N B 2 iR,

AN R G5 Sysinstance;
e A MEVEAL B3

1 KRG Sys HAEH AT W AlR S A4S SO HTHC es;ORes,OR...OResy, Hi es 14 4 & ES;
2 A7 s & HA TR I R BOIRAS TN ESSingle 845

3 FHes BEAT MMM AND 414, N ESMulti 245

4 for Sys () T#1F sub; then  //A15E cisi Ml ooy

5 8 sub; 1 ¢i;

6 P14 sub; (1 si;

7 FRIX suby (177 1k BE 55 4%, 159 3 o

8 end for

9 foresicESthen //OR 414 /] AADL 5 AL O 26 43 L )5 i

10 if es;cESSingle then [/ FAS T ¥4 {1 43 i 2 R g 2

1 FA 24 R (9) 5 FPy;

12 else if es;cESMulti then /25 AND 414 43 i 5% i 3%

13 i esific, Ms,

14 es; M ZLEAH N A R A 7 s P82 A 1)~ 3848

15 HRAE A TR(9), 4 esi 73 L 2 250 h % FP,

16 end if

17  end for

18  for esyeESMulti then //AND #4145 8 Fi AADL F B4 4 2 sk 2 43 i Uy ¥
19 esy A 1 T AL A B 5 ESyg

20 for esxsubcESk then /1) AND 414 (¥ 25 F 365 73 79 it 5k oA %

21 FRE A 3 (13), 24 e sun T K AR FP,.,

22 if eSsun CLEHE AT IE T R BUME oldFR then  //— M o B — AN R AR
23 b5 oldFP, il FP B LN ELAE Ry sy sun MR RIS

24 end if

25 end for

26 end for

27 13BN BOL BT AR 0 R B

28 KRG AADL BRI Sysinstance 446 DSPN 7Y

29 %t DSPN HLAYHEAT U1 55,45 BIREA T4 10 1) SR B0 %

30 ZEA S EC IR O AR T AT B 1) OO, A i 2 A VE VAL B 3R

Fig.2 Algorithm of the AADL-based safety assessment approach
Kl 2 T AADL (1224 VR vl vk sic B
EOEAEE 1 ATH R G A UAT A A i R 2% A S S AT IR, b sk 2 S R O R 43 IO R 42 A TV
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il 25 447 ~58 27 4T R A SCHE H 055 T AADL (¥ 2 350ME 5 40 i 7 722, 8 2 R 256 00 L 4 7 M 1 A Dby e A Tk 75
RALHEE 4 AT~5 8 AT A TN ¢, s Al e, LASCRRJG 8200 RO A3 B0, 56 9 AT~36 17 AT R i
AADL H AL 1 2 0 R 43 T 7 95 2R 2 ko 4 T 4 A B v FRO S A 3 45 65 18 AT~ 58 27 47U F AADL -1k
P PE IR SR 3 T 7 125 K MR R A/ TRy AND 445 R 1 1 R 55 28 47 45 29 47 FI T DSPN #4e T HLI8 A
DSPN HEMY I 1 57453 37K 1 (1 2 2ME 3. 45 30 4765 Lb 23 TIe 1D 2K 20 ME 24 AN - 5453 31 (10 2 280 3 26 Jl 22 4 PE
b5, 45 R — R e A PEVRAL.

Wi 22 A PEVPAG 13, 0 S AADL A58 R B3 AL 22 4 1k 75 R, S 4 15 e AADL BE7 8% 5 4% I P 2 45 HE I 5
IR R G AREAT VAL LA R 7 AT 52 R ARG SO B R 2 A Pk VP A ek B, B B AADL R fE

ARSCHRH IIFE T AADL 122 A PE VPG ik T L SE IS5 R 11, 20 g 4 ANJZ UK 3 Bk T HAE Eclipse 4
WP RHE(E 1 ) EFFR; M T AADL FRJ5 T H OSATE(open source AADL tool environment)®4uEiT4™ %,
OSATE f&flt T ILA B A Bt DI Be (3 2 J2), 3CHFHS 3 2 1K) AADL iR AIASE A S48 4, 5 4 J= 1K) AADL 7Y 22
A PEVEA T AE, DL AADL SEBIBLRL BN, Be 68 0 TR0 A 2 2 Bl R R, BB AADL S AL A AR 2 4 o
DSPNI cTMCPE DTMC FIBfHL £ A 2% (stochastic multi-players game, fj#x SMG)PIZ5E 1 A< 3 3 3856 i
DSPN #:46.2h T 715 AADL RS rp -7 K £ (¥ 2 B4R 2%, l AR ERAG 1R ok 45 L 0 TimeNet. KRR ASE AL A4 56
T H AN SMG B 1iE T 545 ph i, 76 55 4 22 10 % 250 M 2 40 T « B 280 6 380 A0 2 J0ME 8 T 5 45 I B A 6 s 1, ) DA RE—
A0t AADL RS 27 A R VA

| AADLE % & 1 |
Sf Sf
T e e 1
| i ‘ | [P | [ SMGHH | i |
h T RGO If{__‘}%i> segme |
|| AR |cTMCH#¢# | | DTMCH: 4 | # ‘(TimeNet%_):
p—— NG | A ——
, N
I_ _______________________ a
| AADLSE I LR :
3 !
AADL
: | AADLA BT | | AADLAHIR | | 5 JRIMAADLIGE |y :
________________________ o4
f
2R { mspnte [areenk] [orm | [ g | SATERER
wi
B {| Eclipsetf T 5 31 5

Fig.3 Structure of the tool for the proposed approach
K3 ASCiR Tk CHE A
4.2 BEIKITIEH RFERAADLIRE
10 CPS R4, ®AT ¥l & 4 (flight control system, fii #k FCS) 1 AADL AR an I 4 iR RS & T ™
/Ml iE (channell A1 channel2). — AN K4 & 45 (DataCollect) Fl— AN H & %y Y & 4t (output), BB E HE 3
A TR B RER R L A TR Bl il RG-S WA TR AT RS CPS i Bl R4 R G M SE

i Y AR R A R R IR G A B e #% FCS A R R AF 2 TRl IR EE S 161 4 P,
ATCR I — 0 RAT I 6] 2 2 1 ARP 4761 bRAE 1 501~ 32 RAT KA B ANIF 12— 20 RAT R AT F2 ) &
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GEAT R ) e B N FHA 23 2] RAT IR G — 0 RAT IR A 2 1.0E—-4

N AT R GRS 7R S A DA, R MR PE AL 3 ANIRES IR % IR 25 (operational fi] 5 04 O). IF#
I B R A (transient, i 5 00 T)RUR R A (failed, 6 504 F).1E 5O th— M 1 21 (ee ) fish i 211 i N 4 3¢
RS I IR R OIRAS 1 — MR AL A (re ) 11 21 TE R 25 I I 6 DOIR &S W) BE 2 i — M R 00 (ee2) i i 23 2K
RO, RABCRE th— ME R G0 (re2) [ B IE FARZES . A TR A ) eel,relee2 Al re2 IR MR 7341 L A2
MR A AE A ARG BN R, e 1 (% 3 U~58 5 B pos. 2L P A T A A IR I 5 R R R A A #
DR 24 i B 2 P R, 2 T 17 0 P A G AT Ay A () 8 it DR 2R 28 3 o LA () 18 SRS B FL U A K 3R 4. LA,
FERF 52 MR IR 8] SE 38 73 A1 5 25 K A A — 5 I T) 2 Jm i SRR A 1) B LR ZE R 2 1.0,

ITHEHIRY F
UATEEIRS FCS @B 1(channell)

THIECIL

(DataCollect)

THIfEC2
Fig.4 AADL architecture model of FCS
Bl 4 T©ATHERHI RS AADL S A

Table 1 Distribution and parameters of events in the error model
R 1 HREI SR AN S

F A HAf AR KA R AL TA] ESHA JEIR B W) (1/2)
M Deel EizR 14 0.98 KF-20h 2.8059E-7 3563878.8
p&d Dee2 R 0.99 KT 60h 4.6529E-8 21491819.1
Data Drel iy 2 2 N i) Z2E SR 1.0 22ms 45.45 0.022
Collect Dre2 iR 0.99 /N F 10min 7.6753E-3 130.3
i Cleel/C2eel B2 0.95/0.9 K+ 5h 2.8496E-6/2.9267E-6 | 350923.1/341684.0
channell | Clee2/C2ee2 EiE 0.8/0.85 KF 30h 2.0661E-6/1.5048E—-6 | 483993.4/664538.0
Fi Clrel/C2rel | fff It B[] ZE IR 1.0/1.0 25ms/40ms 40/25 0.025/0.04
channel2 | C1re2/C2Re2 R 0.95 /NF 20min/15min | 2.4964E-3/3.3286E-3 400.6/300.4
N Oeel R 0.99 K+ 10h 2.7918E-7 3581969.8
%ﬁ Oee2 EiR 1 0.97 KT 60h 1.4101E-7 7091451.7
i i Orel T 5 Ak I 1) 22 3R 1.0 40ms 25 0.04
Output " o
Ore2 R 0.99 /T 8min 9.5941E-3 104.2

LN 5070 A0 10 R A W 20 R A A 9 R F k) K A0 i o0 A1 A XFT AT DSPN B o B (FREGT

I R 1 I 1) G AR AT 8 ) (1 2 B0 850 1 5t 2 AN IE RS AR B0 A %6 2 50 A, H i o) A 2 22 5K (14) T BA
B, T

F(t)=1-e* (14)

In(1- F(t))
— (15)

A=

ot J2 I a) F () /2 & A .
FR 4 A K (15) AT AT HH R S 504, W3k 1 56 6 4.5y DSPN 147 1.2 TimeNet 48 f1 4 M (1T &k A
B) 48— i3 g ZE 3B W) 1], Fr DA EDR 358 55000 A1 3T 78 10 26 2 A5 B AR 20, A g S 38 I TR] 6 T 2 2 N 1) B 3R 43 A 3
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T 1) 25 80, 3T % 1) J0E 3 I 1) 2 S L 43R 2 50200 A s ARP 4754 AMTER Y, g RS K1 S ROIR 2% 2 A2 1 5% R i 5
T 5 A5 20, P9 A T T 1) 77 G P A5 R R 2 hazardous, 53 AR IS 2R S8 V7 I A5 4 AT 2 major, WL 2 28 5 41 RAT
FEHRGE R A RBNE SR RAT N2 0B R E R GRA . Bdaiin th R G0 R WA [ I RN, 7%
AT R &8 3% R

[DataCollect.DF1 OR channel.C1F1 AND channel2.C2F1 OR Output.OF1]—FCS.SF.

Table 2 List of failure probabilities allocation (one flight time)
x2 RAMEIIICHIR (¥ AT i)
5 NN G Si JUEEEESEH @ FP(—IRKAT)  FPi(BEFD)
1 DataCollect.DF1 3 2 major 0.5 3.13E-5 1.74E-9
2 Output.OF1 4 3 major 0.5 4.38E-5 2.43E-9
3 channell.C1F1 AND channel2.C2F1 12 8 0.7 8.93E-5 4.96E-9
4 channell.C1F1 6 4 hazardous 0.7 9.45E-3 5.25E-7
5 channel2.C2F1 6 4 hazardous 0.7 9.45E-3 5.25E-7
t kA H AADL B 4n ¥ 5 .
s \
(EH g WA 5K )

(DOD) (pee1y (OTL) (%;gzrzz) (DFD)

&5 i (Dre2)
$d R4 (DataCollect)
AT R0

(C101) (Cleel) (C1T1) =2 (C1F1)
(Clee2)

7

BiE | EHIK gy
(AND) | (OR)  (sF)

ég

B 4 (Clre2)
\ J
JH %1 (channell)
(E% dippy BRI [

PHE
(C201) (coeer) (C2T1) Hift2 (C2F1L)
(C2ee2)

é%

&5 4/ (C2re2)

\ J
J#1E2(channel2)

(I gpppg BRI [

(001) (0ge1) . (OTD) Hfk2 (OF1)
(Oee2

ég

BRI (Ore2) ) KAFRBIR S FCS
L i (output)

Fig.5 AADL model of FCS
KI5 kAT RS AADL B

7
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FAN R P (O) R AR BOIRAS, TP R A — A DB 1[5 ] (o) 2 W AR B 1R AR B R AS TR S0 i Sk () (3%
LRI AT L I S RO AR R AT A 1, 22 AND 414 KRB IE 1 RUEIE 2 19 RBOIRAE T
“Ljr S R IBHE OR YA R B RAE RGN R 0IR A& - AND 21 4 (145 J DA R GE ) R BOIR &S = sk
KRIFF BN R G R AORA (SF). X B, RGN A AT 9 412 4 AND 414 1 OR 414K R,

43 HEARFRYIBE

A EE 3 T4 LT AADL (1 2R 0ME 2R 43 0 75 10, 4 22 40 O 26 00 L 405 1 A A AR AT 3 R 42 11
HEHRAT N, U P EE M R T — A AND A& T LB AE— ANk A 15 5 A 82T 8 81 3340 1 OR 414,
R DataCollect.DF1 OR (channel1.C1F1 AND channel2.C2F1) OR Output.OF 1.5} % 4.2 F5 ¥ 2 (] AADL Z gk
RUFIAS SRR EAT 23 B, o7 LAAR 310 2 3 (9) R 28 2K (13) T 75 11 2 5 (e, 5 M o) W1 3 2 J9T 7 0k T AR 41 55 3.2 347 11 25X
(9), FIFHASCHE S 3.2 A7l ¥y AGREE 43t J7 125, 4 B RAE 1 R Se H Pl 1) AND 21 & R di i o
ARG TR, 7 TC 14 R SRR AB.(FP) W1 3 2 T 3 AT MBS 2 H1 it/ ARG o T ANl E 1) AND 4145,
HAE 55 3.3 1919 A X (13), I AADL I AL A 2R 280ME 2 43 IC V25 D4y P AN I 30 49 P R Z8OME 6 W3R 2 58 44T 35 5
AT IR 2 5 BT 7, PSS T AE — AT I T PA) (1) 2R R0HE 3 40 2 9.45E—3.3% 2 oy ey (- A P 1) SR 8 % FPy(JAL
B3¢ J — B AR — YK TEAT 1 R R e v B4 .

4.4 H R DSPNERIFIZ £ T TI%R
W RATE I RS AADL B854k DSPN B €] 6 T,

Decl

Y

LITFRAI R ER
ORfE

T
*#

/ k&

#

S eIl

Fig.6 DSPN model transformed from the AADL model of FCS
6 A RATEEHI RS AADL B 3645 5 1) DSPN KR

T ARG N BT T HER K] DSPN B, 2R 48 10 &2 & 1 R AT D et AN T A KO T Bl i, — A
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RPN E ) AND 4G, — DX R R AR R AND 414 1 25 S RN HY R G0 2R A0 = 5 A L)
OR 414

A 200 e 46 Ty K SCHR (18145 H IR FIL ) A R R AR & ¥ 2 DSPN [¥7 B (place), #1 4R #f 5e bR A% o o 21 s — A
Fritt (token) A7 B B 35 B4 F 3 4 ol — AT (transition), i LA 2 I 3B (SR A4 ST0AETE) . FR 0T (3620
SETE ) RIS 52 P B () IT A% (58 68 %8 52O RE), 9F BAEANIT B v LA 5 — AN IR S (LR 158 6 7)) & i A i
H AND 445 B — AR AT #5951 1 6 HRobf Y P 38 2 3% AND 2145 1) DSPN AL, S L is n — A iy s A~
PRI B (P4)s 3 NBEIHERS (T7~TO)FI— ANk AND 416 &5 R 1A B CLC2F, 4R J A FH 51 (2 0o i Sk A [5]
SR A e AT B TR AR 1D, B IR A B OR 46 ] A% I — AR I AT 56 4, B JE 19 31 5 1B 5 AT IOIR
2 OR 414X R f¥) DSPN A5, P 4f (1K Wi 33 2 R SC ik [18].

K TimeNet (¥ 525417 2 (stationary simulation) I B (¥ b5 (standard) 5 38 %1 3 1477 20 DSPN R (1 i s
AT AT B S A B T BB O B 5 FE (confidence level) g 999%, i kA % i 25 (maximal relative error)
9 5%, A F I B 1) fL V25 5 (permitted difference for probability measures)y 5%, 3 Ath 25 5% H BAE. SE B 38 4T
(IS E7E Intel(R)Core(TM)i7-3770 CPU@3.40GHz 1 16G P 47 K1 & b 38 i ot B 4 45 5 () DSPN #E B k4T
Ui Bt E S B R RN ENT RAEM R, WL 3 28 3 4.

F G O LA B B 4.3 745 43 TE PR R RN 2 2 — YR KA I ) ) 2R 20 RE 2%, R 5 /NS P ) 2 20ME 26 7 48 Ay

FERD I RO R, WLER 2 BB JE — A BB S 4 BCAE AT LU A8, 9T v AR 0 /I8 -1 6) B 19 3 (R, BT b, B A 2
VAL AR R, T A VAL B R LK 3.

7
Table 3 List of safety assessment (s)
Fz 3 wRMETHETIR ()
KRS SRR FPi DSPN BEAI S AR AR A et
DataCollect.DF1 1.74E-9 1.131789E-9 2
Output.OF1 2.43E-9 8.980342E-10 2
channel.C1F1 5.25E-7 4.629636E-8 T A
channel2.C2F1 5.25E-7 2.706902E-8 i 2
FCS.SF 5.56E-9 2.030337E-9 il 2

MER oA m] DL H AR SCHR H AR T AADL (12 4 VE VA 5 1%l LUK R 8 AT R S 4%, 36 o 10 2R 2%
R 23 T 7 325t 2 TTAT 11 R I, B 3 3o 22 4 1k R Al 1) AADL B 2 35 12 R 48 22 4 P (0 AR S e B Y 78 B3t
WY BCARAIE T 3R G5 2 A AE S Bz TR R v, nl 6 22 22 I 42 O R %6 00 O RN 2 A MR VP Al R, A R dme 4 SE Rl ¢
AT SR A A R I FER SR A — 0 2 2 A TR SR 1Y) AADL REAY,
45 REMIFHFET LD

KA R B ASCPTIR T 5 ARP 4761 Bk rh IR 22 A VAL T iR AT 0 B2 AT ARP 4761 AR vEHIE T R
FTA,DD Hl MA sEjifi PSSA [f1id F# (FUR &6 $2 Bt B A 1 7 46 5 TR ATl b 2 R G0 0 R AR A il 4
TRELFHIH FTADD Al MA JUE 4 FH 156 0 43 I 69 2% S0ME 56 4 75 R 6 AL 2 A 1k T SR A S HE I 26 T
AADL 2 2 PG VAR AN JT LT ARP 4761 25 K J77%:(1) AR SCHEH T 25T AADL 11 2 350 2% 43 i
T5 vk G R T R [ 5 2% S M 2R G SR MR R M T ARP 4761 AR B 4 R OB R AN IE I R (2) Rt T
FEAN (1 AADL BEHL 22 4 Pk VP Al St SRR, RE 6 Fi 5 S B 09 VP4 I i, S B T e A MR VPl TR AR BS BRI TR
) DSPN B8 2 >) Bk I HAE 0 4 B VP Al L FE. b Ah 3 18 45 & DSPN 5007 2%, A0 15 A SO i 22 A P VP4l 7
DR R 2 A PEVEAG BE 0,5 ARP 4761 by A 5 2 BAT M IR B VA BE 0, EAN 0 SRR A

ARP 4761t B A UL RH T FTA,DD A1 MA3 Fh 7 v nl LLAH B AR, N 350 B T FTA 1 DD 74— 2848 .
FTA Al DD 1R i 21 i 2 ol 2 250 X 2 ) RO 006 28 FTA L BE VR At BAAN 0B (1 Jit [RLRN 2 A2 % FTA AR Mk %)
] H AN SERE 0 R G800 T 8 K FR G, DR A 3 bl 2R [ 2 Ak R S5 S IR A A 1. 117 M 3 A I 4 ] 4, v
DAAIR 14K 200 1 UG 050 e, L A B SR 1 S AT 40 BT e ) BRT ot X L R D AR SCAE AT i) DSPN A3 iy vk 5
MA J5 54T LA,
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B i1 Petri M (stochastic Petri-net, f&i Ak SPN) &R 25 2 (A1 A4R 3 (1) % 25 35 A2 8 $000 A ZE IR B AT 79 Petri X, SPN
5 3 S 1) T 2R T SBE(CTMC) [ R 8L SR Petri 1 (GSPN)E™ iy SPN 47 & 1 K 47 T (place) R A& 2 [l iE 5
B A A B AT DLl 8 B 20 A1 9 JE N TR) f4) IS 1) 32 % (timed  transition), tH, 7] BL & 37 B % A 4 57 B 3E % (immediate
transition). xz BUIT 8% (1 A4 5 B IR R 0, AR 56 9 T~ I M1 A% . RIRE, i LS GSPN #646 Jg — NS4 )
CTMC, ifiy FLA # Mt J3 23 oK SPN #:48ly CTMC B fij B¢ DSPN Hy GSPN 47" Ji2 ifi ok, £ GSPN [y Kty 1489 i 1
— P A IE RS ST B8 R AR 1 00 AR IR ) 2 — AR, B o 2k B ) SR A SO A DSPN, IR — /M B A B
BEAT — AN 1 ST 1) 832 43 A (T A% . B Uk, 35 T DSPN 5 28 Ty /R 1] 4 (semi-Markov  chain) [ #4 ROy 2 i, mf
LIYS DSPN H 4 g S5 M (19 - T SR W e . 212 T R AT 5 2 bR A 22 [R]85 (9 & 2B ] LI A — M 2 43 i (general
distribution) ) s [B) 2 32, BIVAR 2552 B 5 R) AT LA — MR 26 90 A 24 2 By SR AT R A ook 25 AR S 22 TR PR BT [R] 23 A7 A2
FRE A Sy AT IS JXA 2 B R ] KFE R — A CTMC. 242 T R ] KA bR A8 AR T 2 [ 14 B [ A1 & — AN N[
XA Ty IR A] K4 & — 4> DTMC.

H 3k P 75 7] 40 DSPN [k B 7 tb GSPN #%,GSPN 5 CTMC [A]#4, /it LA DSPN [f1#iid # )1 Lk CTMC 3.
SEAN FE 5 HT DSPN #2822 1157 T H 75 0K DSPN 5 e 2 IR A4 1) 2 T JR AT 8%, 1T AN A& CTMC. BT AR T3
T ¥ DSPN 43 #7 T H A SCHE HE 1) ] DSPIN B (1) 22 4 1k VP4l 5 it g LE R CTMC (¥ 77 vk N3 ik T vk
1) £ B SR AR A SCHR HA 1) 22 A PEVEAL U7 v b ARP 4761 v 1) 51 58 4 B 6 2 17 SR 800 %6 4 B0 R 560 IE 2R 2800 %
S A R 2 A T SR, S B Dy B T T
46 ERXITEHREST

T S I AR A SO $ T 9E T T B R G A K SCRR[18] 4 1 B 2% RAT R R SE(FCS), X% K
R GHAT A TEVAl, RGN BT LA 1 ARS8, 7] LUZ BERE A 4655 47 5 ARP 4761 ARk K 2R X1 R 4t/
T 430 2 RO 2R IR VPG 2 AP R G5 i AADL BEAL, Gt 1] 7 o, A0, 435 4 AG R AR R 5 AR L.
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Fig.7 AADL model of the complex FCS
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PR RF(INS). LN EN(RA). BT CATHE B RG(EFIS) R IR VE sh %% (SA), R B FE RN [F 20 . AR
ey EIRVEL WD, fE R AL IR (BIT) A4 H (OP). A8 iR A Ry B r (g 52 Bl HE RN i 4 3k 1)
TR 1, 5] Pl R R A DOIR A (O R7m IEHIRAE P R RBOIRES), T E R R B R FH AR (IE R N 3 BUR U
BARTAE R RIS IP A5 A 1 2 BT ) P9 A% 3 ), R R R BT R AT AL R R B R A 0 T AR 7
S A i AT, L ) B 1) R ROIR S Z R HE AR 1) R RIOIRAS AR SCR (18145 HI 1) 2 85 28 1 =R AR 1) 20 A R BRI 24
(Exp RonFa B Am), an & v s & /SRR ) 2 Ik S SR g AR 4 58 5 F1.FCS A &4 1R 4T b 2&:[AHRS.F and
RA.F and INS1.F and INS2.F or ADS1.F and ADS2.F and EFIS1.F and EFIS2.F or CLC1.F and CLC2.F or
ISn1.F and I1Sn2.F and IV1.F and IV2.F or OSnl.F and OSn2.F and OV1.F and OV2.F or BIT1.F and BIT2.F
and OP.F and SA.F]-FCS_F.

Table 4 List of failure probabilities allocation (one flight time)
e RS O RS NWIES (R RAT I i)

75 NS G Si UREESY o FP(—IRKAT) FPi(5:#5)

1 AHRS.F and RA.F and INS1.F and INS2.F 4 0.6 1.563E-5 8.68E-9

2 ADS1.F and ADS2.F and EFIS1.F and EFIS2F 4 8 0.5 1.875E-5 1.04E-9

3 CLC1.F and CLC2.F 4 8 0.7 1.339E-5 7.44E-9

4 ISn1.F and ISn2.F and IV1.F and IV2.F 8 34 0.6 5.469E-5 3.04E-9

5 0OSn1.F and OSn2.F and OV1.F and OV2.F 8 16 0.6 3.125E-5 1.74E-9

6 BIT1.F and BIT2.F and OP.F and SA.F 7 19 0.6 3.385E-5 1.88E-9

7 AHRS.F, RA.F 1 2 major 0.5 0.074391 4.132821E-6

8 INSL1.F, INS2.F 1 2 hazardous 0.7 0.053136 2.952014E-6

9 ADS1.F, ADS2.F, EFIS1.F, EFIS2.F 1 2 major 0.5 0.065804 3.655761E-6

10 CLC1.F, CLC2.F 2 4 hazardous 0.7 0.003660 2.033125E-7

11 ISnl.F, ISn2.F 2 11  hazardous 0.7 0.092648 5.147095E-6

12 IVLF, IV2.F 2 6 major 0.5 0.079820 4.434421E-6

13 OSnl.F, OSn2.F 2 4 hazardous 0.7 0.063190 3.510557E-6

14 OV1.F, OV2.F 2 4 major 0.5 0.088466 4.914779E-6

15 BITL.F, BIT2.F 2 4 major 0.5 0.099883 5.549034E-6

16 OP.F 2 10  hazardous 0.7 0.142689 7.927191E-6

17 SA.F 1 1 hazardous 0.7 0.023782 1.321198E-6

558 4.2 AR R FHA /3 2] AT B R G — R WAT R 26 2 L.OE—4 4Kk H5 5 3 T th iy k3%
MR 3 TC J7 925, 3 TR IK) — R KAT I ) 2R O R L3R 4,33 — 257 515 B4 A0 1 R 5% T AADL BEAY #6460
DSPN #5784 £145 108 M 'E . 141 AT 413 49K E It H TimeNet 15 B 515 215 RBCIR & 1 K MR
(AT T HECE 55 4.4 Y HR), W3 5,56 4'16".

M5 M8 947, 5 1047, 5 1347, 5 14 47 M5 22 47 AT WL,CLCL,CLC2,IV1,1V2 FI SA RAEH AL %4

M T ARG AADL BB A& 2 A PR, 7 B S OB 3l 0 TR 795 2 B0 I T 2R Sod B B v BRI 1V
FUIV2 B ET IR A 1E IR SE NP 2 Si0F R R S50 38w e AT i 2R B, SR A0 e v R ko
TR I 1B R AE I AT RE T A2 B FD R AR 1 AT B A2 08 0 A0 VRGN v IVL R IV2 I, R USRI 07 =0 3 N
A B G B 4 A T CLCL,CLC2 Rl SA, R FH A ¥ 77 =0, IRk @ k4 1VL AT IV2 16 IE H4E5
B4 5.0E-6,R FA4E S H iM%k 30.0;,CLC1 il CLC2 1 R FH4:HISHH4 4 30.0;SA (1) IE S i
FEH 1.0E-5,R FAF-SHH 44 30.0. AADL BHY 1) FL A3 43 ANAR BT LA 43 T 11 R 350N 6 th R AN A% o S5 HEAT 4
B il 5 ,CLCL.F,CLC2.FIVLFIV2.F F1 SAF &k 4 % 4 %l & 1.656396E-7,1.657927E~7,3.322293E-7,
3.327276E-7 1 3.353078E—7, & Gt Jx FL T~ #4) vk A 22 A M 75 SRk 0 45 44 25 ), AN T4 O () 22 A 1k VR4 91 3K

5 BHESRE

ARTCHR Y — P 1) 2242 kB CPS 1) AADL AR T SR 73 IC 5 3, TR R T O 80 = 23 il J7 VA A DSPN
T iR D B T AADL 2 A VE VAL 7. 70 T AADL BEZRY R RE R, 10T 83 BRAA) 1 e adk 28 gt (1) AGREE
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I3 C 771 3 155 TR 43 e AR 38 tH AADL JEIRAA AR 2R ROE 2R 43 TIE U7 V2 45 A X P D 5 R4 HA B 06) AADL BE 2L 1Y
AN R A3 TC 790 A6 RO A T PR 55 2 12 AADL A5 70 1 9 b 15 T 0 52 2 J T M) e 1R 30 B T B 8
SRR RO 2 B R O 2 40 e 2 3 DALy FE Atk AR SCHE ) AADL AT 22 A YEVE AL 7 v, Re i 58 o
53 B0 R B3 AE Ry 22 4 1k 75 3K, T A AADL A5 U440 2 DSPN A58 AR J5 1 AR AN 14 420 1) 2R ROt 23, 328 1 o
THEL I R BN R 5 43 TC 19 22 4 M 75 SROEEAT LR AL, 4 W B ) S 0 5 3 2 22 A Tk 7 SR AN B 2. AADL #5
T AT T 5] AADL R ) 2 RO 23 L A0 R ] DSPN RETY 1) 2 ROME % 1 85, L 51 AADL A 7035 1 22 4s 1k
3K, 58 O RGN 2 VPN B FHA SRR 13 2010 22 20k B ARS8 0 AR T4 2R 2 P 75 sk 2 0 oy
B AR SCHR HY 1R 7 9 B 1 I P T SR O 20 TS, 2 H 1) AADL MY 22 4 MEVE AL IR 45 & T R B0 20 i Jy 301
DSPN 18 n] LA 2z FH 3 AT ) R 48 e A vk VPl i R b, T VE 9 ARP 4761 Frif o 2k 50 R 43 il AN
=T Petri M) PSSA T FEI S % )5 .

Table 5 List of safety assessment (s)
F5 URTEFAIE ()
F5 RBMORE DB FP;  DSPN LRI R R i etk
1 AHRS.F 4,132821E-6 2.030885E-6 WAL
2 RA.F 4.132821E-6 1.976264E-6 AL
3 INS1.F 2.952014E-6 2.050184E-6 il /2
4 INS2.F 2.952014E-6 1.993724E-6 WAL
5 ADS1.F 3.655761E—6 1.911982E-6 i 2
6 ADS2.F 3.655761E—6 1.987798E-6 il /2
7 EFIS1.F 3.655761E—6 2.004445E-6 AL
8 EFIS2.F 3.655761E-6 2.036431E-6 i 2
9 CLC1F 2.033125E-7 2.038997E-6 ANV
10 CLC2.F 2.033125E-7 1.995506E-6 AN A2
11 ISn1.F 5.147095E-6 1.94222E-6 il /2
12 ISn2.F 5.147095E-6 1.967703E-6 WAL
13 IV1.F 4.434421E-6 5.190607E-6 ANl 2
14 IV2.F 4.434421E-6 4.873762E-6 Al i
15 0oSnl.F 3.510557E-6 2.047837E-6 AL
16 0oSn2.F 3.510557E—6 2.026715E-6 i A
17 OV1.F 4.914779E-6 1.982949E-6 WAL
18 OV2.F 4.914779E-6 1.962658E-6 AL
19 BIT1.F 5.549034E-6 2.003266E-6 il /2
20 BIT2.F 5.549034E-6 2.01197E-6 WAL
21 OP.F 7.927191E-6 1.972644E-6 i 2
22 SAF 1.321198E-6 2.013274E-6 Al i
23 FCS_F 5.555556E—9 3.941847E-12 AL

2B FRATT U RIS SR Y BB 2 I 2 A G CPS R Gih, ST AN SR TR Rt
T2 10 23 AT RO Al S0 FRAT TR K HE B 2 (19 2 PR A0 AT 07 VR A5 6 B e A PR PR AL L R b 49 I TR L 2 A TSR
B IR 22 AP 40 M7 07 9T A8 LI BE T BORE S0 B % R E PO 5 A, 24 30 AR R T 5 45 B A 2R R R A R
B3 TR PR SR RO 2R e, G B e AL A AADL R 25 g DL A 22 A PE T R R AT 75 Bl — B A ST I T AR,
BEAL B 2R G5 Rk R ()4 0E  AADL RS N W 4 4, B A 5 (V1 JROBK 8 22 0 S 80T B2 5 BT ST R ST
KRG IATE  VEAN I AADL #5528, 75 AADL AR 2R RN #R 43 TiE U V.

References:

[1] Lee EA. Cyber physical systems: Design challenges. In: Proc. of the 11th IEEE Int’l Symp. on Object and Component-Oriented
Real-Time Distributed Computing (ISORC). IEEE, 2008. 363-369.

[2] Yin L, Chen XH, Liu J. Consistency analysis of timing requirements for cyber-physical system. Ruan Jian Xue Bao/Journal of
Software, 2014,25(2):400-418 (in Chinese with English abstract). http://www.jos.org.cn/1000-9825/4540.htm [doi: 10.13328/j.
cnki.jos.004540]



1670 Journal of Software #fF%4% Vol.31, No.6, June 2020

[3]

[4]

(]

[6]
[

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[18]

[16]

17

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

Luo CX, Wang R, Guan Y, Li XJ, Shi ZP, Song XY. Integrated modeling method of CPS for real-time data. Ruan Jian Xue Bao/
Journal of Software, 2019, 30(7):1966—1979 (in Chinese with English abstract). http://www.jos.org.cn/1000-9825/5753.htm [doi:
10.13328/j.cnki.jos.005753]

SAE Int’l. Guidelines for development of civil aircraft and systems. ARP 4754A, 2010.

SAE Int’l. Guidelines and methods for conducting the safety assessment process on civil airborne systems and equipment. ARP
4761, 1996.

SAE Int’l. (R) Architecture analysis and design language (AADL). AS5506C, 2017.

Feiler PH, Gluch DP. Model-Based Engineering with AADL: An Introduction to the SAE Architecture Analysis & Design
Language. Addison-Wesley, 2012.

Zhou XS, Yang YL, Yang G. Modeling methods for dynamic behaviors of cyber-physical system. Chinese Journal of Computers,
2014,37(6):1411-1423 (in Chinese with English abstract).

Wei XM, Dong YW, Sun PP, Xiao MR. Safety analysis of AADL models for grid cyber-physical systems via model checking of
stochastic games. Electronics, 2019,8(2):212. [doi: 10.3390/electronics8020212]

Dong YW, Wei XM, Xiao MR. Overview: System architecture virtual integration based on an AADL model. In: Proc. of the Symp.
on Real-Time and Hybrid Systems. Cham: Springer, 2018. 105-115. [doi: 10.1007/978-3-030-01461-2_6]

Carnegie mellon software engineering institute. In: Proc. of the Architecture Analysis and Design Language. 2019. http://www.aadl.
info/aadl/currentsite/

Gao KQ. The research of reliability allocation and evaluation of the harbinger system [MS. Thesis]. Nanjing: Nanjing University of
Aeronautics and Astronautics, 2017 (in Chinese with English abstract).

Song BW, Xu DM. On improving reliability of complex engineering system with an allocation method based on fuzzy theory.
Journal of Northwestern Ploytechnical University, 1998,16(02):271-275 (in Chinese with English abstract).

He X, Sun Y, Li Y. An improved AGREE method with reliability mathematical model for complex system importance degree
computation. In: Proc. of the 2016 11th Int’l Conf. on Reliability, Maintainability and Safety. 2016. 1-7.

Du GP, He LD, Fang JX, Zhang B. A modified AGREE reliability allocation method research in power converter. In: Proc. of the
2014 10th Int’l Conf. on Reliability, Maintainability and Safety. 2014. 522-525.

Catelani M, Ciani L, Patrizi G, Venzi M. Reliability allocation procedures in complex redundant systems. IEEE Systems Journal,
2017,12(2):1182-1192. [doi: 10.1109/JSYST.2017.2651161]

Si SB, Liu ML, Jiang ZY, Jin TD, Cai ZQ. System reliability allocation and optimization based on generalized birnbaum
importance measure. IEEE Trans. on Reliability, 2019,68(3):1-13.

Wei XM, Dong YW, Li XL, Wong EW. Architecture-Level hazard analysis using AADL. Journal of Systems and Software, 2018,
137:580-604. [doi: 10.1016/j.jss.2017.06.018]

Wei XM, Dong YW, Yang MM, Hu N, Ye H. Hazard analysis for AADL model. In: Proc. of the 20th IEEE Int’l Conf. on
Embedded and Real-Time Computing Systems and Applications. Chongging, 2014. 1-10. [doi: 10.1109/RTCSA.2014.6910512]
Zimmermann A. Stochastic Discrete Event Systems. Berlin Heidelberg New York: Springer-Verlag, 2007.

Wei XM, Dong YW, Xiao MR. Safety-Based software reconfiguration method for integrated modular avionics systems in AADL
model. In: Proc. of the IEEE Int’l Conf. on Software Quality, Reliability and Security Companion. 2018. 450-455. [doi: 10.1109/
QRS-C.2018.00083]

Wei XM, Dong YW, Ye H. QaSten: Integrating quantitative verification with safety analysis for AADL model. In: Proc. of the Int’l
Symp. on Theoretical Aspects of Software Engineering. 2015. 103-110. [doi: 10.1109/TASE.2015.10]

Baouya A, Mohamed OA, Bennouar D, Ouchani S. Safety analysis of train control system based on model-driven design
methodology. Computers in Industry, 2019,105:1-16.

Bao YX, Chen MS, Zhu Q, Wei TQ, Mallet F, Zhou TL. Quantitative performance evaluation of uncertainty-aware hybrid AADL
designs using statistical model checking. IEEE Trans. on Computer-Aided Design of Integrated Circuits and Systems, 2017,36(12):
1989-2002. [doi: 10.1109/TCAD.2017.2681076]

Dong YW, Wang GR, Zhang F, Gao L. Reliability analysis and assessment tool for AADL model. Ruan Jian Xue Bao/Journal of
Software, 2011,22(6):1252-1266 (in Chinese with English abstract). http://www.jos.org.cn/1000-9825/4014.htm [doi: 10.3724/
SP.J.1001.2011.04014]

Gu B, Dong YW, Wei XM. A qualitative safety analysis method for AADL model. In: Proc. of the 8th Int’l Conf. on Software
Security and Reliability-Companion. IEEE, 2014. 213-217. [doi: 10.1109/SERE-C.2014.41]



MEREL ST AADL 89 % 22 4 fr B s AW E 7 ik 1671

[27] Liu YL, Shen GH, Huang ZQ, Yang ZB. Quantitative risk analysis of safety—Critical embedded systems. Software Quality Journal,
2017,25(2):503-527.
[28] Bozzano M, Bruintjes H, Cimatti A, Katoen JP, Noll T, Tonetta S. COMPASS 3.0. In: Proc. of the 25th Int’l Conf. on Tools and
Algorithms for the Construction and Analysis of Systems (TACAS 2019). 2019. 379-385.
[29] Bozzano M, Cimatti A, Katoen JP, Nguyen VY, Noll T, Roveri M. Safety, dependability and performance analysis of extended
AADL models. The Computer Journal, 2010,54(5):754-775. [doi: 10.1093/comjnl/bxq024]
[30] Julien D, Feiler PH, Gluch D, Hudak JJ. AADL fault modeling and analysis within an ARP4761 safety assessment. Technical
Report, CMU/SEI-2014-TR-020, 2014.
[31] SAE Int’l. (R) SAE architecture analysis and design language (AADL) Annex Volume 1: Annex E: Error Model Annex. AS5506/1,
2006.
[32] Zimmermann A. Modelling and performance evaluation with TimeNET 4.4. In: Proc. of the 14th Int’l Conf. on Quantitative
Evaluation of Systems. Cham: Springer-Verlag, 2017. 300-303.
[33] Wang LY, Cai F. Reliability analysis for flight control systems using probabilistic model checking. In: Proc. of the 8th IEEE Int’l
Conf. on Software Engineering and Service Science. 2017. 161-164.
[34] The OSATE Website. http://osate.org/
[35] Zimmermann A, Knoke M. TIMENET 4.0: A Software Tool for the Performability Evaluation with Stochastic and Colored Petri
Nets: User Manual. Technical Report, Technische Universitat Berlin, 2007.
[36] Marsan MA, Chiola G. On Petri nets with deterministic and exponentially distributed firing times. In: Proc. of the European
Workshop on Applications and Theory in Petri Nets. Berlin, Heidelberg: Springer-Verlag, 1986. 132—145.
[37] Marsan MA, Conte G, Balbo G. A class of generalized stochastic Petri nets for the performance evaluation of multiprocessor
systems. ACM Trans. on Computer Systems, 1984,2(2):93-122.
M o 32 % STk
[2] FFE B/ ) A B 0 kA 2R 40 1) I IR) 5 SRk — Bk 20 B K 2 41, 2014,25(2):400-418.  http://www.jos.org.cn/1000-9825/
4540.htm [doi: 10.13328/j.cnki.jos.004540]
[81 %R, E3i, 2K A e s, i & ~F Song XY I [ 52 I 54 () CPS — fA b ATy vk 4K 2% 41, 2019,30(7):1966-1979. http://www.
jos.org.cn/1000-9825/5753.htm [doi: 10.13328/j.cnki.jos.005753]
(8] JIDCHE b 0 4 b A5 -0 B £ 3R S8 A5 AT B 1 22 75 0 1 ST HL 274, 2014,37(6):1411-1423,
[12] b 75 AR A 4 2R G0 00 AT 5 1 43 B0 5 PPN 00 ST 5 [0 L 22 A7 18 SCT. 1 8 g AT A R K 2#,2017.
[13]  ARORHE AR A I AR G n] 4 1 4 IC RSO L D7 15 04 B Tl K27 27 41%,1998,16(02):271-275.
[25] #2425k ML, &R AADL A5 AL R SEPE 4R BT VP A4S L 4PF %4 4R,2011,22(6):1252-1266. http://www.jos.org.cn/1000-9825/

4014.htm [doi: 10.3724/SP.J.1001.2011.04014]

BREB(1990—), U3 A e A 18 1, CCF
Sl gy Y, R IR R R G A T A
TS RE.

A (1996 —), 3 i, 2 SR ST AU
A A B IR L.

EIFE2(1995—), U5 Mk, A EAE 5T U B EE (1981 —), %, 1 & Ho#r, 18 L/ &
FEMHASRS. Jili,CCF Tﬂjrm,Iﬁfaﬁﬁéﬁﬁjﬁﬁ/fﬁ%

i 7 i I T I A SR AR



