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Reliability analysis of flight control system based on AADL2SPN
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Abstract: Flight control system is typical safety critical system, and the reliability of flight control system plays an
important role in ensuring the safe operation of aircraft. Traditional reliability analysis methods have a heavy reli-
ance on the experience of analysts, which makes it easy for inconsistencies between reliability models and design
models. The fault propagation behavior of the system is thoroughly described by the Architecture Analysis Design
Language (AADL) and stochastic Petri nets (SPN) , and a method for model-based reliability analysis is pro-
posed. The nominal model and error model of a lateral fly-by—wire flight control system are constructed using
AADL. A method for extracting error propagation information from the AADL model is proposed, and the SPN
model described the fault propagation behavior of the system is automatically generated by extracting the informa-
tion of AADL model. Based on the SPN model, Monte Carlo simulation is used to evaluate the reliability of the lat-
eral fly-by-wire flight control system, compared with the fault tree analysis method, the error is less than 0.018%,
which can be neglected in practice. Through the method of this study, the reliability model is automatically generat-
ed by the AADL model, which ensures the consistency between the reliability model and the design model and
avoids reliance on the experience of designers.
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Fig. 1 The architecture of the lateral-directional
flight control system
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system implementation PFCL.impl

Subcomponents

MEM: memory MEM;

CPU: processor CPU.impl;

Monitorl: process monitorl;

Command1: process commandl;

Set_signal: process ;

properties

Actual_Processor_Binding => (reference(CPU.part1)) applies to Commandl;
Actual_Processor_Binding => (reference(CPU.part2)) applies to Monitor1;
Actual_memory_Binding => (reference(MEM)) applies to Command;
Actual_memory_Binding => (reference(MEM)) applies to Monitor;

end PFCL.impl;
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Fig.2 The AADL nominal model of the
flight control computer
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Fig.3 The AADL nominal model of the flight control system
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Omission

error behavior command
events
E_Omission: error event;
E Delayed: error event;
E Random: error event;
E_Stuck: error event;
states
Working: initial state;
Omission : state;
Random : state;
Delayed: state;
Stuck:state;
transitions
t1:working-[E_Omission]->Omission;
t2:working-[E_delayed]->delayed;
t3:working-[E_stuck]->stuck;
t4:working-[E_random]->random;
end behavior;
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Fig.5 The error behavior states

machine of the command lane
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#afk: PFC

error propagations

Delay_Fault};
PFC1_L_angle: in propagation {No_Response};

Delay_Fault};

PFC1_R_angle: in propagation {No_Response};
PFC1_Ru_angle: in propagation {No_Response};

propagations

end component;

states

end composite;**};

PFC1_signal_out: out propagation {No_Response, Gain_change, Random_Output,

PFC1_imu_in: in propagation {No_Response, Gain_change, Random_Output,

pl: computer_Omission -[]-> PFC1_signal_out {No_Response};
p2: computer_Stuck -[]-> PFC1_signal_out {Gain_change};

p3: computer_Random -[]-> PFC1_signal_out {Random_Output};
p4: computer_Delayed -[]-> PFC1_signal_out {Delay_Fault};

[command1.Stuck and monitorl.Stuck]-> computer_Stuck;
[command1.Random and mon_itorl.Random]»> computer_Random; Ly A RART N
[command1.Delayed and monitorl.Delayed]-> computer_Delayed;

[command1.0Omission and monitorl.Omission]-> computer_Omission;

[z

H P HEARAT
F T HE AR
A th AL 3B R

component error behavior
transitions

t4:working-

end component;
properties

Exponential;] applies to E_Omission;

Exponential;] applies to C_PFC1_L_angle;

#4f4:_commandi®Xs

tl:working-[1 ormore(C_PFC1_imu_in{No_response} E_Omission)]->Omission;
t2:working-[1 ormore(C_PFC1_imu_in{Delay_Fault},E_Delayed)]->delayed;
t3:working-[1 ormore(C_PFC1_imu_in{Random_Output},E_Random)]->random;

[Lormore(C_PFC1_L_angle{No_response},C_PFC1_R_angle{No_response},C_PFC1_R
u_angle{No_response},C_PFC1_imu_in{Gain_Change} E_Stuck)]->stuck;

EMV2::OccurrenceDistribution => [ProbabilityValue => 2.0e-7; Distribution =>

EMV2::OccurrenceDistribution => [ProbabilityValue => 1.0e-6; Distribution =>

FIERERAT A
IR RAE 40

PR RS HR
N i) =S

6 RAEIT AL DA
Fig. 6 The error model of the flight control system
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Table 3 The mapping relationship between

AADL element and SPN element

gl AADL i SPN £ 7l

RS R 5 (R iR R
KB ML R JiE JT— 3R — PR T

i) =R
WA R A WILRAR RN 10 3 F
EIRIR GRS VIR AR O 1Y JEE i
R AR AT

75? N =t > S
f&z%#%ﬂ%%&mﬂ’]% A 1 i 2
LES
TR BN 5 e S A RN JUT ) A I A2 G 9 R
g %A BR S PN A8 3 3 AH I T A R

2.1 AADLEBIEFR(E BRI

5 2 i of I3 B AADL A58 5 50 3 O # IR 3
M*’J#%ﬁﬂ‘%ﬂﬂ}ji‘mﬂﬂ’ﬂﬁlﬁ%ﬁ RAT NN AR
j\?EPU(,uﬁ'f}ﬁ&El’JﬁuFﬁt S E I . R T
EI’J%JJ!IAHLD B WU X R A A P i 44 O A8 1 Y
PR IR R IRECN 1, Xﬂ‘? LAt S 2R 2, 32 )
JFCOX IO T T i 44 R R A B /R IR W0 U
PRIRECN 00 JE FT B 75 B 5 40 1 AR IR S 56 4% 4 1F
G, A PR ARZSHe 78 Ty 2/3 R 2 4 B 7% 25 1
R e HE TR A R R S ) IR AR A R A ) A
AAGHEFE DR, AR 1 B i R0 25 X6 IO JE i 114 7%

H 2. % RIE RGBT BR AR AR I IMU B iR
AR X R R T A iR 2 4h, LR R BT R
¥ih 1,
) B AE) 4 1 B T A B B G FR AN R 7 TR .
R 30 ) L RS X L PR T A 44 R Left_aile-
ron, ¥ IR FRIRECH 1.

abstract Left_aileron

error propagations

subl_left_in: in propagation {Stuck_Fault, No_Response};
sub2_left_in: in propagation {Stuck_Fault, No_Response};
end propagations;

component error behavior

tllT Work -[1 ormore (sybi=teft=in {Stuck_Fault},sub2_left_in
{Stuck] Fault},E_Stuck)]-PStuck;

t2: worlking -[1 ormore(sub IP.f.Ll Response},sub2_left_in
{No_Rpsponse},E_trailing)] >tra|||ng
end conponent; T

EEBf: Left aileron FERf: Left_aileron/Trailing BEFf: Left_aileron/Stuck
IEEARIR: 1 FIERRRIR: 0 HYEFRIR: 0

P72 3 £ B 4R

Fig.7 Information of places related to the left aileron
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Table 4 The places extracted from the flight control system

75 JE I 44 Jris T T 44 5 JEE it 4 Fs JE it 44 55 JEE i 44
1 IMU _Roll_Angle || 15 RPS/Omission 29 command1/stuck 43 RAA1 57 LAA2/Stuck
2 IMU _Roll_Rate 16 IMU/Omission 30 monitor2 44 RAA1/Omission|| 58 rudder
3 IMU _Yaw _Rate || 17 IMU/Gain_Change || 31 monitor2/Omission 45 RAA1/Stuck 59 rudder/Stuck
4 Isensor_3 18 IMU/Rao_yg 32 monitor2/delayed 46 LAA1 60 rudder/trailing
5 Isensor_2 19 IMU/Rao_rg 33 monitor2/random 47  LAA1/Omission|| 61 Right _aileron
6 lsensor 1 20 monitorl 34 monitor2/stuck 48 LAA1/Stuck 62  Right_aileron/Stuck
7 rsensor_3 21 monitorl/Omission || 35 command?2 49 RA2 63 Right_aileron/trailing
8 rsensor_2 22 monitorl/delayed 36 command2/Omission| 50 RA2/Omission || 64 Left_aileron
9 rsensor_1 23 monitorl/random 37 command2/delayed 51 RA2/Stuck 65 Left_aileron/Stuck
10 rusensor_3 24 monitorl/stuck 38 command2/random 52 RAA2 66  Left_aileron/trailing
11 rusensor_2 25 command 1 39 command2/stuck 53  RAA2/Omission
12 rusensor_1 26 commandl/Omission|| 40 RA1 54 RAA2/Stuck
13 LAPS/Omission || 27  commandl/delayed || 41 RA1/Omission 55 LAA2
14 RAPS/Omission || 28  commandl/random || 42 RA1/Stuck 56  LAA2/Omission
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Fig.8 Information of transitions related to the left aileron
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Table 5 The transitions extracted from the flight control system

75 AT 4 5 BT hae2 AT
1 IMU _Roll_Angle/E_Omission 40 IMU _Omission*monitor2/p 79 LAAL/E _stuck
2 IMU _Roll_Angle/E_Gain_Change 41 monitor2/E_Omission 80 PFC2_computer_Omission*RA2/p
3 IMU _Roll_Rate/E_Omission 42 IMU _Rao_rg*monitor2/p 81 RA2/E_Omission
4 IMU _Roll_Rate/E_Gain_Change 43 monitor2/E_Delayed 82 PFC2_computer_Random*RA2/p
5 IMU _Yaw _Rate/E_Omission 44 IMU _Rao_yg*monitor2/p 83 PFC2_computer_Stuck*RA2/p
6 IMU _Yaw_Rate/E_Gain_Change 45 monitor2/E _Random 84 PFC2_computer_Delayed*RA2/p
7 Isensor_3/E_Omission 46 LAPS_Omission*monitor2/p 85 RA2/E _stuck
8 Isensor_2/E_Omission 47 RAPS_Omission*monitor2/p 86  PFC2_computer_Omission*RAA2/p
9 Isensor_1/E_Omission 48 RPS_Omission*monitor2/p 87 RAA2/E_Omission
10 rsensor_3/E_Omission 49 IMU _Gain_Change*monitor2/p 88 PFC2_computer_Random*RAA2/p
11 rsensor_2/E_Omission 50 monitor2/E _Stuck 89 PFC2_computer_Stuck*RAA2/p
12 rsensor_1/E_Omission 51 IMU _Omission*command2/p 90 PFC2_computer_Delayed*RAA2/p
13 rusensor_3/E_Omission 52 command2/E _Omission 91 RAAZ2/E _stuck
14 rusensor_2/E_Omission 53 IMU _Rao_rg*command2/p 92 PFC2_computer_Omission*LAA2/p
15 rusensor_1/E_Omission 54 command2/E _Delayed 93 LAA2/E_Omission
16 IMU/Rao_yg*and 55 IMU _Rao_yg*command2/p 94 PFC2_computer_Random*LAA2/p
17 IMU/Rao_rg*and 56 command2/E_Random 95 PFC2_computer_Stuck*LLAA2/p
18 IMU _Omission*monitorl/p 57 LAPS_Omission*command2/p 96 PFC2_computer_Delayed*LAA2/p
19 monitorl/E_Omission 58 RAPS_Omission*command2/p 97 LAA2/E _stuck
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20 IMU _Rao_rg*monitorl/p 59 RPS_Omission*command2/p 98 RA1_Stuck*rudder/p
21 monitorl/E_Delayed 60 IMU _Gain_Change*command2/p 99 RA2_Stuck*rudder/p
22 IMU _Rao_yg*monitorl/p 61 command2/E_Stuck 100 rudder/E _Stuck
23 monitorl/E_Random 62 PFC1_computer_Omission*RA1/p || 101 RA1_Omission*rudder/p
24 LAPS_Omission*monitorl/p 63 RA1/E_Omission 102 RA2_Omission*rudder/p
25 RAPS_Omission*monitorl/p 64 PFC1_computer_Random*RA1/p 103 rudder/E _trailing
26 RPS_Omission*monitorl/p 65 PFC1_computer_Stuck*RA1/p 104 RAAT1_Stuck*Right _aileron/p
27 IMU _Gain_Change*monitorl/p 66 PFC1_computer_Delayed*RA1/p 105 RAA2_Stuck*Right _aileron/p
28 monitorl/E_Stuck 67 RA1/E stuck 106 Right_aileron/E _Stuck
29 IMU _Omission*command1/p 68  PFC1_computer_Omission*RAA1/p || 107 RAA1_Omission*Right_aileron/p
30 command1/E_Omission 69 RAA1/E_Omission 108 RAA2_Omission*Right_aileron/p
31 IMU _Rao_rg*command1/p 70 PFC1_computer_Random*RAA1/p || 109 Right_aileron/E _trailing
32 command1/E_Delayed 71 PFC1_computer_Stuck*RAA1/p 110 LAA1_Stuck*Left_aileron/p
33 IMU _Rao_yg*command1/p 72 PFC1_computer_Delayed*RAA1/p || 111 LAA2_Stuck*Left_aileron/p
34 commandl/E_Random 73 RAA1/E _stuck 112 Left_aileron/E _Stuck
35 LAPS_Omission*command1/p 74 PFC1_computer_Omission*LAA1/p || 113 LAA1_Omission*Left_aileron/p
36 RAPS_Omission*command1/p 75 LAA1/E_Omission 114 LAA2_Omission*Left_aileron/p
37 RPS_Omission*command1/p 76 PFC1_computer_Random*LAA1/p 115 Left_aileron/E _trailing
38 IMU _Gain_Change*command1/p 77 PFC1_computer_Stuck*LAA1/p
39 commandl/E_Stuck 78 PFC1_computer_Delayed*LAA1/p
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S 112 By AR 3 (A2 B3R 1 ) i 42 2 )7 5 65
B T (22 B3R RS W w, (65, 112)= 1,

wyr(1,1) = 1,wpe(1,2) = 1,wp(1,16) = 1,wp(1,17) = 1, wpe(2,3) = 1,

Wy (2,4) = 1,wp(2,17) = 1,w,e(3,5) = 1,wye(3,6) = 1,y (3,16) = 1,

wyr(4,7) = 1,wp(5,8) = 1wy (6,9) = 1,wy(7,10) = 1,wy(8,11) = 1,

wy(9,12) = 1,w,(10,13) = 1,y (11, 14) = 1, wy (12, 15) = 1, w,(13,24) = 2,
wy(13,35) = 2,10,,(13,46) = 2, wy(13,57) = 2, w,(14,25) = 2, wy(14,36) = 2,
Wy (14,47) = 2,10,,(14,58) = 2, wyy (15, 26) = 2, wye(15,37) = 2,w,,(15,48) = 2,
Wy (15,59) = 2,1,,(16,18) = 2, wyy(16,29) = 2, wy(16,40) = 2, wy(16,51) = 2,
wy(17,27) = 2,10, (17, 38) = 2, wye(17,49) = 2, wy(17,60) = 2,w,(18,22) = 1,
wy(18,33) = 1,1, (18,44) = 1, wy(18,55) = 1, wy(19,20) = 1,10,,(19,31) = 1,
Wy (19,42) = 1,10,(19,53) = 1,wy (20, 18) = 1,w,(20,19) = 1,10,4(20,20) = 1,
Wy (20,21) = 1,10,,(20,22) = 1,w,(20,23) = 1, ,,(20,24) = 1,10,,(20, 25) = 1,
wyr(20,26) = 1,10,4(20,27) = 1w, (20,28) = 1, wp(21,62) = 1,w,(21,68) =
Wy (21, 74) = 1,101(22,66) = 1, wp(22,72) = 1, wpe(22,78) = 1,1,(23,64
wy(23,70) = 1,10,(23,76) = 1, wy (24, 65) = 1, wye(24, 71) = 1,10,(24,77
(
(
(
(
(
(

) =

)= )=

)= ) =

)= ) =

) = ) =

) = ) =

)= )=

)= ) = (

) = ) = (23,64) =
)= )= (24,77) =
Wy(25,29) = 1,wye(25,30) = 1, wp(25,31) = 1, wye(25,32) = 1, wye(25,33) =
wy(25,34) = 1,1,,(25,35) = 1wy (25, 36) = 1, w,(25,37) = 1,w,(25,38) =
wy(25,39) = 1,10,4(26,62) = 1, w,(26,68) = 1, w,(26,74) = 1,w,,(27,66) =
Wy (27,72) = 1,0y (27, 78) = 1, 1w, (28,64) = 1, wpe(28,70) = 1,w,4(28,76) =
Wpe(29,65) = 1,wp2(29, 71) = 1,1 (29, 77) = 1, wpe(30,40) = 1,w,4(30,41) =
wpe(30,42) = 1,wp2(30,43) = 1, wy(30,44) = 1, wpe(30,45) = 1, w,e(30,46) = 1,
Wy (30,47) = 1,1,,(30,48) = 1w, (30,49) = 1,w,(30,50) = 1,w,(31,80) = 1,
wy(31,86) = 1,10,,(31,92) = 1,y (32,84) = 1,w,,(32,90) = 1,1,,(32,96) = 1,
wyi(33,82) = 1,w,0(33,88) = 1, wy(33,94) = 1, wy(34,83) = 1,w,(34,89) = 1,
Wpe(34,95) = 1,wy2(35,51) = 1, wp(35,52) = 1, wpe(35,53) = 1, wpe(35,54) = 1,
wyr(35,55) = 1,1,(35,56) = 1, wy(35,57) = 1, wye(35,58) = 1,1,(35,59) = 1,
wyr(35,60) = 1,1,(35,61) = 1, wy(36,80) = 1, wye(36,86) = 1,1,,(36,92) =1,
wyi(37,84) = 1,w,1(37,90) = 1, 1w, (37,96) = 1, w,e(38,82) = 1,,(38,88) = 1,
wyi(38,94) = 1,1,(39,83) = 1,1, (39,89) = 1, wy(39,95) = 1,w,(40,62) = 1,
Wy (40, 63) = 1,10,,(40,64) = 1wy (40, 65) = 1, wy (40, 66) = 1,10,,(40,67) = 1,
Wy (41,101) = 1, wy(42,98) = 1, wye(43,68) = 1,1,,(43,69) = 1,w,(43,70) = 1,
Wy (43, 71) = 1,10,,(43,72) = 1, wp(43,73) = 1, wpe(44,107) = 1, wpy(45,104) = 1,
Wyi(46,74) = 1,y (46,75) = 1, wy (46, 76) = 1, wpe(46,77) = 1,w,(46,78) = 1,
Wy (46,79) = 1, w0y (47, 113) = 1, w,(48,110) = 1, w,(49,80) = 1,10,4(49,81) = 1,
Wy (49,82) = 1,w,(49,83) = 1,1, (49, 84) = 1,w,(49,85) = 1,w,(50,102) = 1,
)= (
)= (

1,
1,
1,
1,
1,
1,
1,
1,

Wy (51,99) = 1,10,,(52,86) = 1, wy(52,87) = 1, wy(52,88) = 1,w,,(52,89) = 1,

Wy (52,90) = 1,10, (52, 91) = 1, wy (53, 108) = 1, 1w, (54, 105) = 1, w,,(55,92) = 1,
wyi(55,93) = 1,10(55,94) = 1, wy(55,95) = 1, wye(55,96) = 1,1,(55,97) = 1,

Wy (56, 114) = 1,wp (57, 111) = 1,14 (58,98) = 1, w1 (58, 99) = 1, wy(58,100) = 1,
wy(58,101) = 1,y (58,102) = 1, 1w, (58,103) = 1, 1wy (61,104) = 1,,,(61,105) = 1,
Wy (61,106) = 1,y (61,107) = 1,1,,(61,108) = 1, w,,(61,109) = 1,w,,(64,110) = 1,
Wy (64, 111) = 1, wy (64, 112) = 1,10,(64, 113) = 1, 20,,(64, 114) = 1,w,, (64, 115) =

B9 W, KRR

Fig.9 The non zero elements in a matrix W,

wip(13,7) = 1, wp(13,8) = 1, wep(13,9) = 1, wep(13,24) = 2,3,y (13,35) = 2,
wip(13,46) = 2, w3y (13, 57) = 2, wip(14,10) = 1, wyp(14,11) = 1,5 (14,12) = 1,
wip(14,25) = 2wy (14, 36) = 2, wiy(14, 47) = 2, wip (14, 58) = 2, w,,(15,13) = 1,
wip(15,14) = 1, w4, (15, 15) = 1, wyp(15,26) = 2, wy, (15, 37) = 2, 3, (15,48) = 2,
wip(15,59) = 2,wy(16,1) = 1,0, (16,3) = 1, wyp(16,5) = 1, wip(16,18) = 2,
wip(16,29) = 2, 1,,(16,40) = 2, wy, (16, 51) = 2, wi(17,2) = 1, (17, 4) = 1,
wip(17,6) = 1,wip (17, 27) = 2, w3 (17, 38) = 2, w4y (17, 49) = 2, wip(17, 60) = 2,
wip(18,16) = 1, w,,(18,22) = 1, wyy(18,33) = 1, wyy(18, 44) = 1, wyy (18, 55) = 1,
wip(19,17) = 1,3, (19,20) = 1, wp(19, 31) = 1, wy,(19,42) = 1,,,(19,53) = 1,
wip(21,18) = 1,wy(21,19) = 1, wyp(21, 62) = 1, wyy(21, 68) = 1,3, (21,74) = 1,
wip(22,20) = 1, wyp(22,21) = 1, wyp(22,66) = 1, wy(22,72) = 1, wy,(22,78) = 1,
wip(23,22) = 1,wy(23,23) = 1, wyp(23,64) = 1, w,y(23,70) = 1,0,,(23,76) = 1,
wip(24,24) = 1,wy(24,25) = 1, wyp(24,26) = 1, wyp(24, 27) = 1, wy(24,28) = 1,
wip(24,65) = 1,wyy (24, 71) = 1, wyy (24, 77) = 1, wyy(26, 29) =1, wi,(26,30) = 1,
wip(26,62) = 1,3, (26,68) = 1, wp(26, 74) = 1, w,y(27, 31) = 1,,,(27,32) = 1,
wip(27,66) = 1,0,(27,72) = 1,wip(27,78) = 1, wyy(28,33) = 1, wey(28, 34) = 1,
wip(28,64) = 1,3y (28,70) = 1, wyp(28, 76) = 1, w,,(29, 35) = 1,0, (29,36) = 1,
wip(29,37) = 1,10,,(29,38) = 1,w;,(29,39) = 1, wyy (29, 65) = 1, wey(29, 71) = 1,
wip(29,77) = 1, wip(31,40) = 1, wep(31,41) = 1, wip(31,80) = 1, wip(31, 86) = 1,
wip(31,92) = 1, w3y (32,42) = 1, wyp(32,43) = 1, wy,(32,84) = 1, ,,(32,90) = 1,
wip(32,96) = 1, 0,,(33,44) = 1,w;,(33,45) = 1, wy(33,82) = 1, wyy(33,88) = 1,
wip(33,94) = 1, w3y (34, 46) = 1, wyp(34,47) = 1, w,,(34, 48) = 1,0, (34,49) = 1,
wip(34,50) = 1, 0,,(34, 83) = 1, wyy(34,89) = 1, wyy(34,95) = 1, wey(36,51) = 1,
wip(36,52) = 1,4, (36,80) = 1, w;, (36, 86) = 1, wip(36,92) = 1, w,,(37,53) = 1,
wip(37,54) = 1, w3y (37, 84) = 1, wyp(37,90) = 1, wy,(37, 96) = 1,03, (38,55) = 1,
wip(38,56) = 1,3, (38,82) = 1wy, (38,88) = L, wiy(38,94) = 1, w,y(39,57) = 1,
wi(39,58) = 1,3, (39, 59) = 1, wyp(39,60) = 1, w,,(39, 61) = 1, 0,,(39,83) = 1,
wiy(39,89) = 1, w3y (39,95) = 1, wip(41,62) = 1, wyp(41,63) = 1, wpp(41,101) = 1,
wip(42, 64) = 1,3 (42, 65) = 1, wiy(42, 66) = 1, wip(42, 67) = 1, 0,,(42,98) = 1,
wip(44,68) = 1, w3, (44, 69) = 1, wyp(44,107) = 1,4y(45,70) = 1, wp(45,71) = 1,
wip(45,72) = 1, w,p(45,73) = 1, wyp(45,104) = 1, wip(47, 74) = 1, wep (47, 75) = 1,
Wiy (47,113) = 1, 1w, (48, 76) = 1, (48,77) = 1,4y (48, 78) = 1, w;,,(48,79) = 1,
wip(48,110) = 1,w,,(50,80) = 1,204, (50, 81) = 1, w;p(50,102) = 1, (51,82) = 1,
wip(51,83) = 1, 0,,(51, 84) = 1, wyy(51,85) = 1, wyy(51,99) = 1, wyy (53, 86) = 1,
wiy(53,87) = 1, w3, (53, 108) = 1,0, (54, 88) = 1,4y (54, 89) = 1, wyy(54,90) = 1,
wip(54,91) = 1, w4y (54,105) = 1,0, (56, 92) = 1,4y (56,93) = 1, wyp(56,114) = 1,
Wiy (57,94) = 1,y (57,95) = 1, wyp(57,96) = 1, wyy(57,97) = 1,4 (57,111) = 1,
wip(59,98) = 1,3, (59,99) = 1, (59, 100) = 1,w4p(60, 101) = 1, 2,,(60,102) = 1,
wip(60,103) = 1, wyy (62, 104) = 1,0,(62, 105) = 1, wy, (62, 106) = 1, 0,y (63, 107) = 1,
wip(63,108) = 1,10,,(63,109) = 1, (65, 110) = 1,13 (65, 111) = 1, 23, (65,112) = 1,
wip(66,113) = 1,1,,(66, 114) = 1, w;, (66, 115) = 1
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Fig. 10  The non zero elements in a matrix W,
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Fig. 11 The process of Monte Carlo simulation
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Fig. 12 The fault tree of the trailing state of left aileron
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Table 6 The meaning of each event in the fault tree
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Fig. 13 The probability curve of left aileron is not in

trailing state during the average segment time
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