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Abstract

Accidents in complex socio-technical systems are usually not directly caused by a single failure, but
result from deviations in multiple functions during system operation, which interact with each other
and are progressively amplified. To address the limitations of the traditional Functional Resonance
Analysis Method (FRAM) in quantifying functional variability, characterizing variability propagation,
and considering the reliability of expert evaluations, this paper proposes a quantitative accident anal-
ysis method. In this method, linguistic Z-numbers are used to quantify the variability in the timeliness
and accuracy of functional outputs; the site percolation model is employed to calculate the propaga-
tion intensity of variability; and the coupling degree model is introduced to identify the strength of
functional resonance. Taking the Air Canada Flight 143 accident as a case study, eight key functions
in the refueling process of the fuel system are selected and analyzed based on evaluation data from
three experts. The results show that the functional resonance between signal processing equipment
and fuel quantity indication was a critical link in the formation of the accident, while functions such
as maintenance, notification, refueling, and pilot inspection also exhibited relatively high risks. Com-
pared with existing improved FRAM results, the proposed method can identify similar key risk links
and further reveal potential risk points, thereby providing a reference for accident analysis and risk
prevention and control in complex socio-technical systems. The sensitivity analysis shows that the
ranking of functional variability and the core high-risk links remain stable when the support inter-
vals of the triangular membership functions are perturbed by +10% and the resonance threshold
varies from 0.43 to 0.47.
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BRMSHEARRGHA R, A SRR E. BITHGAE BN 2 RER WL, HigiT%47t
AMI T B — R W SE R BR MR R AT N, M2 2 TEe. %EW*IJ%.?%BJJ%‘\SCE?;UF]O 4t
FE N A 2 iR R R 4R . R AR AR ZE, 0 RS8R RIS AT I D RE . VEREE B AL
PERZ HAREREA R . BEE 2R Fl “RERRI” F ) “fRIERRT)” , Safety-11 fiﬁ?ﬁlﬁ% G TUHANEE
T T HERF s 1T I RE )1, TR 2 B N A IBATIRAS(1]-[3].

EE RSB ARRF AT IS, RAEHE ST N ARSI AT 55, AARER
I A REAT I ARL R, DAORIEDDRERF 2R ST (M 2D DIRERIMERE AL SAE IS [B] . RS U B BE YR
TR RSN, RIS eI DI REIE AL R IO, BRI B B =il DhRe RSy
M7 77 7% (Functional Resonance Analysis Method, FRAM)M\ZhEE M i &R R R, DT ERKRGFHERL
FEAERE . BINAMILIR4]. CAPERY, FRAM R m O B AEL LS, CRH TH . 6l
. BREG . WL BRIT S AR XU B A A 5]-[8]

58 FRAM 1) S0k 3 A0 5 i 14 5OdE Al e Bl o8 B S0 (5] e My T, S #9851 AR Ik
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HRG FMER o RN - e - 5 BHELRSE T, DAG SR FRAM fEDIRERN . DIREL0 AR A1
BRFBAET R RGVE9]-[11]. EBNFERSOETTH, COABCREN SR RISEL. JolilE 3hl.
REUIE Bha s . N-K B8 BHCR O EAaRie 2 21 55070, MINReRAS . TEREAE M &R
GEIWESEAT IE S T [12]-[17] (HIA WAL RE )AL AL R 20 ) . L PPN AT SE AL ], DA RS MOR AR
J& Dy Re LR E% AT AN S MR L RS 7 AT A A 2

BRI, Bt S HAR RGEH Mo 7 I DI e i &4k AR T ZE DO RE AL 3% . Thae 1A
WA IR . 1B Z $(Linguistic Z-numbers, LZs)FEM [F] B K18 5 PR A B BR il 0] 5 A0 a] S840
APREE S MW O B TSR L R B E B 18], b AU Y REAE 3R Y SURAS AR TE WX 4%
SERH AR RERAAE, o] H T 2 Dh e A A RE [ 19]. % FRAM. EF Z . ¥h A B A
THEBER S S, TTRAMES FRAM FEDI e o A8 A% 38 A0 Dl g i o P8 B A0 7 T () AN 2

BEX IR A) R, AR SO T A AR A SRR KRG FH M E B REILIR A TAESE: 5, R FRAM
PR R e DR S LN L o AUER. BRUR. BRI SR G G R Hik, 5IAE
5 Z TR R s FIR, RIS RS TUR R T EI R eA RRL: E, A A IR R AR
5 AR ORI, W FEAE DI REZ R DI REILIRIKST, IR L R BE A%, MOV RE . B ThRE
TR R XS 42 i it ) 2 it o B S

2. B4 LZs. SPM 1 CDM HUEE FRAM 753%

ERG A - FH T, (£ FRAM @H QLR EER: () SO KRG h R A D) 5e 1 IE
WIRe: (i) HTDIREMIIEEAR S (ii) AT DIREZ ARG R, JRERDIREM LI (iv) A4l
BCE Y BRI IR Sy KB s s . IR PIRCENE T v . BN, AEPERG) T, AT A TR
FEPR AN 5 T S AR S BFIR) D7 D, R e RER B B dER . MR ER AR RS, FH mTRR
RIARER . ATHZBOANE [ 13]. ©F FRAM SUERF 7T 5 2 B 9D 3R Gi) AP BRGil) R I, i 51 N Fopth
ST RCRIRTEITIERE ST, ABAHRELARS 2 e Tk, Vo 85 R AT SEMEAE LA 7 43 IRAIE

NEAN IR, SRR SoE % (1) RAES Z B(LZs)WEES IR L, UERESR
FRAM {5 P 3L R 513045 14 (Common Performance Conditions, CPCs) [18], BRI LZs Xfid .. #ERF .
IR ARKAE S REHA L P S IASKE i S5 4 HUIRES 3T B AL R IR s (2) K & DhRe AL B A vl B AR A
(Site Percolation Model, SPM)#ii N, 115205 B EHFIhRE NI hREL R 3) ¥ L FifthRe R =
AR S HAE 0 FE A Al & FE A5 28 (Coupling Degree Model, CDM)#ii N, 115 IhRE 2 (B ZE R A HINER . &
& FRAM Sl i BB IR T .

(1) PFF IR B ARIZ AT i B o (R BE AR D) B AN IR Tl g

WM, i=1273,nn22,ne N FRRZRGAMIZATIRE TS TTIRE . 0T 65— BIThRE, 75 24fhe H
BN Fot ATRE. BRUR. BEFNER] 6 KEME. Ho, MW S HARTIRARERE, SRR —ThRe
HAGA R s f T DU SR EOIR AR A, T4k e S AL D) REARIE . @, Bl oA, JF
B2 TR . B2, EDIRe i 8 M B ERTE R F s T M, HA g M1, &
P2 TR R N N 4800 o 12 X 486 72 5 R0 BT TR 2t

(2) KH LZs TH5 DAL 18

BE Z B XA R, WZ=(4,B). Kb, B0 A FRRLTHRMEHESLENIEE
A SRR AR R ORI PEAN, 28 30 B FoR L 5B 5 PN S5 R AT SR (18] i, 4277 RvE, 2
FRLRINNETREZE, “A7 BRETHRIN “EHREE” XM ERBEGREEE. @,
A 1 B v R = AR %(Triangular Fuzzy Number, TEN)EUt JE A8 54 (Trapezoidal Fuzzy Number, TrFN)
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FoRe XHRH = MAEREERR (A, B))-
ﬁ%E%ﬁWﬁA%Qwﬂﬂme% w,(x): X > [0,1] A= s w g, B
A=(a,,ay,a;), FHra Fla, 73 5FRS FIRAERR. SR8 R 1, (x) TERRA:

0, x<a

X—aq

, a4, <x<a,

a, —a N

w1, (x)= ;_xl JVM,,i=1,2,3,---,n,n>2,ne N (1)
3

, a4, <x<a,
4G~

0, x2a,

WBH Z M Z=(AB)H=MEMESER, Kb 4=(a,,a,,a;), B=(b,b,,b,) . AIFIHRQ)H¥rlFElk
#5r B =(by,by,by) b NS B a . FFIARG)E Z =(4,B) Bl A = MBI 2,2 = (2,,2,,2,) -

azjxyB(x)dx/IyB(x)dx 2)

7' ={py (x) =Nau,(x),x[0,1]} 3)

Hots gy (x) W= IS B = (b, by, by) FIRIBREL 1, (x) A= FBIEL Z = (2,,2,, 2, ) FISEJR KL
X TEE—TIRE M,,i=1,2,3,,n,n22,ne N*, BREFIFN IR 4, 1 B, FIBHEILE 1

Table 1. The experts’ linguistic evaluations and their corresponding membership values of 4 and B ofeach M,

F 1. BIEEM HEFIES TN REMNE 471 B REE

4, B,
BFRET I REME BFRET I REME
yaAll (1,1, 1) Al SEMEARAR 0.1,0.2,0.3)
AR S (2/3,1,3/2) CIE R[S 0.3, 0.4,0.5)
AN (3/2,2,502) CIECSE0EE (0.5, 0.6,0.7)
AR (5/2,3,7/2) AT SEPER (0.7,0.8,0.9)
AR (7/2, 4,9/2) AT EE AR 09,1, 1)
MR & 92, 5,11/2)

NG TERERZSE, Macchi SF[13]48H, AT RES8 BLMKG EEANIS 18] 9 4N J5 T AT RAL . AERGETT
7, THRek w2 KSR RS AANKE I s LRI 8] 77 10, DhReda T 2 Jnd B AEI AR o iR4E Macchi
SEB)MHRR, JFEEER 1, MWEIREA BRIV bRiE, W& 2. BT SR WHERY LIRER 51T
P ERTEENE, ASCEOR G AL SR e KW e, 3E—0 %t B B P K AT SE PR AT 20 PP

ZROIGEFATTIEEIR G, ASCRAEIRIG S 8 BIDIREE — Xt N e B A e dric k. BIE H B4
SHE, BRI G 2 UL S LA 5E 5 DI RE S SR R AN AT Bk . DRRAN R AN 2, AL
DA OR A i i AT DD RESE SONZERE, SRR SN TSR S B . L3R B Igaie Uik, 1
HAPAREE . UTBTEER, iz ese. R, RA L2 FRAM SMHKEHE R, HAA S
FUEMRTAESBI S, RENSASTSERR 8 TIDREITT . & 3 B ERS 5, Hh2 LHRfA
ZIRIB AU 5, 1 2B RGP AU R, AR TARSW SRR 2 AN 13 £ 27 S 10 4
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Table 2. The fuzzy evaluation standards on functional variability AM,» based on Table 1 and Macchi et al. [13]

= 2. RIEAT 1 F0 Macchi F[I3HIERIINGEE R 4, RMWITNIRE

i a]
TE RS pui: ]
FEH IR (Q2/3, 1, 3/2) BT, 1, 1) AR (3/2, 2, 5/2)
FEE IR AR (3/2, 2, 5/2) (1,1, 1) S rR4E(5/2, 3, 7/2)
AT MR EE(5/2, 3, 7/2) AT (7/2,4,9/2) AR #5(9/2, 5, 11/2)

PR, R RIR MG, 8 TN AEE X IEH INBERI 2% LA 1 AR 2, FFgE— Uil DfE
AR RE LS PN AT AR I 3o T SRR S A PO hRE SR, A W S ey 7 I 1] 4R AR
Ff At T A 22 S R P R VP AT S, TERUE S Z 8. RS, KIS BIR(GS) e Bl 5 P e, 5
EREA MR AT 1R 2 h I = MBS M S5 Macchi S5[ 1310 DR R PERURE
KNS, LR Wang S5[18150 THEE Z MUINRIE T, HEh &l 5 S B AR I R ARS8 2% 1 2 &
REAHATIRAEBE, IR AR S 7 sL 2 AT 5 2

RS S OB TE X I MT 4 SRIEE I, AR SCHE— DR I RGBT (EORFFBUES AR I RAE T, K
SRR B U A ST P X AR SR AR 0.9 A5 A0 11 A% [, RELIRSEE BIME R E Y 0.43. 0.45 Al
047, LR 5T AR HER Rt RS MOocH R E B 2240, DR IGBF 72 4598 AR

Bk k=123, K,KeN" K223 RREFAHM LR MNTRALEK &, HXIIhEM, 257
BEME I AIERYE &5 2 M08 2}, = (43, By, ) - FIHRQMAQ), THL 5 & X M, 40 2}, =(45,,8), )

%Mﬁzﬁﬁmﬁzﬁzﬁﬁzﬁzﬁyﬁﬁa;%%ﬁﬂ%ﬁ%ﬁ%ﬁ&%ﬁﬁ%%%ﬁ%ﬁﬁﬁ%%
R, @) AR:

, 1 <k ., , l «x -, , 1 «x -,
Zf"lf; :Ezkzlzi\/lff’ Zﬂfi :?Zk:lez[k’ ZA;; :Ezkzlzﬂjfk Q)
5 KRGS 4 Z), AT SO, A EIINRE M, BRIV, . V,, K, BEWI%TIAEM

G e R P R
Zy +27Zy +Zy
M; =+’ i

(3) KH SPM 1548 S A% o

FRAM #E Rt 2 BR R G R A 2 Ty S AR FAE A ORI 2%, D th (0728 5 v] REIR 2
AEIC AR 1) HA D BEAL 6 o AR SO %3l sUBAR B OC T-799 ROIRAS o X288 S F2 A T8 1k () 2 A5 A8, % FRAM
HHTHRERL X275 i, K DhRe < 8] R SN . S . ATER . WRIEL SR R ¢ RN 1R 48,
F¥ Ty it CE ST B MR AORS B P 75 T 928 S 1 ROIRES R b . 2R(6) TH B D) B AL S W AH A1 F A5 3R (10 A
PO EE, ARV HUMER R A FHOR MR . T Ih A8 00 5 18 R 3 T A8 O6 R h) 24N SR
REfEid, SPM REWS ] Tk FRAM M4 b ThAE AR S A 3 1 Joy ol il 1k

TERARTEE T, AR SRR — AT I B A D REZEZ N 28 ORIF A, DhReAR S 3 B RN 1 1n)
AL, FF DA R0 Re 2 [ B R E R EE AT S 70 o AL 3R 5 FE B AR AT D e 1) A8 S B S 3 56 Rt
[, ATBEME— IR PEAE R R 12 . SPM THESE R E T LR Th R FE 8 AR R s 8 L IR IE A
mARERE, FENEEERE T EIR AR, AN T IO R S SR S O AR

)
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75 LIRS RIE A 3R -, A0 — 5 2D R RAE AT REZ 6B R 2
GUB TR, &IAEZ ARIR FR— S0 28 R 3| R AR R A R B RUR, TR A AR TR 2
AT, 2552 R ROE PR R S 5 I p 4, JFIB DB B RGO, St
Sh A2 o) AR T (R T WV 7. FRAM. S0 % SR AT LA 17 00, TR P2 ) e T s, DR
A5 5 T L A o 0 BV 0 AR B AAE R i LMY —, S T
PR VRO B R BB IRA A . R T B B4 BRHLITRE, SPM AR ST fi 1 et
24 R R 2 IV S . 25D M, ARV, W3R M, 10 S SUAE S e M £
HEME P, TTHRA[19]:

2
PM,-»M, :1—exp[—(VM‘_) },Vi,j:1,2,3,-~,n,n22,neN*,i;tj (6)

(4) RFI CDM #4511 Fils e 2 I SR

25 R L M AR FWEhRE M, M, M, SR E M, K2 SRR A F, 3t
R 25 0 TR S M A RS FRAM WA, IS A2 1 0 SR 7 e Bl e
KAWL, I SRR, Bk, TRARLS BB R LT S A2 10 S AR 3R BE 201
B GHIE LRV, IR Y, B SRR B, |, . DAESRIRR
Rogyeons, RO, EIHIE B 2 4O B S 20T B RS, RSG5 IIAK . B T i, TR 1645 FRAM
L R N MR SRR R TR S A I PR AT R (L i — i
A AL BRI USRI . Ry, WTRAH:

\IVM,- ><PM,-»M,-

(m@ﬂw%x@H%D4ngghWJH%)

(5) 7 M ah SR Il 5 S A7 ] 475

i, RERG). ROMADIHHHELR, TER &R TIERE . LN ThReL 1 has 5
FARRIE, LA BNl REZ (A D REILIRGRE . [RII,  PIARHE S 70 M 4 R thl) S A N P 5 iy XL 42 1
fH it o
3. RBISHER

PIINEEKALAS 143 SHEEHSBCN BT ZE 981 1983 457 A 23 H, 143 S35 767 CHLITRIHZ
FERUR WAESRE S . WATRT, 4B AN RRBURME R ARG L ER, HEHS TI/EWRE, SRS KL
KHMESE, AT B AR R HRES . WAV CHUIRES S E—HBUEE, 4882k N L5875 26
SEINIME, R AR B A BRI . TR 767-233 KHLURA ARISAL, AR iRk
Hil#e S BARN AT A, 5 ESLBR I A L BT 75 A = 1 — . HLKREAZ i iy R 2
PR RA, RAERILNE. BfE, PLADKHREBIR AN UTE R ENIRRE € B2, WL
ORI AR 2, R G154, AN A R 3 2 E R IR e i U 21,

N BRI R RGRBUE BRI R R TR R, R BRI RGN R ) Th RE el k)
YN 8 Wi: My RBRMINGE; Mo AR EALIRES; My NS SAAFI % My NIRME SR Ms AN
VE; Me NYEBRIE; My N AT AR M N WHLIEHGEE Ko 8 TR AN R ILF 3, IEW ThaE R
Kl 1. 80 3 4B RIRYEE 2 X & DR R R R IHTr, JFRIEE 1 X & Dhae R R it T &
PEREAT VRS . IRIERGE) W HAR R IIRERRE Y, » SRIE 4. BIER(O) T 8 BhfeZ WA EHK
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R @)
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Figure 1. The normal functional diagram of normal fuel system refueling process

B 1. EERHARGMHTIZIESIIEE

Table 3. The contents of 8 functions
F 3.8 NINBEAR

LTPN st R i) BT B gl
M — — — — — PIIIRE /ST
M N o o o o 4%?% ®iE Eﬁééﬁﬁ
(EREY (S0 E-3
M — — — — YEABAD A T8 L PR IEH A5 T
Me BRI o — T W
Ms ST RN AT A TER  E — YEABADA 58 L PIIF: sy
Me  MMER MWMERRES  — MRS e
M, ST et 76 R — — I = AT RS TE R
My RAT RSB SERL — — — — —
Table 4. The experts’ scores of variability and reliability of each function
F 4. EYHHETREEMTENTEENERITES
%K1 ER2 X3 .

Ay, B, A, B, A, B, .
M 1,1,1) (0.1,0.2,0.3) (1,1,1) (0.1,0.2,0.3) 1,1,1) (0.3,0.4,0.5)  0.508961
M 1,1, 1) (0.3,0.4,0.5) 1,1, 1) (0.1,0.2,0.3) 1,1,1) (0.5,0.6,0.7)  0.618089
M 1,1, 1) (0.5,0.6,0.7) 1,1, 1) (0.3, 0.4,0.5) 1,1,1) (0.7,0.8,0.9) 0.76716
Ms 1,1, 1) 09,1,1) 1,1, 1) (0.7, 0.8,0.9) 1,1,1) 09,1, 1) 0.953604
Ms  (7/2,4,92) (0.7,08,09) (7/2,4,92) (09,1, 1) (712, 4, 9/2) 09,1, 1) 3.814415
Ms  (9/2,5,11/2)  (0.7,0.8,0.9) (9/2,5,11/2) (0.9, 1, 1) 9/2,5,11/2) 09,1, 1) 4768019
M7 (7/2,4,92) (0.7,08,09) (7/2,4,92) (09,1, 1) (7/2,4,9/2)  (0.7,0.8,0.9) 3.696062
Ms  (7/2,4,92) (0.5,06,0.7) (7/2,4,92) (09,1, 1) (7/2,4,9/2)  (0.7,0.8,0.9) 3.536288
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Table 5. The variability propagation probability A, , ~ among the 8 functions
i J
%5 8 MINREZ EMEREERE P, |,

M M, M3 My Ms Ms M7 Mg
M 0 0.228209 0 0 0.228209 0 0 0
M 0 0 0.317528 0 0 0.317528 0 0
M; 0 0 0 0.44486 0 0 0.44486 0
M,y 0 0 0 0 0.597218 0.597218 0.597218 0
Ms 0 0 0 1 0 0 1 0
Ms 0 0 1 1 1 0 1 0
M 0 0 0 0 1 0 0 1
Ms 0 0 0 0 0 0 0 0

Table 6. The functional resonance intensity R

% 6.8 UNBEZ B RELIRBR R,

M; oM ;

among the 8 functions

M M M3 My Ms M M7 Ms
M 0 0.478639 0 0 0.274394 0 0 0
M 0 0 0.48173 0 0 0.278903 0 0
M3 0 0 0 0.485359 0 0 0.343303 0
My 0 0 0 0 0.371331 0.343475 0.375245 0
Ms 0 0 0 0.469513 0 0 0.475605 0
M 0 0 0.438628 0.459969  0.481163 0 0.483174 0
M7 0 0 0 0 0.47203 0 0 0.477652
Ms 0 0 0 0 0 0 0 0

RAEE 6 tFHAER, ZREHFIETURE M E A, MR RS AR BNERE TR IR
A [21)F A B0 FRAM 45 R[22 1R 50 ) 008 5 E GBS B N S 1R AR LR IE B b I B KB 0.438628
(M — M), = dERIER: I/ IMEN 0.459969 (Ms — M), P& 54 0.449299, HUH A7 /NEE N 0.45.
DR, ARSORE 0.45 BRE AR LG50 KIRME, A AR EH T BTG R 4000 e 30 4. 45 3R,
YEfE N R BB IR s 250, HARK IR A & AL AU am A G i A AR AZ 2R ) 6L
I RBEREM: RAT BN TR R, (R R AT R A A A IR R BRI R R AR R Guis
ITPeA T BRI

B ST, & 6 3 10 B4R DR LR EE T 0.45. 1 = A1 35 8 ek 50 S X TR] 4%+ 10% 3
Zhfa, 8 WIThRERI AR FEHEF I REF N Ms > Ms > My > My > My > Ms > My > My, BEEZE T A8 I AR XS
AL 0.12%, HILHEBIE N 1 3 FE PRI 1% SAZ O voi RIS B 2 o R AE SR 24028 & 224 L4 B4 43 1T B 0.43
0.45 F10.47 B, mALdREBEE N 11, 10 185 BFEERH 0.45 FHEMIAFER:, H M — M —
My VLR Mo M7 5 Ms 2 (A1 IAZ% o g AR 0 SR BIR . FIR &G R B, AR T S8 Th Re AL O L 4R
AR B W T S5 e bR S DX IR BB /R AR AL AN UK, B — e etk {H 0.45 {5 RLAE B8 2 Z 5 Fl
FTIBATHE P — 0 . BARRE AR W 7, mIhREILIRR A EROC R ILA 2.
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Table 7. Sensitivity analysis of key parameters and thresholds

*® 7. KESEMEENREE S

SH BRRE  WHREEN IR RHT 1L ol XIS B 2 % AR R 1) M
SRR PR A-10% " Ms >Aﬁ}>>1\;\1;2>>1\;‘1;1> Ms> ff%u%ﬁwﬁ%ié;fét%)ﬁ B,
EPIET R S T B U A ARV T
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Figure 2. The connections with high functional resonance intensity
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