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A Study on Predicting Reliability for ‘No Fault Found’ LRU using

Weibull Distribution Analysis and Bayesian Network

Heejun Moon’, Hyeondeok Kim”, Sujin Kim', Seokjong Lee”

ABSTRACT

No fault found (NFF) events in aircraft maintenance increase maintenance cost, reduce air-
craft availability, and weaken reliability management because removed components are re-
turned without confirmed defects. This study proposes a reliability prediction model for NFF
line replacement units (LRUs) by combining Weibull analysis and Bayesian Network modeling.
Maintenance records of three avionics LRUs, TCAS Computer, EIVMU, and SPB, were analyzed
using failure data and censored data. Weibull analysis was applied to estimate shape parame-
ters and NFF occurrence probabilities at specific time-since-task values, while Bayesian
Networks were used to infer NFF probabilities under operational and maintenance conditions.
The proposed framework provides a practical decision-support tool for maintenance organ-
izations by integrating time-based reliability characteristics with probabilistic casual inference,
supporting NFF screening, decision-making, and reliability-centered component management.
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2.1 O|2H HHZE
2.1.1 NFF(No Fault Found) 7Hg % QI

NFF= NTF(no trouble found), CND(can not
duplicate), RTOK(retest OK) & TFst HHOo =2 &
g, &5 ARdollA 7P HIdsH AREElE Eole
no fault founde]tHKhan et al., 2013). NFF9] &8
2912 James et al.(2003)°] 2J5 1072 EFE AR
o 71d7& 1A, 1-?_7@9_]-0]— Ak 22 2514 g0l =

o] xFHt. 53] 7Hdd 1A 871004 A 17t
9] 50%°] g 4= Ak ﬂ%ﬂ(Halyu Qi, 2008).

2.1.2 Weibull 22X} MZ 5N

Weibull #3#+= §&9] 14 ARt HXE RS
= o 99 ARgE 34 E—:—(B)% % s 4
Ao, B2 7] 1%, B=12 & 17, By12 1t
o 1AL st B Ao 2-parameter(2D)
2} 3-parameter(3P) Weibull E%]% H|wshy,
SEFYHMLE)S &9l TeuEE 43t 4
glo|E{(censored data)E ESH AJZE BAS A8}
o] NFF $4gEZ 53t

—-

2.1.3 H|OIX|2F LIEYT 2H

Ho]ZQ HEYIBN)= ¥ 7H] 248 554
I FEH BAE WA v 1HZ(DAG) FH=
HFdsk= gE24 Tdo|tt, MCMC(Markov Chain
Monte Carlo) E9& A-8sto] A & EXE
4518, o]Z E3INFF @0 FFE nix|E Thofst
W 719 QI TWAE EARIT Bd e AUC,
Hoe, JUx, AL, Fl score 502 H7Iict,

2.1.4 NFF &2 ZEMA

NFFi= ©@5=0] 589 A ojfute s wos= A
o] ofle}, A ol AlY ¥ 7] ARE THiew
=R

AubAQl NFF ¥ Z2Aas A3 g@X|(fault
detection), & HY(removal), F7|F FHE
(shop finding), NFF g, ¥ EX4(root cause
analysis) TAZ /g9t

ARINC(2008)+= ol2|gt Bag Boff a3t
WAE HAAAZ|AL AZA HlolElE AT 5= Sl

AN
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22 A YHE=E
221 A7 iy H HOH &

B 3= KA 201195 dA7HA] F219
LRU #& dlojelg &-&3513ich. NFF Hl&o] &1l ¢
01)5] _']_V_X]- ﬁoc}:O] E:Eﬂo}- 37]—;(] l?_%g— }\-]7(40]- ]:]-
TCAS computer(Z3&=="A44]), EIVMU(engine
interface/vibration monitoring unit), SPB(seat
power box). H|oJE+= B& AH] 7|Z(shop finding
report) 7[HtOE Y=o, oz AA & A
A2 B AR Table 12 A7 At 8 &
A< vephdch

A AR &A1 ol 7152 AlEAQl 4
(PFR/TSD, crew de-briefing %), 23} 3
qH A 3’—]’7{4 Al A% 4 W8(shop
finding) 52 dlolg] e T2 1S B HrE 2

Foh= 740]‘:]' F A A 94 2 2 71ER
dlolelet ] uiA(AMM/FIM/TSM/CMM/FTD
S 7IHte 2 AA A3 AR e 3 9l =g
W9 EAE HESH: Zolt. ol& &3 NFF7t

Table 1 .Characteristics of sample LRU components

Pz co?nclﬁer EIVMU SPB
Weibull glo]€] 5674 10174 4207
1% djoE 3274 4371 35674
Ag tlolH 2471 5871 6471
BN Holg %= 28578 52071 2,10074
NFF Rate 0.4286 0.5742 0.1524
£ TST(hr) 3,777 29,487 32,673
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7h FAE3 AL fYdAol Ve A4S VNe s .

7Rz BERdch Al A 24
(detail investigation)E 8&3tc}.

Z, o< test(BITE, ATE B)9F <=dfsto] HHE
NFF o= A8 o] ¢ 23] 2 9
(root cause)o] HZHE wi7HA] A9 rdo] AlRA
test(ESS test §) =¥ 23} Aol wHAE
+ 8 A7) 7hscith e A= 2% A 7t
540 9= 58 RERS AAFCE o Eske
Zoltt. 71& Al 71e B4 € d5ste] 23 4
< 9o & Q= 8 FEEZ St} upRE
NFF Aol 7835] o4l=lE £5S 13Kexchange)
gith olgfdt IRAIAE AX THeE AT A
FE9 NFF Hl&= €Y & itk olgd Z2qAE
Fig. 13} Zo] ¢ ¢AER TAISSIT.

tlol8 =3 Al off Fig. 28] 2&& HarsfioF gt
o} HEo] 571258 AA" 58 47 Shop &
H] 7]Z(shop finding report)°] W27|7A] L9
T3 712 ot ER6HT olE 7Ivte s il
ARG A7 Al = ] AY A AR, NFF 917 5
ojd] FE 7} 7|0l wet visto] Hlolels} & 4= 9l
o} o]gA =9 dlolg FolA 1A olE (failure
data)2} F=to]E(censored data)= Weibull £4
o dagt dHgto] Hrt

o o o

2.2.2 Weibull 24 2E H7

Weibull £2E 937] 5E0] 14 £4&
£ 71 o) AREE AEA B4 7Y F i

.| Installed in Aircraft Record Data [ operator
or Stock In - Fault Information {7777 MRO Shop
i -Work Histoy /T
- Shop Finding
Component Removal | |
(Unserviceable Condition) Detailed Analysis
,,,,,,,,,,,,,,,, ; - Manual Procedure Recheck
Incoming T
Investigation N N
,,,,,,,,,,,,,,,, D Corrective Action
e YES - Detail Investigation
PSR — - Precautionary Measure
NFF : - Exchange
NO | 7
|| Component Release Repair/Overhaul
i (Serviceable Condition) | Exchange/Upgrade

Fig. 1. NFF data process
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Fig. 2. Classification algorithms for data

collection
Weibull #Xx9] Y7 BI d(cumulative

distribution function, CDF)= th23} Zo] o=
tH{Weibull, 1951).
—(tys

(=)
Ft)=1—¢ "

o] A2 EA AX7IA] Fgol 1 & SES YE
Wt oj7]14 BE P4 B(shape parameter), n=
A% H4x(scale parameter) O[th. y= 9] wjtulE
(location parameter)2 YHFHOZ y=00 7 AT
o] AgeE|w, o] F¢ Ex= 0FH ook

59 3HES(B)= 2710 "t g W s
2ok IAEY FHE 2T Bl FS 271

%Hdecresing failure rate(DFR), infant mortality

failure), B=1°1"d FZYJ1H constant failure
rate(CFR), random failure), B)1°]H u}x1%}:

(increasing failure rate(IFR), wear-out failure)2.
2 5T £ Qo] 871 LRUS 1% BG4S Ay
oz ¥ + ot EF FT=AHcensored
data)& EZISH & HolHE Ao E AT
Uh= o] Stk

MLE 7]9Ho] &85 Weibull AlEHol4S 53 &
4 2@ e 2en)E 46k, B TST 24
oA NFF IS ES T3t} 91X B8 02& 7}
]t 71 2-parameter BFIT 92 HpTh 7K
3-parameter EtYS] Weibull £4& H|usto] XF
9] HElS ZH=tt 9l A B0 FEY ST F
9] NFF Hl& tfH] £7 Al-of|l49] NFF S¥<E<
H|n BAsto] NFF A3t offel ¢l]lof s 4%
%= Slth. o] B9l NFFE 51834 = AH| RAE
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Bayesian networke ¥t 7t JATHAIE FEHC
2 Y5 4= 9l= thaAQl Probabilistic Graphi-
cal Modelo|tiKoller and Friedman, 2009). ©] &
S B3l Bt AlAE U9 IIHAIE BAIRHCE
"ok, d& FEEE FIAI

H|o]Z|QF YIERH o] A9 571A] W47}t ARE-
= 2HE dHolde 2SA] A, oA A7, ¥HE

#) RLd 5 kel A3E AR Mol
WER B9 S 9l 2 v o] S
doleie F4lste] B4 AALeo] S,

17 A Al BEE A B 529 TST
2 U= 7HHLt A A= AAEE F44 7
& FAoz Hofd FA2 glov, Detailed An-
alysis @ACIA FF4QA 23 FE Tfotal +4
3lolo] HAE mlolido g e AR 8 7|HEE

W)
ro

ZE0) o, B8 AAY 17 o] ofd HH

82%lo] 7HJ A3k A|QJgIth. NFF o]gle HEo|
Shop HIAE Xt A3} NFFH ‘Y'olx Ago] 1
Ho] £EEoH N oz it 3y A+ 2d

oA YHFE Y= 1, N2 022 o]XF(binary)
T BAoE WAEo] Agdrh Y 7] 7Id
ZAslo] slolxjo] Aty Far]o] SEHSTE st

fo r&

o 83 9hE Y ojH= HEO ddHS(serial
number)E E3) Adlo] 3202 g AFQ1X] E

£ 23] ol whEx o2 Aglo] ERIEo] FHH AR
‘WE TFESIth jHE 14 Bfols YE, A
TAY Aol Noz it

=2 Weibull £43} v7IZ2 &g HloH&2
AA2ZE sfjof gt} TST7ZF ‘02 o= A|Qjski
At = GA7E 2doofof it} EHAQl 2%
< dlolg Q9] thE S nRl= 8910 SlofA

ot =t o]gA FEH dofelE Ho|X|Qt YEY
3 2do] 2F JYgtoz H7g3lct. Fig. 32 #|o]A]
ot MIEXA ARt dlole AAE] & Agd AE
]

(& off
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o

£ A9 Ho|X et HIEQT 2E MAo] F85=
4 kB AR AZE TST, NFF olg, g AL
(removal reason), ¥ Aerepeated removal),
et 7H(aircraft ID) ©]# NFFel d3F& & & A

TST REMOVAL REASON NFF AIRCRAFT ID REPEATED REMOVAL
17159 EIU Y HL77XX N
37448 EIVMU HL75XX
16962 VIB HL75XX
6284 FADEC HL75XX
2266 EIU HL75XX
41287 VIB HL75XX
21647 VIB HL75XX
41642 VIB HL75XX
4388 VIB HL75XX
25685 EIVMU HL77XX
58 VIB HL77XX
34449 VIB HL77XX
2124 VIB HL75XX
7452 ENG HL82XX
721 VIB HL82XX
3600 EIVMU HL75XX
52058 VIB HL75XX
1522 ENG HL75XX
2718 VIB HL82XX

a4nan cAnE~ w7y

<K< <ZZ<X=<=<Z<<ZZZ<<2Z=<
IZFZF I Lz =L = F 2= Z=EE =

Fig. 3. Variable data input for Bayesian network

© 4 S8 W] AT [l PAE sk of
Hlo] ]o]' HEHZ #+25 GARBIYH. ol&
2 ) FEHE UEE e
ol 92 & Utk ol ZHA WrE2 M d
o] dow oAt YEYIES F Ha 1
=4 o PAE 2EIFT 5 Ut oFf Fig. 4=
2 A7 7 == A o] OE HolXt HE
2 7= FHolH:

£ o5 Hdo] Vg 25 uieR A ANt
(removal reason), ARg AIZHTST), ¥HE A& of
(repeated removal), A& FF7] 7IH(aircraft D)<
Hlo[ElE 7IHEe= NFF S5 7ok A2 offieh Zth

P(BXINFF) « P(NFF)
P(3R) M

P(NFFIAXR) =

Bayesian Network Structure

___Aircraft ID

Repeated Renfoval

Fig. 4. Bayesian network structure of NFF
prediction
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removal, aircraft IDQ] do|E|E W=ttt MLE 7]
He FEsto] ZF ¥ig 719 BAIE Shgota 2R
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Zglol, Bayesian network+ ©]2gt B3 Q919]
= AET 5 U= AR 7RI

Ho] At HIEQT mdof= ARE ARKHTST), A&
ARHremoval reason), NFF oJ&, HkE gt
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Z 5719 WS ARSRITE 7 Big= DAG FHIE <l
A HEHIE g5k, MCMC AHE(5,000,
10,000%))< &8st 2R 55 F43Ar) o/
HAE tolElE 7:30% E3sto] 2d H55 BF

ot

23 BT 21 Y 24
2.3.1 Weibull 24 A1}

2 A7 72 BEE Weibull 48 B9l 174 A
2t dlol8 o] BiEE mestal, NFF &2 F7s}
oh 94 A9 oA £ Hold 4+ NFF HlE, &
F B4 AR mefsiith

TCAS computer?] 3% 1AHolE&= 3271, #=
glojgE 24700|W  2-parameter®} 3-parameter
Weibull CDF (A1Z]% 95%) 415t 23, Ade 3
7F=  Log-likelihood, AIC(Akaike
criterion), BIC(Bayesian information criterion),
AD(Anderson-Darling) $X2 H|w HA5}9ch
AICS} BICE #ol &A255 45°] o £2 HdS
oulst AD BARFS 1.0 oJstd W A= FSgt
At 2 wsitt of=f| Table 2+ & 714 Adgkol
gtk A= oo}

2P9] 7% 2o A= AL EoE AA
tlolEjof] & th= Ex= ATk 3pe} H|wolS
o 2P 29| Log-likelihood”7} & © 23l AIC ¥
BIC7} @7k &X9k, AD %52 1.0 oJsto]™ K-S Test
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Table 2. TCAS computer 2P and 3P Weibull
analysis verification indicator

FE 2P Weibull 3P Weibull
Log-likelihood -329.53 -326.01
AIC 663.43 658.81
BIC 666.10 662.59
AD 0.92 1.53
K-S test statistic 0.1368 0.1854
5 e 0.5416 0.1953
FAE4P) 1.0627 0.731455
CI(lowziiA)upper) 0.80589~1.40141 |0.54269~0.98587
NFfﬁjg%% 0.7287 0.6024

P-value 3o § &oug 2P 2do| ¢ Agsich 1
2} o2 Weibull F+2223<(CDF) 1=H=<] Fig. 5
ofl4] 3p RElo] 5o A B Iy Eoiqlar, 4l
|97k oulsl= Tt #7to] § Fal dHE FH
o|lu = HoJg A= 3P7t T <ot thA| |
A, A% dollAe= 2P dlo] ©f <=5, glojy &
Aoz 3P7F et B 943t Holrt

2 AFo| A= ojH mdo] t 9<39kA] WSSt
A gsl= o] oz} 2P} 3P B H|wsto] ofe
3t 38737 sfido] QA=A ERlIste] B4 B4k NFF
A% ZE9 FAE AR sto] NFF B89 A4
of fofl tisf oJAEHE W= Aol Fasi

TCAS computer®] 79 2P Weibull 7|& 34
B B 1.0627% 19 77Hy] 4} B4 HQL
I, 3P Weibull 7% B+ 0.7314552 27|1% EX
S Bk 2P BEE K-S PvalueZl 0.541628 %
Sotal AD7}F 0.92& 1 olstlerd, 4 TST 3,777
A|Z¥ol| A NFF 22 0.72872 4= L) o=
i) BE79] AA| NFF rate 0.4286Eth =0} a5
A9 NFF 4 7hs/do] =2 ZACo= siAHch

Weibull 24 Z23tg EQZ AR 3,777A1%F AL
H g RS £ AA ] test T FI NFFZ
asto] 2G4t AL e ERlskly] whizoll s
9] d& 452 Agdolriar wedch

EIVMU 3%, % 29 7t Log-likelihood 3=
Zom AIC 9 BIC7} 3P ®do] § &so0u=g 2p g
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Probability plot
Weibull CDF

— fitted Weibull_2P (a=11152.07, B=1.063)

Fraction failing

1000 10
Time

Probability plot
Weibull CDF

Fitted Weibull_3P
99% 1 (a=9565, o2 ,B=0.731, y=371.0)

95%

%0%

0%
60%
50%
20%

0%

Fraction failing

10%

0,001 01 10 1000 108
Time - gamma

Fig. 5. TCAS computer 2P and 3P Weibull
cumulative distribution function

o] ¥ Hslrta & 4= Utk 124 AD A= 2.6
o7 ¥t} 328 Weibull 2327} &E5HA 231X
AL 4= YA K-S AA P-value:= G235t 0.05Hch
Z ¥ AR BES E8olrlo] A= gtk of
# Table 32 % 714 ZA3ghol| tfst zp=2o|ct.

ESE ol Fig. 6 Weibull F+8EZ3(CDF) 1
A Fe= AR 120 F RE] HES Al
T2 ol iAok, AT vl Al BlA FSEt
Aok H]Ith, 12U 5 shde] Al=ligto] tha
WA BA Qlo], FF o dellA] Eato] A=
4 Atk ol F Bd 2F o]k H& HolH
gotal QAT AD g 9 A=t 28 vEshd &
g Ak obd 4= qlth

o
7/-13
= zF
= =2

nuﬂlhi

il

Table 3. EIVMU 2P and 3P Weibull analysis veri-
fication indicator

= 2P Weibull 3P Weibull
Log-likelihood -480.658 -480.658
AIC 965.546 967.786
BIC 969.33 973.337
AD 2.61666 2.61666
K-S test statistic 0.1647 0.1647
K-S test P-value 0.1733 0.1733
FARSP) 0.561189 0.561189
CI(lowzitiA)upper) 0.42988~0.732590.42988~0.73259
N s | 03836 03836
Prababity plt

Weibull CDF

80%

60%

Fraction failing
2

—— Fitted Weibull 2P (a=31822.146, p=0.561)

100 1000
Time

Probability plot
Weibull CDF

Fitted Weibull 3P

Fraction failing
2

T (a=31822.146, B=0.561, y=0)

100 1000
Time

Fig. 6. EIVMU 2P and 3P Weibull cumulative
distribution function
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57 AIRIRI TST 29,487A17tY @] NFF HYSE
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£0] 57.4%%<& 1SS o, A gl B F
F9 NFF @A8ghgo] A &=y 271104 031:41
E 2t A& ol W NFF o] RS
7570l At

SHH SPB &4 23, F 249 7t Log-likelihood®
FYSIER dlo]Elo] gt A= 2t AIC € BIC
= 3p 2do] ¢ Foug 7p rdo] EAZo7 H
L5tk AD #2 2.97560% 1Hth 328 AukH
07 =2 3o dgE o] Weibull dlo] ghslA gt
A kS 4 QUAFE K-S A P-value:= 0.8888%
0.05Ht & F53 FAE HYgL FAZCE =H
80| 7Fssitt I8 3P ZEo] Gamma(PA =
)7F 002 F|&3tE|o] AT 2P ST FHIE
A3} oFl Table 4= F 714 2do] Axjgio]
=il a= =

o714 A H$l 17608 1R & nfe v
BHlelth ol &9 k=¥3Kaging)oll wWE 17|
A B AR SRlHE) ®3F Fig. 79] 2P € 3P
e FAERG0] T FEHE HH A= |
e F1, HlolEHE 9ulstz o] B AT A
9] dAStEE Elo] AF|we} tlojE Atk 5
sttiFig. 7).

Z, BIVMUS} "BHIE K-S A% P-values
0.055t 211 QFFAQl A=THCD o R BAHC R
e g8-2 7hsste] A Eaol it s Ths
sttt 28U AD #o] 1 oA}l 2.982 ¢ Eor
2 RY xq?ﬁlgﬂ. Urq."l 1-?_751;‘5_10 1:]—"/ H A oh:]. 1
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Table 4. SPB 2P and 3P Weibull analysis veri-
fication indicator

o= 2P Weibull 3P Weibull
Log-likelihood -480.658 -480.658
AIC 965.546 967.786
BIC 969.33 973.337
AD 2.61666 2.61666
K-S test statistic 0.1647 0.1647
K-S test P-value 0.1733 0.1733
FARSP) 0.561189 0.561189
CI(lowziiAupper) 0.42988~0.73259| 0.42988~0.73259
e s | 03836 03836

Probability plot
Weibull CDF

99,995 | — Fitted Weibull_2¢ (a=22301.547, B=1.764)

95%
90%

80%

Fraction failing

100 1000 104
Time

Probability plot
‘Weibull CDF

Fitted Weibull_3

e {a=32301.547 §=1.764. y=0)

95%

60%

10%

Fraction failing

100 1000 100
Time

Fig. 7. SPB 2P and 3P Weibull cumulative
distribution function
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A7} tha ol A, & dpolA] st 5
£ B4 AREH T ol o] 9ol aid BEe ol
5] f-adith. wEbA g Weibull BX2 4 T
shdlo] 7RsShEE NFF o2 S8t @) NFEe] %
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2.3.2 HOIX|2F HEQZ Z& Zi}

£ AFolAl= TST, ZE AR, NFF o3, A
37] 719, WHE g oRE 39 WeE dAskal, ¥
AR AEZTAIE Ho|A|QF HENARE 45t
U NFF PgEs #4513t MCMC A&
5,0003]9} 10,0003]2 ¥= 351900, & A
A7 FARE 74%ko] EEEEAE WA HE
to 2 2 Aol HFgAE RISt Table 5).

A+ Ay 49 2490 B 3719 TCAS com-
puter AH&- AI7F 3,777X1710 AN T E =
ALl sl 7FY w=A <F 73~74% 9= NFF 243
£ =319k w2 2¥ 2A49] A Agel E4

g 274Y 49, NFF g&0] 7 Wt

i

5
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(M ot 8 >

oo
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i ] “a 0o,
= AS @ % 9tk ol 4 v} wE gl g

&0l oA, NFF &2 B&T o
Algtzjelt. 1 9] Yvix] 2AS% 719 NFF % &
B0l 50%HZ F7F BAAC] 25 Fo]22 NFF
skgol 7P & QRlo& Wyl offtth uhehA]
g 262 F2 HE XEE LgdfoF T Aol

Table 5. TCAS computer NFF occurrence pro-
bability for each condition

x4 [Sale) \pp gig =

size Lower Upper
| e | 5000 | 0.5236 | 0.500756 | 0.537444
& AREAIRE 110,000 0.5332 | 0.523422|0.542978
2. A | 5000 | 05050 |0.491141 [0.518859
& W 110,000 0.4953 |0.485500 | 0.505100
3. wpmaper | 5,000 | 05204 | 0.506552 0534248
& MY 110.000| 0.5218 | 0.512009 0.531591
4 sgs]7)| 5.000 | 07404 |0.728248|0.752552
& ARARY |10.000| 0.7320 | 0.724228|0.741572
5. A | 5000 | 05228 | 0.508995 |0.536645
& 37110000 | 0.5246 |0.514812 |0.534388

Confusion Matrix ROC Curve & Optimal Threshold

. o
pred: N pred: Y Fatse ositve Rate:

Fig. 8. TCAS compuer confusion matrix and
ROC curve for NFF prediction model
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E @R AReIME 4 2 oY dsEE 7
I Qltks AL 9|tk

E=3H(confusion matrix)°A 1S oJulsh=
YA NS A 'NOZ d&3t true negative
(TN)2 47, 1% ‘'N'S NFFE 9ujsh= S8 Y
2 Q Jq=3t false positive(FP)= 6Ao|th 1=y
YTE NOoZ 2 d&3t false negative(FN)= 07,
YE F&s] YZ &%t true positive(TP)= 84
olt}. oli= AA| NFFE % o&3t Zolth

QHH, ROC A4 & & o] HAY thre-
shold= 0.5% 7|3 AA_IT ROC FA41E WA=
241 0.5 o2l WAl #AI5tH, AUCTH 0.702%
It o] Tdlo] Y At N ZHAE
Z T2 5 = 45 7L 35S Auigith

T2 LRUQ! EIVMU%E ‘Engine Fault A%} g
7 SOS A Wdor AA= FE=glen, A
H7|7HA9] A& A7 TST: 29,487A17toleh. T3
Ao WHEHog A o|go] Q= FEo|th

ol B4 24 HFo R Ho|XQt HIEQZ &4
Z3} Table 63+ Zo] z+ =74 ¥ NFF dySET}
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Table 6. EIVMU NFF occurrence probability for

each condition

za  |Saople] \pp gg a

size Lower | Upper
1 gaape | 5000 | 05344 [0.520574 |0.548226
& AM&AIRE 110,000 0.5232 |0.513411[0.532989
2 Apgapg | 5,000 | 04962 |0.482341(0.510059
& WY 110000| 0.4974 | 0.487600 |0.507200
3 wpger | 5.000 | 05182 0504350 0.532050
& A8ARE 110000 0.5080 | 0.498201 |0.517799
4 apgs)71| 5000 | 07384 |0.726218 |0.750582
& AEARY 110000| 0.7363 | 0.727663 |0.744937
5. Aerape | 5,000 | 05014 | 0.487541[0.515259
& B371714 10.000| 05105 |0.500702 | 0.520298

A% Wse B4 3371 71Hd oid B89 ARE Al
Zrolt}. &, B4 7RolA ARE Alzto] 2F 30,0004
7+ yiQle] =AY 49 NFF ggEo] oF 73%=
P& eluist W7t ot ¥ 2, 3,

5 272 AR 50%] Zogt FA™EA Jlon
2 NFF 9|5 £40f| &8sp7]ol= F2dsltt.

z27 4AF37] 71H 2F AR AIZE TST)olA
T AE ZE JFY 52 NFF EE& uefdisd
10000 HE(FFA)o] ot B =2 A & & AUtk
TS 1 A A Ao BE ARE ARkl dish
A NFF 2R¥gRg0] 52~53%=, 4lg77to] AP
o 9o Jlem=E NFF 2A3YQl 4o Aottt
upeba] 2 A Adh, o Fgol ol NFF A& A
£ 7193} AR AlZe] 2AY W 7MY &3Ao)an
Agtot, ek ARl B4 Adhat HE5o] AR A7t
T NFFO 932 F&= 7ol "t

B wdo] A= grl= £33 uf threshold= 0.5
2 715E At gotgitt. RE9] % Fwe
62.5%E &7t $:Zolth. NFFE 9ulsh= ‘Y o= A
At 71.4%2, o3 52 vEbdch J28u e
&2 55.6%% W2 Hol| &3lt}. o]= NFF A& 45
o] £ g2 A& ouigitt. Jdo= Y Sefj2of of
F Auret QHLe] 23F W<l F1 scores 62.5%
Z 749 33l A5S Bk Balanced accuracy=
63.5%% ZEA 2F S HFo| 4ok S el

t}. ol SHA E4F ABoIMY 344 Sle BT
B7he Aseth E3 mdo] gE 7l diEoA d
i SRS Ed0ks =1 49 FF, 69.2%=
1 29 A5 e AFEE VERdT

E A4 2Ee threshold 0.55 NFF d& A
71Eog AAsta HE AEE o &8o| 7tedt
RS 3RISIH O NFF di& A%o] S35t 2
229 threshold 0.496°% Ad7gsto] malS 7jAl
stict. 5] /A" 2l Afd-Eo] FdE o] NFF o
S0 2 52 UehdickTable 7).

2 A3 2de ME 5000, 10000914 2+ 0.5%F
0.496 A 7125ko] NFF & A=17te] Bost 4

Aol Yx5le] 2, 3, 58 ZAL NFF 9% &7 A=
2 g8s7] o}, wihA 1§ 2 49 2o A &
517 NFF 24 242 mist 2 olck. vhs o)Azt
0.4960= AF53E o A==} F71s6te] 1, 3, 4
H 279 AlZF7to] thresholdEtt flof louz
NFF 2 Rlo] digt 27 2A4E A8 4 Utk
AdHoF NFF d& &kgo] Ik 23& NFF &
Ajo] =& Xzo|r}

Al WA AIE LRUQI SPB= AE AMolR 2% &
Aol ME A Sle AREoIH, 32,673A1%F w
of] AFerE]oit}. A o] vk Zeky o]Fo] Q= A T
% AHIZ NFF 23 ofig BA% 23 Table 89]
NFF 9% &% 9 Ag7hE ZRlsisinh

24 21, B4 371049 ARE AIRE CTST
32,673 24Y W NFF &so°] ¢ 99.9%Z "¢ &=

Table 7. Comparison of performance metrics for
Bayesian network models of EIVMU

A Threshold 0.5 | Threshold 0.496
Confusion | TN=10 | FP=4 | TN=9 | FP=5
matrix FN=8 | TP=10 | FN=4 | TP=14
AUC 0.643 0.691
Accuracy 0.625 0.719
Precision 0.714 0.737
Recall 0.556 0.778
F1 score 0.625 0.752
Balaneed 0.635 0.710
Log loss 0.692 0.606
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Table 8. SPB NFF occurrence probability for each

condition
za  |Saople] \pp gg a

size Lower | Upper
1. Ayerabe | 5.000 | 03302 | 0.3171640.343236
& AH&AIRE 110,000 0.3138 | 0.304705 | 0.322895
2. Ak | 5000 | 03188 0.305883|0.331717
& WY 110000 03215 |0.312346 |0.330654
3. wpmger | 5,000 | 03110 |0.298169 [0.323831
& AEARY 1 10.000| 03153 |0.306193 | 0.324407
4 apgs)79| 5000 | 0.9986 |0.997564 0.999636
& AEARE 1 10.000| 0.9985 |0.997741 | 0.999259
5. Agape. | 5,000 0.4958 |0.481941 | 0.509659
& B271714 10,000 0.4955 |0.485700 | 0.505300

ot I3y UHA] Z70A= NFFY gE°] Iyt
ujgtoln] E3] UH= NFF d& &Eo] 30%d=2 uj
F ®oug NFF7} ofd 7hs/do] At webA 49
2A& AQSE YAl = NFF 2430 3A 17 J2
QIAlo]tiTable 8).

Ao g Aol A& HdS /fAstaat 24
9] threshold 0.4896< A4 & 2A613t). Table
9. A¥ 7]& threshold 0.5¢} H|slYS W, AUCE
AR, AgtEs ohh E0E9iHh AR =
A e 7|E HYo] 27 © U 4= o Ak,

-z] o]
L5 Sy B ELY

Table 9. Comparison of performance metrics for
Bayesian network models of SPB

A E Threshold 0.5 |Threshold 0.4896
Confusion | TN=66 | FP=41 | TN=38 | FP=69
matrix FN=11 | TP=8 | FN=1 | TP=18
AUC 0.6316 0.6264
Accuracy 0.587 0.444
Precision 0.151 0.207
Recall 0.421 0.947
F1 score 0.222 0.339
Balanced 0.565 0.656
accuracy
Log loss 0.699 0.689

AHE, Fl1 score, balanced accuracy= E5F 4
=St 5] A@Eo] thE: A55te] NFF oZof of
F 2 452 veha St T3 2O 42 T)E
Hr} thas £o0lE0] A& 4E|=7 2 WA=
& 4= QItHTable 9).
A HA A} 2
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NFF dl& 2d& %%: 7]'6‘2 5 Qiok. 1=y
< NFFE QHsk= Aol worng Q4H(false
alarm) 9ol & AA ¥/l U Pt E3F SPBY
NFF H|go] %2 HOo = o|= FHA9 E432 =
ggirt J8jn Aol 2 NFF 9% SE
99.9%°] vl 21 £Ao] 69%US 51340]'“1 OHd
g2 =9 453 & 7ol —:’-‘:]'
= ShEo AEert 4 gty 94
Al o BEE AR 8570l
=

ool
1'

=

2.4 3 oA

Weibull 47} Bayesian network £4& £}
M TCAS computer= F &4 Z5o|A NFF 74
o] &7 Uelgth EIVMUE Weibull ©% EA0)|A
NFF 7Fs7/do] @A AFE=92l}, Bayesian
networkollAl £ &27] 73}t AF&AI7F 270] 7
St A9EE BT threshold 24 & 45°] 7/RA=

"0 ‘l“
| NFF 7hs7d°] &2 Wde= sid=ct. & SPB

1
g

£ Weibull EAoA ufruz EXo] E&s|,
Bayesian networko|A= EdA BP0 2 Q3 Q
g AFol =of AA| 1 7tsAdo] w2 RECE W

SEHcKTable 10).

2 A7Y 7 & AAR2 NFF 2418 < AH|
Aol A FEORE ofESHA] i, K& ARBAIRE
I 2 o] 7Nt A ARE IS -
2 HYck= Folth Weibull 42 A7t 7]8F 14
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719, A, BHEEAE o el 22 24 23]
Fe AT 5 ol F HEDS AT HgF o,

gt HElo] /g5 Hlol &9t ELEH/\ =3 9l
7ot SPB ARHIAE NFF rate?} W2 REEoAE
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Table 10. Integrated decision result

. Weibull Bayesian Final
- result network result | decision
NFF .
TCAS | probability Rﬁ;;lnl.ilﬁh’ NFF likely
high ey
Initial Improved after anFoxlli‘lzslry,
EIVMU failure threshold rep;ir
pattern tuning quality
Class
Aging . Actual
SPB failure imbalance and failure
false alarm .
pattern rick likely

AuApt HE wkE 95k= human-in-the-loop
]

E Qs NFF #4S gulate] Aol ozstd
71 WPl Holut Hlole Fle olaad AAE
AXstks ol Awd oulg st =3,
SOS 7, MRO AR oJ=), oulE £BAY %3
THolH 94 HE AE 28" % ok

n. &2 2

—

2 d+= 371 LIRU &9 NFF @42 oS3}
7] ol Weibull &2 7|91 A& 243} Ho]x|et v
EQA BdlS A%t HES AXSIelth K54
o] A4 ] "lo|EE 7|¥keE TCAS Computer,
EIVMU, SPB 371 F&& &4t 23, TCAS
computer®} EIVMU+ NFF 7Fs4do] &3, SPB+=
AA 3L 75730l =22 ASsielen ol 4AA
NFF Bl&3t B3ttt

Weibull 292 34 H4E ol 28 g 4
THOo R SfAdskal NFF Z3HdE Bk o 8344
o|girt. HoJXt VIEQH BE2 thg 2R SE
& NFF 24 02 AlRdos BAT 4 glom,
threshold HH3E Bl AEE 4 445 7H4o]
7¥soitt. & 2EE gt Hybrid W
Al 24 o] o 22l NFF 9&0| 7Fssitt

2 At 2EgS AR H85tH SOS A i #
o Eagh v 9] E BE FEEZ ARl B
T 4 o &= AEst WdEoHE 'NFF 91E AE
7|5k} st AARlo R g-golo] XF k2 HH|At
7} 43951= hybrid human-Al A|A#lo] Z3ls}tt.

4

o

S
L.'\L‘%

rlo

FF Aol QAR & AHAIKE AlA HolH,
MTBUR/MTBF A2 A &g 7} W42 &8sl
random forest, gradient boosting, DNN & Al
2d 71§ 2 Bof 2] Uutst 582 &
A algoltt.
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