66 olg g,

rN
oX
et

Vol. 34, No. 1, Mar. 2026

o e . https://doi.org/10.12985/ksaa.2026.34.1.066
Orlglnal ArthIe ISSN 1225-9705(print) ISSN 2466-1791(online)

HAlEY 714 271 Ak 714 -é:—% Az ‘E°ﬂ 9= A= 8 24

o1

FUR

&

y

ox

gl

Analysis of Factors affecting Aircraft Damage Severity in Aircraft
Accidents based on Machine Learning

Jeoungyeoul Lee’, Jeonghwan Jeon™

ABSTRACT

This study examines aircraft damage severity by framing it as a machine learning-based
multiclass classification problem. Using NTSB accident records, we constructed a multidimen-
sional dataset that integrates aircraft, pilot, airport, and meteorological information. XGBoost
was applied under class-imbalanced conditions, with recall as the primary performance metric
and SHAP analysis used to enhance model interpretability. The results indicate that aircraft
damage severity is driven by multiple interacting factors, particularly spatial airport-related
variables. Among these factors, airport elevation and spatial proximity measures were more in-
fluential than traditional predictors such as aircraft age or general weather conditions. These
findings underscore the need for a shift toward proactive aviation safety management based on
aircraft damage-oriented risk assessment.

Key Words : Aircraft Damage Severity(337] €4 AZt%), Machine Learning(MAlZ9),
XGBoost(AARREAE) SHAPAFZ £4), Aviation Safety(ﬁog' 9FA), NTSB(E7H- 5991 3))
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A ZY = (aircraft damage severity) GA] TFFAR] 2
HAR HAA &A% 2% Sl O 1Hd HlE 5
o ojojd &= glow, g AAH ARt FTHE
IS wxcKSilagyi and Liu, 2023; Rosadi et
al., 2024). SHATE =t jollA] 714 &4 AdegE H=F
Aoz FEARL A= Atidos AgH ol

BT 7\A| 42 AR gAY 7 o, 3T H
=+ 27, 714 B85 B4, A8l olg, 71 80 5 o
st 9919] A28 oo ZAYHrHRosadi et al.,
2024). o3t B4 A= ABA BA B4 7]
Hto 2= 3ES| d9sh] ofgth A2 T3 A
EololA= tiitE Al HlolEE g&-ste] AP A
TAS} W 7 ASAEE BatHoR HASE 4= gl
= HAlEd 7Y g8o] =1 gicKSilagyi
and Liu, 2023; Rosadi et al., 2024; Yoon, 2025).
Al Y2 AL Y 7he g RNt ofyz) Al Axe]
AAEE d&sle Hoe ades Agd 5 5le
o, dlolg 7|9t oA kA AARY M
713 $ttHRosadi et al., 2024).

o=t 7SR Y s](National Transportation
Safety Board, ©I5} NTSB)9A= @571 Atalet &A
o] gk AAHe|1L A= =2 HlolEE Alssial
Uor, ol= FF A AN 7 9y EEE=
5 dlolg F sfuoltiKim et al., 2019). NTSB
oJejoll= At WA A, 7|H| B, 2FA K, 71
z27, 3% 4 T Ao} I HdRt "ot 23
Eof o], 571 Alae] dlT AxkE v os
E451= 9 AgslthSilagyi and Liu, 2023). ©]&t
Hlolel= HAlEd 7I8F B4S S5l 71& delA &
Eo] 2ER] Ed At A3e] 122 EAS 19
& 5 Sle AAES Adok

olof & A= NTSB &34t HlojElE 285}
F37] AL Al 7IA] 4 A= RS A 3
8 891 HAlgd 7Htes EAst: AS 54
StGitt ol {8l BlAEA WAL dlolH £+ &
Aol 78& Ad XGBoost(eXtreme Gradient Boo-
sting) ¥1&S A83ka, SHAP(shapley add-
itive explanations) ¥4& 53| d& Ao digt 3
A 7RsAS 3R EIIA}F SHITHGwon et al., 2025).
2 A= 98 Aol 55 sAHY 7S A7 et
o 7|4 &4 A4EE A} ¥l AHsto] 3
Far 249] H91E Soto] g ekduE] S 9

ot oot

:

4
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T AFH 2AY 71EARES AN S,

Il. 012X H{iZE

FFAIE B 210 oJsf WA ks 1F
, 3 891, 7144 8%, 118al RAAIA” @
AS2ER AR Yeh= B9 ARdoltt
(Hong, 2002). A ot o0& 9 12 23 ¢
< Q1A 82l 71 A3t H 3 d2 & 59 oF
z27, F3719 H5 Asket Au 4= 5 7144 &
Ql, 283l TA| AA & ke Axe] Ao 22
T22 QRlo] Ejtdo=w zZhgsio] AR olojR|=
7%7F WtHHong, 2005). ol2|gt B0 <lsf &
TAL= A o fE oz, Al o]% Yeh= 4
T} gA] Ao Hystr] oot

AeAQ FF Fd AolAls Alre 2aE 2
A wsf #2E FH2= F7I8) feK(Yoon, 2025).
A Aol 552 AL AR waga) Qb S
APHor HolFs Ax=E &g5o] gow, 33 <t
A A A AN E S83 wdt 7|Eo = A
of ItHKwon and Lee, 2023). 134 F5ARLS]
A= Y mofof] =3tEA] o, 7|H| &4 a2
HA| AbaLe] AZ3E 7ok HH 84 F sholtt
(Park et al., 2025).

FF71] 7IA 442 AR o]F FFA] 9 eHY
A, ARE B 3 Y 584, ¥ e S8 5
of A714%1 FTFE vZtkBae et al., 2016). =gt
SAL2 @71 QMR B & QA S &4
ojuf 714 H&o] AL TV 2 T A 4,
Y vl& 371 5= olojd 4= SltkBae et al.,
2016). wEkA] F37] AHae] A8 FFH o= Ut
517] QA QI sl 5 24T A 7IA &4
AZteo] gk AgA E4o] Had Tart Sk

>~

2.2 7|H| &4 MU

1A &4 Ades 571 AL A Al 71A7E o
2 594 £449) =g Qnlsp, dekgog Hgu] &
AHminor), ¥ £A(substantial), A<(destroyed)
o] HFg FEEHAmaral et al., 2023). °]&st &
AR A A FE AT, T R B &=
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9 I, AW B Aol 453, 71 21 5
it 2919] FFE TETHXu et al., 2024).

71A £ AdEE A9 S743Q AR ofy
g, &5 AARY JESEAYE Prieke AEEE &
25 4= QItKLi et al., 2024). FARSE AlaL ARSollA]
T 7IA £ S0l WA UEue A%, ol 7IA
AR, £ dak 37 4 BT 9 Y A
/e FHY I AARIHXiong et al.,
2024). ¥ QI Hsfi7t glelzte 714 &4do] 4l
7Rt Al B FAF AR B Al A Y S
2 7FsAS WESHLI et al., 2024).

ol FRAoE Etolal 7|&E 3 At
Mz 714 &4 A4 s 32 A9 A4 43 &
= 223 JE2 FHFEo] gtkBae et al., 2016).
YR AqolA= 2E Ay &= og AlLE
Ao=R 7|A| &4 oRE olXl HsE BASHAY, &

A AL §3o] egstel 4 $E8 Hlasks o A

k= 9] $HAI7F iciFarhadpour et al., 2024).
AtaLe] An A EE SR E£75hs EAlAE
AFHQ A BP9 dl&Yo] ARMHoE Uehh=
A7t WeHTu et al., 2025).

ol it Al € 23 HlolelE 283
Al 718k BAo] 5 b A9 A= tite
2 grkEAt(Yoon, 2025). WAlEY 72 HE: 7H
B3 Ao} HAEE AAE aEoR o5
o & qlor, o] A HSE SAlo] 1Ed dF
o] 7Fsoltt. Random forest, gradient boosting,
XGBoost & F4E 715 eSS TFAL A=,
A 8% F8E BA, ol AT #A] 5 OIS &

¢

ofoflA &L= JrHYoon, 2025).
£3] XGBoost= A Aof, Ao gt A
A AY wHAYE, Holg E43 s SolA A=
AU, F37] Aot ol ¥ wwrl Y SHA
B2t B molEo At daEEes Ut
)2 9JcKHBenfaress et al., 2025). Bl&E0] SHAP2}
r2 A9 7hse /IS Al 7IHe 28T B v
A HAL=E dof 7 HE9] 7|o=g FFEHL
N4 o= qlo] A AEA &8 7Ms4E =Y
QlthBenfaress et al., 2025).
AT FFAILY A ATt Q1 Adsf A
teo] 3= H|A= 890 FHoE Tttt #42
35l $tHTable 1). 9] AtellA 371 4
SR, AU oY, 714 21, 2FAFEA Bol At
I 9 9 Q1Y Hof £ WHo] U2 HAISHR
o} JEu olgst A2 2 QY moiE 2 H
%

> bk m
2 ol,
= o2

N

»

HalHd 7 55 2 A v=y Ve A
&2t Bt RES AR APATolAE *9 F
d&E FAF oMIES Fefelal, w=do] Haoh
A& Aste s 7 Z=ALE AIRISHATKShin

and Jo, 2021). 3 A= Al 7HA AluE] . A
ogste] ol BA 2 R 2U9| FsS AN
ot 1 A¥ g9xEg T L73E Ado OE ts
Az &S 23S gRIsiyl o, B2 HolHE A
o 2H 30% olde e Fd= HIsISlt

o] REFURE PAEE T HAIEY
2yl JHYJE EA® ERY] (gradient boo-
sting classifier, ©5} GBC)2} WE EHAE(ran-
dom forest, °|5} RF)S A&df &57] Akl o€
ofxe] I el 55 AL 8171 71| AHIAE
noket Agaoas & Zdo Fdw IS
(recall), Fl-score 59 A% AHEES HSSITH
(Yoon, 2025). GBCE= 4 ¥A = I 34 9
o] E4t% HolEQl &5 At HoJEloA] =2 &
F A% H1s19tHYoon, 2025),

T 45 dvolMe F5E AAd B AL /3
< deE 714 &4 £7E AlEskl A2 Si et
al., 2024), &4 HY7T AHHoIAY &Y 821 F4
9] ol HFEE+x A7t BrHRosadi et al,
2024). E3F 7IA| &4 AAEE SEHSE AA5H
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Table 1. Summary of previous studies

APA+ A e A
Yoon . .
(2025) Injury severity GBC, RF
Shin & Jo | System performance ersfz;srzir;nce
(2021) improvement model performar
optimization
Random
Liu et al. |Dynamic determinants parameter

(2025) of aviation accidents | bivariate probit
approach

Prediction of severity

Silagyi & of aircraft landing

Liu (2023)

Support vector
machine model

accidents
. Prediction of .
Rosadi et al. lassification of Analy§1s of
(2024) algorithms

aircraft damage

g, ¥4 2= ot s ThedS

SHA] 3t A4k —*—XHOPﬂ(Sﬂagyl and Liu, 2023).
olof B 7= AFx %2 NTSB 5&%’—1\}57_ glo]

HE &&olo], 71&9 Q1Y o S4 £4

S AI=E

oA 714
IR O 24 #63@2@&1 7]

A9] SIS Hekstal B4 HelE ok |
Zjo] It

I rPN

. A7 24

2 A7) AA B4 dals As Y 9 AA-E, |
9, HAlgy 75k & 1Yy dA, 28 5 B
B 38T 9] A2 A KFig. 1). WA &
AL glo]g 9] Al dat 28 7S TEsto] 4lE
T =2 3% Hol"HE sk, 24 5o Fidoh|
U= WS AASH, ZEAE Tt I HEE T
A5tk Yoon, 2025). °1% 337] 714 &4 A=
TSR AAgolal, Al A GA9] 71A 2S5 AE

A5 T H,E EgEEeE 5 tHRosadi
et al., 2024). HAlEd 2P 2= XGBoost, GBC,
RF €1E&E 45 vlnE B9l 34 n¥E AHI3
o &5 A& AT sy JHsAdS gHS] {8

S Z8oto] 7+ ¥i9] 7|ojeE HgHoR
S|4t cHBenfaress et al., 2025).

Q.

Problem Identification & Research Objectives

v

Theoretical Background & Literature Review
(Aircraft Damage Severity & Aviation Safety)

v

Data Collection
(NTSB Aircraft Accident Database)

v

Data Integration & Preprocessing
(Table Merging, Missing Value Removal)

v

Variable Definition
(Dependent: Aircraft Damage Severity
Independent: Aircraft, Pilot, Environment, Airport)

v

Machine Learning Model Design
(XGBoost-based Multiclass Classification)

v

Model Training & Hyperparameter Tuning
(Cross-validation & Class Imbalance Adjustment)

v

Model Performance Evaluation
(Accuracy, Precision, Recall, F1-score)

v

Explainability Analysis
(SHAP-based Feature Importance)

v

Discussion & Safety Management Implications
(Aviation Operations & Risk Mitigation)

v

Conclusion, Policy Implications,
and Future Research

Fig. 1. Research process flowchart

3.2 Atz 4

T7] ALY AlE AAR R BAD 4 Qe
tlolEl= AtiA g ARttt ol2fgt Aok &

Tt & AolAs AR 857 %2 NTSB
o] 7] AL HlolHE B 75 E P57 AL 8
Ql EAJol &gsteltt. & AolA &85t NTSB
olHE 20084 1€YE 20259 129714 57| A
(accident, °]3} ACC) ¥ &AM(incident, °J5}
INC)2} #Eshe] Aa QQlo] & 4= 9= Tl M
o Al 445 :ekstal itk NTSBOA Algsk=
avall. mdb oL 20719] ElolEE /=, o] 7}
2t 571 Aarel o] 12 Z o' HrkE= 370
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9] glo]&Ql events, flight crew, aircraftE g5}
of shte] B3t HlolH = Aelsto] EASIATHKIm et
al., 2019).

AAY A & tlolelols & 36,742719] T35V
At 7150] QAU o] HolEA] ev_typeoll= Akl
o 3Fs= ACC7} 34,25674(93.2%), Ak g
Sk INC7F 2,48671(6.8%) EFE0] Qo SARL
(INO)= 714 &430] Aulgt 9=, thiF &4 A7
T EF 239 sk 9 B7F oA EA B 9H
T2 2T 7FsAo] AtHPaek et al., 2022). ©]9f
£ dAFolils SARE AlYsta [A A 93.2%
£ AAJsk= AFL(ACC) 34,2567 2E £4& 9t
712 HoleAle R A7t

3.3 B Hol & HX=

2 %= NTSB Hlo[elollA] 714 &4 5 FHel
damage W55 7|5te 2 Au] &HMINR), S <&
J(SUBS), HEDEST) 37H4] 559 714 &4 A2
TE TEUFE Aol tHRosadi et al., 2024).

HA] g AL S QIR A ev_idE VIS
OF events, flight_crew, alrcraft— okt &
o e BF 191719 ¥gE ZIlRith o] HE
7ReHlolls ARttt 255 xolske HpEo] &4
gt 2 H]go] 50%E A= A9, BE o
o|27} FA35] F7Is FEtt Biks sk Ae &
F= fge sksst ¢do] At Ahmad et al.,
2024). £ AFoME AEFho] 50% oVdel HEE

AAsHAT. 11 A3 He= 128712 ZAE A

Th0 =& 7|4 &4 A2k dl&ate] #Ri/do] WA
E Tij\_]'O] A9 glo] It S I 74
o] & HE AASIAY. ev_tmzndt wx_obs_tmzn
2 UTC7]- 100%, acft missing= N7} 99.9%,
site_seeing= N7} 98.6%, certs_held= Y7} 100%,
air_medical2 N7} 99.1%, commercial_space_
flight= F7} 100%, unmanned®= F7} 99.8%°]3itt.
ES g ARz FEZ SIRE AR ev.id,
ntsb_no, aircraft_key, ev_type2 IZ7] A1 dl&
T} Aol glom=z A Qetth  ev_citye FHE
(dec_latitude/dec_longitude)2} ev state7]- qlol g
A 7FsstEE AASIE 117709 ¥47 29

FE odA, B @A, 714 24, 7]7‘] :rL oL
Fg7] 7181 2ol 7|A &4 ko] FHA o

10O w1l B S

rp

ﬂ

FE URE RIEE FHOE RS &
ev_date, ev_dow, 23} ?15-5H (med_certf), oI5}
1% faA(med_crtf vidty), $FL 4 &=

(crew_inj_level), 4 YA|(seat_occ_pic), home-

Falolo.

£

built, light_condition, sky_cond, acft_category,

crew_tox_perf & ZFZQl o7} A2/} S oz

TeE= A7 B 15 9H] SHAP 245 S50

AA| 71947} 0ol ZHHA Yeuhs A& gRIg &
A AT

83 337 AHelA 1A &4 e Q1
s H5I% =2 4 7heAdol EAE ey
A= St AE "ol Al 24 o
st dutdo=w At WSt 1 340
E 7147 SAE T 1Y gofizt EAgsHA ek
Y Hdll= 7|A| &4 oA A Al
ARl F97F Yt QI el 55 HeE Y

oFt A%, 23t TE-TH A W q
917} Z(causal inversion) EA7} & >

2 A7 71A 4 AA = 9 PR
7142 891 sk, AL o 9
‘%‘] _9_?_]_ _,_./_\jlo] E;Go]___i O]Eﬂ /U—H —‘o;- 1?}_
_101]/&1 ALl

Do B EXJoa MAA3) 7] Al FA]
9 7]x] g AZToll A UNK(unknown)2 4 4=
£o] AoEA] g2 HFE, e ER9 HolE &
NS Qulslug BARgo] By EAow ke
szl st WEA| A AASIAS. AE5H
< AAS & HF: 7,914719] Hlolg 7|E£C=E da-
mage9] Hl% £4] 7&4 SUBS(TEH £471 6,857
86.7%)°& 7M} =& HlES AAsi3on, gl
2 DEST(H<) 9745(12.3%), MINR(EY] &74) 83
7(1.0%) 2= eyttt mabs] £ Atolxd= 714
&4 AT E 53 el damageE A% 239
=X BAJo=E HA5IH. damaged] A4 EEE=
Fig. 20 AASI3ACE.

o] oSS ARl BA 71A] &4
= /\]'—r‘ 7é5’3r°ﬂ OH“'POF— "ol sigsh= 714 A,
ALfstgiet. thael 27709 WeE
2% 24 E‘*;TE gstoint. 71Al/ 6 acft_year,

afm_hrs,

o
=

o

Ql

=

I JIN
f

oZ

T

i3
o

it

Mo
(B
:_{),

w
A
o

f
o= J
i

ot Lo KU o

2 Ho %9

S

]_

)
w
i

[‘E‘
a

} AlzZtzole

afm_hrs_since, cert_max_gr wt, elt_
install, far_part, fixed_retractable, ifr_equipped_

cert, num_eng, total seats®] 107]9] W45 ARES}H
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Fig. 2. Distribution of aircraft damage severity
(N, %)

At A/

dec_latitude, dec_longitude, gust_ind, gust_kts,

altimeter, apt_dist, apt_elev,

vis_sm, wind_dir_deg, wind_vel_kts, wind_cond_
basic, wx_dew_pt, wx_temp2] 137]9] M-S AR
Iy 2FAF WAL crew_age, second_pilot?] 2
7M9] ¥4=E, T8l 7]E} ev_year, ev_month, 2] 27}

s A8siglt

3.4 HAlzE 2H M
714 &4 AdEs s EF EA4lold, S84
Z} Exrt E4383t 54 7HItHFarhadpour et

., 2024). o|#gt Hlolg B4 arefste] & o
1}— HIAE A ARt ¥4 7F ASAES aapdos
855 4= Qe XGBoost E8|EE d& EFo=R
A9 Yu and Yang, 2025).

NTSB Eﬂo]ﬂe eoO]'Cq 7%% P AR EAHS

AAG 5, 7
AAstar 277H4 L] ‘ﬂ% ?J‘_"'ﬁﬂ E4o= dlo
371 At A 71A &4 AT 58 dSshke ¥
2y 2y 550t QA 7,914719] Holeg &
& HlolE(70%)2F BIAE H|oE(30%)= w3Fstal, 1
A HE2 =9 HolH ol FHSUHTu et
al., 2025).

13 gy oM nAt A5 59l 8 5t
b E FASIATHYu and Yang, 2025). EE
= A 1,000707H] S5 AlEstelon, 27] &

F(early stopping)E A-83to] 4 W $5 A
o= MY¥sltiYu and Yang, 2025). Eﬂ Zlo
(max_depth)= #&ghe FAIHEARE et ¥4l
FAS FHsH] Y 4~10 H*HOHH A5}l o,
WAAS A} Ef ZHol= 608 AAsIH fI
=9 A& 7F$A] Fmin_child_weight)> 712121
12 d7Ast9tHBenfaress et al., 2025). E3F Sh5
E nE HIRNTIH A9 g BMste] 85191,
A 7HSA 24 7S A8sto] A SEA9
Sk H|ES RAYSFtHFarhadpour et al., 2024).

23 A% B71= accuracy, precision, recall,
Fl-score 59 XEE &8st F=Fsluct. 3] ot
HE B A9 E4L 1Este] o Agrant
oflz} A A0 gt S H5Z TEHCE
Brrstaint. olE 279 siAZ 9o SHAP V4=
Agsto] 7+ A W7} °c}“‘7] &4 AT 9=
Zlofok= AEE JFH o2 AEsItHBenfaress et
al., 2025).

2 d7e HAlEd 2d A Qs EF 7RE &
AFE 299l random forest(RF)2} gradient boosting
classifier(GBC), XGBoostg 54 X704 F5& 4
TR o=w Prlsto], o] ndl3 HAAsIeith

=

i

=

N
Joh
HT
Ha
U

%
olr
o
El

Nl
M
O
z]
ogt
rx

o

2 AT VA 4 AdEE il 2R AR A
Asla, Ed] 7|8 JAE 2H9l random forest(RF),
gradient boosting classifier(GBC), XGBoost%] &
A5 5L 2HANA vl Rosadi et al., 2024).
HE HEL 5YUet e5/35 HlolE E3H70%/30%)7
Y 2770 A WSE ARgSieleH, oiRlFEEA
E4d EAE 1E5ke] s Bt

2y Hw Zik= Table 20 AAE HIRF Zth
Accuracy= XGBoost(0.8959)7F 7 &3k9™, preci-
sion(0.7149), recall(0.6990), Fl-score(0.7009) FA|
Al 2dl F 71 S50 LRt B3] 2 ¢dolA] el
o7t AHEZ A AdE(recall) oA XGBoost7F
RF(0.5995) ¥ GBC(0.6456) tH] 5513t 3 HIck

ol T T 22 1Y FHolA Fa3dt F
b &4 ARIE SAA G ¥A 58 SHA
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Table 2. Performance comparison of XGBoost,
random forest, and GBC models

Metric RF GBC XGBoost
Accuracy 0.8839 | 0.8863 0.8959
F1 0.6885 | 0.7002 0.7009
Precision 0.6404 | 0.6765 0.7149
Recall 0.5995 | 0.6456 0.6990

XGBoost7} AtjAo g AAJLS ou|sict, wb
RF9} GBCE ¥H SEiAolA EHpZQl oS 4
Ko, &5 A A 4BolA TAE Ueirt
A0 Z XGBoost= AA s AR +34
4 QEE& 4 B 78S Sl 56k JE &
42 gdEle} olo] wet o]%9] shEEMn) X4,
PR/ROC #4], &53E 4 SHAP 7|4t ¥ S8 %
EHL BT XGBoost HS FA0F SY5lict.

E%rﬂ

4.2 Mg 7|dt StEE(n) M 21

S5 Hglo| T2 F8 e (accuracy), ZEE(pre-
cision), A&&{recall), F1-score?] AS A5 Fig. 3
of ARt 7IAl &4 4= 539 ‘MINR,
‘SUBS’, DEST o tisixle= Sli4 2F 32 429 E+
P2 1ot AU, AL, Fl-scoresd 715 B
(weighted average) WAlC& AMESITHFarhad-
pour et al., 2024). £ A= AL Ho[gl9] &%
AAA EAS 1ol Hlolg ExE Ql9|des ¥

Performance metrics across eta values
Highest Recall_macro at eta = 0.05 (0.700)

_____________ s R e e 4

o
®
3

Performance

o
5
a

0.06 0.08 0.10
Learning rate (eta)

< Recall_macro <+ Accuracy “® Precision_macro - F1_macro

Fig. 3. XGBoost performance metrics by
learning rate (accuracy, F1, precision, recall)

7= 4 7IHET: A AT sl 7ksAd
< A% vl WiZH(cost-sensitive) FHS st
FKTu et al., 2025). ¥4 23}, A= dolg &
T JFOE S5E WSl e {3 HeZ H
oJx] kTt

L28H(false positive)> AAZ FHSE 7[A] £4Jo]
SR SkZol= olF 19E A= Rk 4
$2, F7HHQl Moy 48] Axpt 8o 9
v]go] &715F 4~ ITHKim and Choi, 2025). 1
1 ol2gk Hl8-2 oA 229 shu=E ARH] e
BA 7153t 9] Hl8ol gttt v, wgk(false
negative)q> AAZ FHH 7|A| &4o] EAetol|=
o|F AEsHA| Xoke Ae=, A8l 2 % JAEH
9] XS Zsto] Al A YA FHAZE & A
tHKwon and Lee, 2023). o]&st v]-& £Z9] H|
A= 18T o, £ AFolxe F3ALe} Zol ¢
Y UIHETl =2 Bope] EAZ s, o 4
BfET wEgE £ol= Aol § Fasital wdste
HAE(recal)Z F8 &3} 7|20 &2 AHSHAUHNTu
et al., 2025). &, S 71A &4 AHIE 4= A%
] @ 27 oJarargo] A Ax, Atx A HRE
A3 & AL FES] o|FofAA FE ThsAol
urt. mEhA 29 ARIE S 23slke 520
g grio] 4 7]&o] "t

oo W} g5E nofl I 4% HluoAls AEE
I} Fl-scores F4°Z X #E 7F A% A (trade-
of)E B7IstoH, AAGL w3l e 57 4459
s HRHowm HFSH] sl PR curve}
ROC curve® &7 AAISIATHTu et al., 2025). 1
ax}, 7|A &4 AAE I AEE sk AEE
< S5E n=0.05904 7F% & = ESith ot 2
AqtollA =5 tsE A4S 574 dolEAlolA A
A2 st AEFoz =& FFHgo] 7ulst
Aoz, et g 29 ol gt dutstE {8k
Ae F7HR1 9 3ol Zasith

4.3 Precision—Recall M 7[dt M5 Tyt

B2 Ao ZFAE average precision(AP)
one-vs-rest(OVR) A= 7Htoz Al&sloch
(Chen and Lin, 2020). Z+ &4 53 ¥4 29
(positive class)Z AH3sl, YHA] 5FL 27 24

S A(negative clas)Z B3t o] B BAZ ¥
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et 7, g A diE S FdES ARES
precision - recall(PR) 3412 AARIATH Psaltakis
et al., 2024).

PR J42 &7 AARES 0014 1714 &5 o=
HokA)7|H AFEE AdE{(recall)d} HE=(precision)
9] IAE YEPHTtHFarhadpour et al., 2024). AP=
PR Z4 offf WS HEsto] AE3t ghes HoH
o, EE SV O JUEo] Heks o= vt
GtcH(Psaltakis et al., 2024).

TAHORE, AP= tha 4l (DT 2ol Foj=rt.

AP=Y.(R,—R, )P, 1)
A7 Rz AR AGRIAY AEE, Po o
A QoA HUEE ufltt. &, AP= AEE 5
71&0 2 St APy ZHE(step-wise integration)
ol AArEH, o= PR F49] HA| FEE st
JEZ Q9FtHDavis and Goadrich, 2006).

AP+ EYA EH3 AFolME A< 4H5 H
w7t 7hsE AEE, 55 19 -4 A9 wE
35S Yreke 9 A3t Gaudreault and Bran-
co, 2024). =Y ROC - AUCSF €3], AP= ¢4
S0 gt A& e AotE AHF o= vkdst
ng 357 714 &4 el o] kY 8%
A B AN Ad 87 A= grHEd
(Psaltakis et al., 2024).

Fig. 4°f vehd vfel 7o, =A™ precision -
recall(PR) 349 B+ FLZ(AP)E H|ugh A3t
SUBS 652 AP=0.959% % 245t PR A= H
o] tje 53k £7 A= UEHHh ol= HfEr
F AAGL AgtolA gzl f@gol Al =
FEOE FAEHE 9ulshH, 2do] SUBS 559
A 'S FgHolx PESHA SREolEE AIAK
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= An &4 AlEldl dis) 9 9] wage gH
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712319tk DEST 589 PR F4L AdLo] =7}
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ol= sig EiA7t HlolE WollA Ao 3)4adt
H ofug}, SUBS ¥ MINR 533 &4 I1lA 5
HEls A7 Eol &7 dol=rt 7FY =2 Hd
= AARRITE.

ojlgfgt A= 57 VA &4 A= £t £
Aoz okd | FY(high-risk domain)oll
= ZAYE Hojsw, 53] DEST S=5elA4
AP 198 ARLE HES] sk o 23 A
o} EgHiAdo] AFAR] ARE Bl FRIEUHTu
et al., 2025). ol= 3% 1 &4 5500 sl H]
& 917} Sk5(cost-sensitive learning)e|ut YA &
A A TRAZ AARRITH
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ol

=2 M
T O

4.4 ROC Ziis &%
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oIr
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One-vs-Rest A4 A=&H ROC FHAld} AUC
(area under the curve) g+ 7|14 €A A= 2+ 5
ol tigk £57719] w 452 FFH s Wrlsiyltt
(Fig. 5). &4 23k, Al 24 25 AUCTH0.8 o2
2 YERKDEST=0.839, SUBS=0.835, MINR=0.810),
2 Hdo] 729) F57 #FAUC=0.5)& 323 35t
= gogt WEEE gHsk SleE 1T 4= At

S AHR L DESTS AUCY} 0.8392 7F¥ o},

BT &4 ol e &4 SN TESE M
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Fig. 4. PR curves and AP for aircraft damage

severity classes, highlighting lower separability
for the high-risk DEST class
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Fig. 5. Receiver operating characteristic (ROC)
curves for aircraft damage severity classes
(MINR, SUBS, DEST) under a one-vs-rest setting

(Powers, 2011). E5YEE S|EW(heatmap) FE
2 AAFgoZHN, A r(accuracy), FEE(preci-
sion), A&L(recall), F1-score?} &2 F2 A% A
BE THH O /S 4= qlon, MEEE ZulEA
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AtHPowers, 2011). 23t EF0= <ls] &5Fd
2 wilEY £ 239 s Adoles o 3k
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gk Bdo] A EF PFEHE FAHCRE HojErh
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Confusion Matrix (Test set)
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Fig. 6. Confusion matrix of the XGBoost model

R ol S &4 A7 Elold AdollA A
gHoz Fasid, 7t SHSUBSHE E4 &2t
SR ATo= s Zdo] DESTO| tfs] 242
Ql &S Pt USS AAET oldt dat=
ROC E-Aoj|4 DESTS] AUC7} A& o= &7 Let
ol Bt AA 5 AR slMe §
£ digh WREst ARk £ S-S AR
MINRCEH] £48) 559 4% AA MINR AHl 24
A % 127°] MINRZ A5 BEFHo] A&
50.0%= WeRdT UmA] 1273(50.0%)2 SUBSZ 2.
EREeH, ol Au] &4 A7 $1 &4t =
BA7F A AS AARICE ojet B7 wEe e
o] @2 QgkE FAol7] $Jall MINRO| sl AJh&e
2 Bl OX AR ok 9SS vt
Zelshd, 2 rde SUBS 520l tis] Ads] <t
A9 B 452 B3lom, MINR ¥ DEST 559
doire Q8 Hiskls WFoR d&o] SUBS
SHo= AiHoz AFTEHE AFS Bt ot
Ail= b4 AAIGH ROC EATE ATEA|, WS A
AFLE TN &4 4= 2+ B7 AV B
Aoz FAHS AR &, B B &4 47
T A¥kE wH55HA RS Es, S £/HSUBS)

o
2 712 Fo% o gAY BR 722 FA5L 9
o
=1

XGBoost 289} SHAP 8% B4 Zx} Table 3

Table 3. SHAP feature importance ranking (top 20)

Rank Variable Mean
(SHAP)

1 apt_dist 0.406
2 apt_elev 0.302
3 afm_hrs 0.279
4 cert_max_gr_wt 0.266
5 afm_hrs_since 0.247
6 wx_dew_pt 0.239
7 dec_latitude 0.233
8 ev_year 0.194
9 wind_vel_kts 0.181
10 wind_dir_deg 0.175
11 acft_year 0.157
12 dec_longitude 0.154
13 crew_age 0.151
14 altimeter 0.141
15 fixed_retractable.RETR 0.115
16 total_seats 0.097
17 WX_temp 0.092
18 ev_month 0.090
19 ifr_equipped_cert 0.077
20 gust_kts 0.073

T} Fig. 700 AXE HIeE 2ol 337] 714 &4 47
T 3 FHQE-AD), 71419 24524 B4
EFEFF ), 2 9 Y| oy, 181 YJLFAE
@A9] 714 27do] Bl o= ZhEol= S HA
th. TR SHAP 32 7+ $i47} 29| oS Axjo] 7]
gt Adid F8TE oulsiH, /I ¥ xtE
aE AFPH o ulsiA= G=th

4 A, 33 9 g e IEE 394
W7t 7P 22 855 HAlth 59| Al 44 A
A 7P} 7k 337HA19] A(apt_dist, Mean-
AbsSHAP=0.400)2} 3% 7189 st =olQl 33
F(apt_elev, MeanAbsSHAP=0.302)= A HS
% 7P& =2 719=E YElo], Afa WA A] B
9] S8 A4 20| 7|A &4 AA=E 2F
Sl 4 8Q1o® 28 7S AARRE o=
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Overall Feature Importance (Macro mean |[SHAP|)
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Fig. 7. Feature importance by SHAP
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