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Characterizing Operational-Mechanism Signatures of Hard Landings

using Autoencoder Reconstruction Errors

Joon Min Lee,

Daeyoung Choi™

ABSTRACT

Hard landings can damage aircraft structures and threaten operational safety. This study
proposes an explainable, mechanism-based approach that uses an unsupervised autoencoder,
trained only on normal landings, to characterize operational-mechanism signatures of hard
Each final-approach segment in the NASA
DASHlink dataset was represented by 20 features grouped into five mechanisms (H1-H5):
vertical acceleration was excluded from the inputs to avoid circular reasoning. In six of the
seven Hard cases, thrust-related features (H1) showed the largest reconstruction-error share,
with a mean of 51.9%. Touchdown N1 increased and flare duration decreased from the Normal
to Firm and Hard categories, and the combined high-N1/short-flare condition occurred in
85.7% of Hard versus 10.5% of Normal cases. These observations indicate that thrust-related
deviations were concentrated in hard landings but do not establish causation. Given only seven
Hard cases, the findings are exploratory, and the method may support post-flight review and

landings from reconstruction-error patterns.

evidence-based training (EBT).
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Anomaly Detection(®|4 B4)), Autoencoder(2E91FH), Evidence-Based Training
(&7 7I8t &9), Explainable Artificial Intelligence(3% 73t A5A%),

Flight Data Analysis(H]%

(hard landing)2 ®A] 7t9] & SZHO= 7|4 £
o &4 = "ﬂﬂiﬁ AbdolH 714 33t g
= a7s0] 97 1S ASHAIL NEE AL o

A A& FZA7IHJeon and Kim, 2024). whehbA
2H50] YAAS BAska I 7 EAES fst=
2 23 QFd 9] A4 IA| F shtolt
FEARZTZ T(flight operational quality
assurance, FOQA)°] EF=HA H|g 7= &8st
Bao] 7Ms3FI(FAA, 2004), Foll= 714
A7 EESHA olFA AL Slth
5 7 SHelA F71EQl =2
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7} "Q3ltKKong et al., 2022; Dang et al.,
2025). AA, 7|E A4t AR FRE WA o
£ @5l EF{(classification)o] 28-S W30l Yt
(Kong et al., 2022; Dang et al., 2025). 184 o]
£ A= 5(supervised learning) AIE 45}t
g o9 AH2E ARIZE 283, HRAES vl¢
EEA dofub= ARololA Exoll S&SE HolHE
FH517] oty 24, 71ASEE AEsiHes HE
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AAo g =EtHJeon and Kim, 2024).
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2.1 HIERIR Jlut ARE 2N U oS

71& d+= AH
Y= 7] AEE B4 30 Ytk Kong et
al.(2022) & 79} 5UTH NASA DASHlink AF&
£ AR&Sto] Ho|RF AEEE 71N S QHAAd
Bt BEdZ ARbeta HA) fA&EE 39 55K
t}. o] A+= AR FA=E AFHo= dEsi9 e
W, I AE % HAYUSE D9I= Edfiste] 245t
A& 23k} Dang et al.(2025)2 A& A 715
Z|(quick access recorder, QAR) A&EZE XGBoost
(Chen and Guestrin, 2016)2 X 25kl SHAP
(SHapley Additive exPlanations; Lundberg and
Lee, 2017)& #-&sto] ol H|P9] AU EASIA
t}. Jeon & Kim(2024)2 © FFARS] A320 7|15
STAE(CF 345 FAR)E WIoRE FAVEE 23t
OJHIES EANLA, R4, AR HESI

%o Bdols 2 AR, FoHE B ofuiA B
7 ARE Hze) W 2L BAROR Fa

ot Lee & Jeon(2026)2 ul=r BT (Na-
tional Transportation Safety Board, NTSB) ARz}
59 XGBoost?t SHAPE A-&sto] 714 &4 H4=
o] F3F 8RIZ AFHos Bt =N Y 7hegt
IFAso] B #oke] 8%l 24 fa%kE B

k.

2.2 LEQIAH 7|9t HI#A= O]y

gm

FX|

HIRE g5 7|t ol || A4 vl ETe 2
shgole] IR2REY ojgdg @A|ske Holth Das
et al.(2010)2 th5 Ad <50l 7|9t o5 Ad o]
AF "A(multiple kernel anomaly detection,
MKAD)E AlQtste] 2pd glo] HIgA=S] ol &
ABFAIL Li et al.(2015)2 w43} 71949 ClusterAD
£ 5ol B2F 27 H"olA Hojd HgS AEse]
th. ol RQEQIFE AZY HHo] E=YEHA
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Memarzadeh et al.(2020)2 $AF HE QEQIFA
H(convolutional variational auto-encoder)Z H]
PAEY o HAZ HReE HXsgloH
Memarzadeh et al.(2022)2 5 A9 v =R
o] &A% (semi-supervised) AW 7l A&sks B
42 Agsto] o SYA oS "ASISITH

A AET ATES AARL S Hag
29 ol XS o) Flofsioiet. Tt B4 of
A4S o3 WAUE B9l sk dole ol=A]

HE Ay, 2l oE2g9 Astoltt. Kong et
al.(2022)7 Dang et al.(2025)2 @hdlo] Fojg 7
2 BARY AZEY ol U 55HIAL Jeon
& Kim(2024)9] A4 " JA A= 55l #
ojg oHE kS AARI}. ol HE TFHL
2 EF ZEE Ao U3k hEg 8%t B 2
e B FAERe R Shgole HX T RERIAY
£ AM8sto] olEgl 2hdl g S Asleith &4, o]
A "zl 28 WAUS Y E4olttk Jeon &
Kim(2024)2 F25 & 9218 78 ¥4 304
AAISFHIL Das et al.(2010), Li et al.(2015),
Memarzadeh et al.(2020, 2022)9] H|A|&= oJA; &
Ae A A= 7Rk GX9F A1 7hs/dE At
Fov FRH oS 2 HAUFCE Edfloh= |
o= 0|24 Kol 2 At FF9] FF Y
e ol 7 % WIAYUEHI - H5)ol ti8sk=
B4 F2E AAs ELA7t oj- HHYZA
A Ye=AE BAeEN Y &5 dhe=s
FEY o) HAE 2 HHA AR

B Ao Ak B4 e A5 Hzwe]
BOI3.1), B4 ARG.2), B $2(.3), 2ETH
29G4, AUZE BAR B4 HE(3.5)9) 44

3.1 BARL EHQ H

A5 NAES FPSe FAHOE TN U 7]

2 A5k d=tt 387 A 715E AE
ALt AE4A] HF e vtgste] AAEl BF
S(hard landing) ¥4 7|&S F37] Y] wiFd
(aircraft maintenance manual, AMM)°| 735kl
uom o] 7|&2 AEALRE 715wt Aolsitt. o
S°] Boeing W AEFF olstollA S5
FA7KEE Jdgho] 1.7 - 1.8 GE 2Y5k= 3%
AAE ARZ AAG & Ad7e 59 A4k

HA Al FA7EE(vertical  acceleration,
VRTG)Y] FHgeE A3t} VRTGE 25 $49
71 AA wtgsks A#=, PR 4 2 &%
PR HopollA AHE WP F8 AH=E ARHEHC
(Jeon and Kim, 2024). ¥ d7oA= E4S o
VRTG AAEZS 7|&°2 1.20 G U¥& normal,
1.50 G o4 1.70 G "k firm, 1.70 G o1 2.10
G °|sk= Hard W& FE513Hh °o] £7<= 71852
EAT 4= Qe A A=) 8% 2234 Hojo| £
A ARAL B= 7159 FA1AQ1 AH] B 718 Qr]
SIA] gkt oet £4] Aol & B4 i B
= ZZ firm¥} hard2 2510 71&3H}

2 s olEE AR AAE ERE o E
(anomaly detection) EAZ FAsjsict &, H4
25 HolHERE F4 ExE 5% 29 firm
9 hard 25 HlolElE dEste] B4 25 Hdos
RE 3A olgd EAL &F HAUES itk
g A7 ZAE ARt o #Iste] 1.20 G HIRt
9] A4 AEFIo 2 7| £EE o505kl 1.20 - 1.50
G 74k normal#t firm®| BA7 =28 &35
ZHbuffer zone) Q& 7H7dto] Shgat EA] ol
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3.2 DASHIink HO|H & HZ 74

2 A= "= FF9F=(NASAOl  FARE
DASHlink H&7]%5 Z=E ARSIITHNASA, 2012).
g Ame 48 ARS 28 258 33719 44 J
= 7183 A (quick access recorder, QAR)OIA +4
© A 2% BB, HYY 186719 sehr|Et
F1gso] Qlrk. B2 Fukt eluleo] gt 1-16
Hz2 ZJolstH & A77F ARSRE mfn|E= 1-8 Hz
HAol SIHFAP ST - A e o4& 8
Hz, di71&% A2 N1-FHzt- 3 715e-F
FFE 71589 4 He, HA o5 Als 2 ZEto|l=E
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I H3} ] Hy). AL 7122 EFSIX
A9 71A] &9 ECZ AeEE B A o]2RE
25 7719 71%5g QoFkE 20719 £4(3.38)S &
Z3to] BAo] ARSI 670 71Al= 242 9F 5,100
-5,600719] HY71E-S EJto] F 32,3397H9] H]
P715-S /3ot ot e niddo] AE5S 3ot
£ A2 ofolA, A A AlS(weight-on-
wheels, WOW)2] xglo] ¥hA¥s}R] ok= |4} o5 &
9] vy xzto] YR Ao i}, o]t HUL EF
% DAIA A Al-o] AEEA] oot s £4
oAl ALElng B A= o7l 71F2] HA A=
£ Jgoz ArgalsE FAL AAE HEE s
FE 24 gigoz ARkt g 714 7 HA A] 7
7159] Batrgholls thh Zjol7t Qlla YR FHo|
e BEFoz FYsh] gl 1.0 G =we] HJ
= BRI B A= o7 7IAle] AeE BF
4 oo g mgsty olefet Al A A5 Sy
HNES F45k= BANA ALlatoict.

A AR A A AS(WOW)eE Hutae
(Radio Altitude, RALT)E WA} FHE3s10] Ss1390
o A7t AEEHA &L 5048052 TS| &
£ v 27t 9 AlQlst] F 27,291749] A5
SRt VRTG A3kl whet 841.20 G vl9h
21,5124, sz -EAolA wiAls SE7H1.20 -
1.50 G) 5,703A, firm(1.50-1.69 G) 697,
Hard(1.70 - 2.10 G) 774°2 EFEQlom(@Ar &
Al 27,2917) VRTG “g4°] 2.10 G& 235te 25
2 ZAI5HA] got Hard H39] Agk &tz o] 2J5) &}
Ho=w A=Y A4 A5 F 5 25 4 &Y
oz AYT 4 Q= 1.0 G 1T Zhe 2= A
Alelet A3, 2% shsolle 19,96370] ARSEIL
. olof] m} HF B4 oAk A 19,9637, firm
6974, hard 771°]tiTable 1).

B A5 19,9637 QEQIFH FRso] AREE]
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Table 1. Composition of the analysis dataset

It Firm 6973 hard 7742 <54 2d
o] EA%= iAot} Hard 252 & 471 &
2 AR 23A 1.70 G o139 H2Eo| E=A
Sk A= AA|Q] 2EH B4 79151 (27,2914
771, 9F 0.03%) & A= ol=e SAHES] THA
25t} hard 250 ti3h B4 54 HFol
J 2AA B X (exploratory analysis) & THELE
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Foldk= g2 A9l 9 AEIF Bt % 7
o] FA=1 H|guict AAE Zolrt g7t 1 A
9] JFE 5] olgohs F 7R TAE iAot
7] ol

DASHlink A=+ H[&3 186719 meii|eE 7]
£l gloy, & A o] T AF 949 Vs
Asle o JPKo=E B 4F oS &
7 Abzo]| AMgSETE AR YA Tt E = w0 AgTh
714 (calibrated  airspeed, CAS), TAXZH(pitch
attitude, PTCH), % 3]&<(engine fan speed,
N1), F8=|¥Z(power lever angle, PLA), &332
(glideslope, GLS) ®X}, EZ(roll attitude), FL3F
7t % (lateral acceleration, LATG), 7159(true
heading, TH), &%Kwind direction, WD) ¥ &%
(wind speed, WS)I}, AF o] ARG HAujale
RALT) 9 A} A As(Wow)eltt B F&2
5 7% A APl 1S SO R o|Foj it J
Al AR-@_TD)Z A A AZ(WOW)7H F5lA
A R AgEE EEOR AEsl RALTZF O
froll =Esh= Al waF FEste] gt 50 fi
B AR 5002 FA AA F7kellA RALTZ} 50 ft
oJgtE AZ WE7l= AFCE Hodltt o] & AIF

= VRTG 71& A5 4=

A Normal) {1.20 G 19,963 g (B9 15,970/4% 3,993)
Firm 1.50 - 1.69 G 69 =4
Hard 1.70 - 2.10 G 7 =
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Aol Edlo] 1o R ooty E A4 £8 &
AL o] Ht E F V& ARoA AEErh

20709 EAL &5 E A dHd oAl 7HA
<% 7HHL - H5)E 7= 7t 7H2 258 3
=7] v H(flight crew training manual, FCTM)
o 7led A5 A9 EE T o AT
(Boeing, 2025). H12 #2859 A=, H2&= Z&°]
A A, H3E &= oA AH, Hi= 2S5 B8
7=, How g9 Ao gtk 7Moot 2 1
3 EAL Table 29 2t}

H1EE)2 78 dixlo] ofd 37| AAY +9
AHE Hrgstr] A8l 4 ARe] FHHNDLZE A
231929 nl_deltar= N1(t_TD) — N1(t_50Z F
712 AR 7t WskERS vepdch H2(Ed0))9
ptch_delta ¥A] PTCH(t_TD) — PTCH(t_50)% &
Ast Hhrlo g ARESIY flare_dur_sec T 7]1& Al

H Al 2 E oY TerlE Y EE Fu
(f )= o] = 2 FISE gholtt. H3(&E:)9
cas_delta= CAS(t_TD) — CAS(t_50)%, 50 ft &3}
AR o] ZA] A £ WskE YEbdth HAH
2)9] Fote B2 Antio Hy HsE= A&t
w 50—20 ft #Z{Happroach sr_fpm)a 20—5 ft
T7Hsink_rate_fpm) Q& HFafsto] Edo] AY A
I FA AH9 Foke HekE et

H4(#H2)9] gls_at_50ft= 50 ft B3 A9 &5
ZHglideslope) WAZE,  A71ZEAA|(instrument
landing system, ILS)9] &3t A2 HE AMEEH
9= DDM(difference in depth of modulation)
ojty. £& R 3717t & &F34ET 9o 3l
= A HARE K+), oFfoll Sl P HAE &)

(o) S4e BE 50 fr B3 AFS 7150

Table 2. Feature definitions by operational mechanism

IF £4 g9 [ Az =
nl_at_50ft 50 ft S Al 40 B N1 %RPM
nl_avg_flare Edo] 721 407 Het N1 %RPM
HIGE-53 AH) nl_at_td HA Al 447 Bt N1 %RPM
nl_delta N1(t_TD) — N1(t_50) %RPM
pla_at_td A Al FEEHZ deg
ptch_at_50ft 50 ft B3 Al O] deg
ptch_at_td A Al 1A deg
H2(EF o] ZA-A1%)
ptch_delta PTCH(t_TD) — PTCH(t_50) deg
flare_dur_sec G_TD — i 50)/f s sec
cas_at_50ft 50 ft 53 Al ZAY7 IS kt
H3(&HE-ouA] A=) cas_at_td HA Al 2714 = kt
cas_delta CAS(t_TD) — CAS(t_50) kt
approach_sr_fpm 50—20 ft W ok fpm
H4EFF B3 =) sink_rate_fpm 20—5 fr Bt Aoke fpm
gls_at_50ft 50 ft 2efol=&gT HA} DDM
xwind_at_50ft WS- |sin(WD —TH) | kt
hwind_at_50ft WS:cos(WD —TH) kt
H5(ur- e A ws_at_50ft 50 ft & 3% kt
roll_at_td JA Al B deg
latg_at_td HA A FHieF 7 G
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2 AESI ws_at S50ft= g AlFY & B
(wind speed, WS)°o|H &&= A& xwind_at 50fte}
S-S5 AE hwind_at 50ft= BH(WS), 39
(wind direction, WD), 715%9](true heading, TH)
2ZRY ZZF WS- |sin(WD —TH)| 2} WS-cos(WD —
TH)Z AF&Sich xwind_at_50ft2 A9z 35k
e 2HRRS 15 Y= 2FY Z71E YElH,
hwind_at_50ft= 88& H+), 3 H )= 3
ottt roll_at tde} latg_at td= FA A|1F9 7+
(Roll)i’—]- sk 714k (lateral acceleration, LATG)

2, A &9 99 AE AEE vEdth ol
E]rﬂ’ A gEulE R 7149)(TH), 22 9% 7
EL(LATGE 712 A&

207 B2 Hrot dolsteg 2+ EAHS 0-1 9
A= WSol= HAa - Y FEkE F85Hinh X*ﬂ'
3} H4= E9 HlolEodt Aste] HEF dA=9
AE F5 A6

3.4 QEQIAH ZE

Q2 EQlF | (autoencoder)= PEE AL A &
o= U=sk= F28|(encoden)2t, o5 e A
o5 EUsle 559V |(decoden)® FHdE A4 Hl
o[ERtO R S5 A A AT B2 HYURAE,
BgolA olddt 75 2 EUAE yehdth
(Sakurada and Yairi, 2014). g %= 98 204}k
HoERE A A7 dFH R S4-HUsk=
FEHQ0 -16-12-6-12 - 16 - 20)& AAI¥ct. 2
24 Z0ll= vjx] A4F3Kbatch normalization)@} ELU
2743} or, =EOR(dropout, 0.1)& #8330
S93ole Aot &3} 3E ARESIGIH:

2482 Pt AlF 2% mean squared error,
MSEYE, AV |2+= adam(E7] S5E 1x107°)&
ARG oH BE &40 AEA g o SREES
AaA7le 2AIEHE Z8s5Ielth HiIA 27| (batch
size)= 256, |t 200 epochC & A3IHI HE &
4ol 20 epoch &<t 7IA=A] ko™ S5 FHol=
27] & (early stopping)s -85ttt s At 4
Z £4L 9F 0.00272 Esrat. A A(atent
dimension)Z 4 - 8 HHoA 5Lt A2 ARG
slof Hlwslglom AF Aol 7HE 95 A AR
62 2T Hds Hdesiyl).
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Q2Hreconstruction errory= Y7}t A7k 719]
AlFA = Aot

e; = (x;— ;). o))

B A5oA Hlojd EAYSLE Bo 747} A
e 2 Ed B0 X 3 ZHo] o] Zo|
A 0| REAE YERE A HE ARSSE 4 %}
3.3%0A AHoJst oAl 7HA] 23 71
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Fig. 1. Distribution of reconstruction errors: histogram for normal landings and individual markers for
Firm (n=69) and Hard (n=7) landings
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12 2 A=9] 44 Bgtol *CH &g Al 7l
Fe HojZr} VRTGE gh5oll ARgsHA] 9keoll

2 At AE o2 HE 9 ojgto g WE By
& H5T At ot ok ZEo] Houz
= gz oz sjsjof gt

4.2 HHUEE SEXt 22

Z} firm ¥ hard &k

ol Histel EAE FdeAE

oAl 7] % ﬂﬂ?M"_i sl wAYSE

o+ 54X} H|FE ARESIYtHTable 3). Hard 77‘]
% 61olA= Hl t]rf“—d %°J21}7} 7V A weRg
3, Y7 170xE H3 B Beeapt 7 34
et Hard 1%01]*1 Hioj viie Bt B
HIES 51.9%%, H49] 16.3%%h oF 3.24] &S)tt.
W Firm 697914 o H9eAt wAYSES He
277, H3 157, H1 147, H5 107, H2 37d°= &
AE|Qlet. ol2igt Axk= £ A& Hard A4 A
& A= fEoeREo ol WA H1 ¥ 5S4
FEshe 4TS Holert ot 5heate] a71& <l
WA 71 =E QulshA] gqom® HIo| hard 252
YA Rlojehar s = itk

Table 3. Mean proportions and ranks of reconstruction error by operational mechanism and landing

category
Hard (n=7) Firm (n=69)
HAUZ N N
EUA HIF (%) =9 B HIF (%) <9
H1 51.9 1 21.0 2
H2 9.5 4 13.0 5
H3 15.6 3 19.6 3
H4 16.3 2 29.2 1
H5 6.7 5 17.2 4
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Table 4. Touchdown N1 and flare duration by
severity group (mean * SD)
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Fig. 2. Touchdown N1 versus flare duration for Normal, Firm, and Hard landings, with
quartile-based thresholds (30.5 %RPM and 10.9 s)



230 o|&u

g Vol. 34, No. 3, Sep. 2026

Table 5. Occurrence rate of the thrust—flare
interaction combination

23 I A vl (%)

Normal 2,088 19,963 10.5
Firm 25 69 36.2%
Hard 6 7 85.7%
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