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Abstract: With the continuous surge in global air transport demand, the aviation industry faces a critical shortage of quali-
fied pilots and escalating labor costs. Consequently, single-pilot operation (SPO) has emerged as a strategic evolution in
civil aviation to optimize crew resources and mitigate pilot fatigue during long-haul flights. However, the transition from tra-

ditional multi-crew cockpits to a single-pilot environment is not merely a reduction in personnel; it introduces a significant
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"cognitive and decision-making gap" previously filled by the co-pilot. To bridge this gap, the concept of the "Al co-pilot"
has been proposed—an intelligent system designed to establish a deep cognitive collaborative relationship with the human
pilot through advanced perception, semantic understanding, and autonomous decision-making capabilities. This paper pro-
vides a systematic and comprehensive review of the core technological components enabling Al-assisted piloting. We pro-
pose a four-layer analytical framework: " Perception-Cognition-Interaction-Decision-Safety Monitoring. " This structure
serves as a blueprint for integrating heterogeneous Al modules into the high-integrity environment of an aircraft cockpit.
First, we delve into multimodal physiological and behavioral sensing technologies, which are essential for real-time moni-
toring of a pilot’ s workload and fatigue state. Traditional subjective assessments are insufficient for high-dynamic flight
environments. This review focuses on the integration of electroencephalogram (EEG) and functional near-infrared spectros-
copy (fNIRS). We provide a critical analysis of their trade-offs: while EEG offers superior temporal resolution capable of
capturing instantaneous cognitive shifts, {NIRS demonstrates higher robustness against motion artifacts in a vibrating cock-
pit. Furthermore, computer vision (CV) techniques are discussed for non-intrusive monitoring of facial expressions,
PERCLOS (percentage of eyelid closure) , and visual tunneling effects. The fusion of these modalities allows the Al Co-
pilot to "read" the pilot’ s state and trigger adaptive automation when cognitive overload is detected. Second, the review
explores intelligent speech interaction and semantic understanding within the complex controller-pilot data link communica-
tions (CPDLC) and radio environments. The aviation context poses unique challenges, including low signal-to-noise ratios
in VHF communications and non-standard accents. We analyze the application of large language models (LLMs) and
transformer-based architectures in intent recognition and slot filling for air traffic control (ATC) instructions. By parsing
complex, nested instructions into executable parameters, the Al Co-pilot functions as an "intelligent radio operator, " sig-
nificantly reducing the auditory and manual workload of the single pilot. Third, we summarize intelligent route planning
and dynamic conflict resolution driven by the synergy of Large Models and deep reinforcement learning (DRL). Algorithms
such as proximal policy optimization (PPO) and soft actor-critic (SAC) are evaluated for their efficacy in continuous action
spaces and high-dimensional flight dynamics. Unlike traditional rule-based flight management systems (FMS), Al-driven
planners can explore optimal trajectories in unconstrained airspace and respond adaptively to extreme weather or system fail -
ures. We emphasize the transition from individual agent optimization to multi-agent reinforcement learning (MARL) for col-
laborative collision avoidance in dense urban air mobility (UAM) scenarios. A significant portion of this review is dedi-
cated to the core barriers hindering the commercial deployment of aviation AI. We provide an in-depth analysis of the non-
interpretability of "black-box" deep learning models, which prevents human pilots from establishing calibrated trust during
time-critical emergencies. Furthermore, the paradigm conflict between the non-deterministic nature of Al and traditional
deterministic airworthiness standards (e. g. , DO-178C) is dissected. We discuss the latest policy trends from EASA and
the FAA, highlighting the shift toward "run-time assurance (RTA)" frameworks. RTA serves as a safety shield, bounding
the outputs of complex Al models within a pre-defined safe flight envelope, thus providing a viable certification pathway.
Finally, this paper presents a perspective on future trends.” We posit that the next generation of aviation Al will evolve

toward a "multimodal unified architecture, " where text, speech, vision, and flight dynamies are aligned in a single latent
space. This evolution will transform the Al Co-pilot from a collection of isolated sub-tasks into a holistic "cognitive partner.
" By emphasizing transparency, bi-directional communication, and standardized certification, this review aims to provide a
theoretical foundation and engineering reference for the realization of high-transparency, deep human-machine collabora-
tive intelligent cockpits in the SPO era.

Key words: artificial intelligence; Al co-pilot; pilot state awareness; intelligent speech interaction; deep reinforcement

learning
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(cross-check ) 2 2 [a] £ 15 25 #5801 - By 95 N K 2%
o RMAER N BT, hTRET AR
A R AT RGN E SRR MR E T
o, Bk RIS 2 b T 97 o0 R R
#8 2% (information overload ) % 21 Bl 4% B 25 =5 XU Ik
BB o XFLIRA BN S5 A, R Al AL R gk
A A T ak 3E 47 2h 4 AL TE 4% 43 BE (dynamic
function allocation) AR AR . AL GEHY AT DL
ST Al AT U1 NASA-TLX % 14 32 0L ]
B, XNy A AE ™ E A LR R, 58 42T
V0 2 B Bl A8 AT BB S I A 7R EOK
UTAER , B AE o B AL A 1Y TR A LA R TR 327 )
SR 58 TR AR, SR T RO AR BRAR AR 5 AN AT M Ry
TIE 8 Z2 A28 52 I AR A M I AR BUAS: 1 i P i e
AT A 28 A BRSBTS AT A A3 b
DR Z IR ARG = MO REGR 2
RS RN B 2y 1) AT DR AS M D T 7 R R A 3
E, B AAROAR R I & 2 7 o
2.1 ETiES5EgMEERNOE ARITY

LA A7 7 (mental workload, MWL) J& 48 K47 5t
TERSE I 1) Bt A Ak B RATAE 55 BT T AR A DA RN 98 5L
o AT S5 oK AT B A BRI, 23 28
TRt N 9% DA R OGS AR B 1t -
TEE 22 % WLVl T B M A B2 A5 5 D - B

JS WA i B 205 3 R B, 2 28 AR A A IR 25
A B ARE” . H AT, I HLE (EEG) FIZ REPE T 21
HPGTE (INIRS) S it 25 A PR R U, FH e hy |42
AR RTITEAR ©

i ] (EEG ) 38 o & AR AT 513k B 3 1 L i
W5, LA o F) A ] 23 3 Gl o 7R 2 R0 90 e R
b et 28 T AR R A P, 7 A Y B FRL AR A o 3K R AR
SASFRFEMETS EEG REAS 5 7 MBI AT 2 2] R AT A
TEIAT A4 55 (AN R BBl o 25 KAL)
IR 161 14 TA R0 67 A 3 SERE R N . AR T, AL SERY
EEG {5 5 b B 56 A it 25 1 FH v T I 4 B R A 3k
Mo TCRATEEAR TN T HLBGE S R R
K e AR 1) 2 WY BRER R, 3X S HCRAE B EEG
JE IR A 5 v R R R A R IR L (EOG) (L
(EMG) LA KA F st 25 5 | 2 1Y Th 52 (artifacts) o 4 T
M B 2 A2 A MRS R 3R A SRR AR, BFSE
N GIF IR 51 S 7R BT B 9 26 4 Fh el Ay o o
Zhang %5 (2022) £ F H B 25 ] 46 B 2% (spatio-
temporal graph convolutional networks, TGCN) 7E €47
RN PR X AT 51 0 i FLAF 5 HEA T R BE A 4
STGCN A4 B AN FE #5 1 HCF.— et Al it s (1] 22 AR 1
B ASRRAE 3 BE A AN 7] AR DX J88 =2 [1] ) 2 ) 43 b
FASEME , TR RATAE 55 e U S B T ks
ARG 73 ST 32

SRR 7 TR T T EEG By n] i H
HEFRE A R B, HX S i s R AR
U VR E AN, DI REPEIR LD AN IEHOR (INIRS) i
SERAE M AR Rl R T P IS TR R D I
Bt 51 A2 ALK B (Chen 45, 2020) o INIRS
() AR S S A T £1 A1 % 375 i, i 3k ) £
A P R 2 (2 A D SO AT £ Ak
%) b &G 20 1 (oxyhb) ARG 41l 2T 26
(deoxyHb ) ¥ ARk , o ) 42 Sz b 22 ST R B
5 EEG Al H, (NTRS B8 SR 75 I [] 53 F 5 1 ifh — %
(IR B0 ) 2 i 73 8 A LA A SE SR ), (EL X R AT
SR Sk AR S Bl B AR Sh AR B A v i e
SEIN 3 A 7 R R S A Y LR AT AR AR R AR
Gateau 55 (2018) 75— HA B AL LI 52
B UGIE B T3t T ANIRS B9 8 3 i ML EZ 1 (passive
BCI) BE WS 7E H. L 1 =~ | & AT (over the clouds) ¥ 5%
X AL AL AT 51 O BIR AR HE AT A Y 2
PRl o 3X— SRS 8 1 DA S 30 s AR 3 EL S
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Py BERAT RIS 7], AL D TS R DR G RN 5 2
A RAT SRR AL T B BRI 3R . 7R R BFSE
i 2 ATk — 20 AT R R BIL A 7 ) FITR Bk 22
e 45 X 2% (deep residual shrinkage networks) v FH T
NIRS 4 19 fiki £ R 3% H2 53 A , 76 4k AR AU 2 1 K
AL R A B DB I BN BEAE LIRS i A 3
X TRAT SRR BT o TV o XA ROR T
TR AR ATRI 25 3 mT LU ELEE BB HL K
AR ZEALC DU 5% 1 4 i He A8 IR S 2
R RATESS -

8 S bR 23 i F Y EEG 5 INIRS 7775 25 1Y
YR SIS ERMT . EEC B2 nm
R 1) 73 B 232, 6 A% BB I AT B B 1) ) I R G a5
550N AR AR By 52 3 AR A L g TR AT B
WAz 3 (EMG) D2 19520 s AH L Z R, INIRS X 3k
Tl 1z Bl H MR R EA R B, B S R
GARB BN IREE . SR, INTRS W 25 % J2 KM 1L 7
Bl IR AFTE 5~ ABR [ A I E] AE SR X A5 B
E LASH SR A0 1) 2 R VAR A S0, T B3 P T A
T RAT R 1O TR
22 EFHENAENESBITAESEENSH
o

HIRELT EEG FTENIRS (94 25 A= 3 i ) 4 A 42
AT R RCE O LR AR 2L X R A
0 H T TG PR RAT BYAY B IR D BRI AR R Y
KB, TERGABUNR T Z A TUAS /NI (9 85 0 Rl v
Bl ®ATH X FR i AP (intrusive ) [ 28 8 B SR 255
VATE LY/ BV ST, SN E RS 7R R At
Frp B EI R RIS o I, BT AL E (com-
puter vision) A AE R il =4 T oA W B A | AR HL T Ik
A0 BRI LF LA Sy T 5 A A A B AR Sk R K
M, R T 7 — ORI £4

ALBE W B F2 B IR A TR T AR Sk
SUAR RSB AR S R SR . 7RI 57 5
VE R0 W ORI Dy T, BT S ML E B D7 VA Bk
UE S BB AT RO BRI 3 10 OGS A T M R AE LA
L S50 A A o8 SR 9 57 RS (3O 45,2016) . F
GEE— 20 R AT 2 TP RAT DR T R Iz Bl
fIE Cn i BR300 164 0 A HIR B ) A B G T R 1Y)
AR 55 A 55 RS RIS B I IEAH DG . Chen 45
(2019) TP 1 — e TR BE 2 > (Y S T AR R 1 5
SRS AT B W T I S A AR

Ty A AgE A I 5L TAE AT AR . S AR
b 28 A o AU 22 0 2% 4l JBCTT v OC B RURRAIE , T LK
HETHE G PATHR I R] 5 B (PERCLOS) 45 23 A 1Y 9%
95 A BRAR bR IZ BRI E T I TR 2 SPO 2
AR . B ATBERS (AN S 1 12 I 4% TSTM 5
XLa] [T HAHTT Bi-GRU ) R A5 3% 6 7 35 114 4[]
MLSE AR 5 I B2 S 45 &, 325 X0’ AT I
SRR AR S AL T A HE IR (microsleep ) A HIT IR
R

B 0 55 A 3 R O3 TE 45 1 B A
(situation awareness, SA) [} 4E£5 X F SPO [F] #£ 4= 3E
. R Bh3E & Ceye-tracking) S AT M43 # Y
SRHEERY 3 i 2R AR AR R BT L R 7R #7 (HUD)
NGB ETH LLAMEE R ALRI 25 B RE % 52 i AR K
7 B I L AR T A (fixation) | LI (sac-
cade) LA SZBE BRI H] o 7RI 24 B AT IR (A SRS
R T IE R b, AT RO TE AT R A
(PFD) ML 75 #ir (ND ) A& Bl AILEE 75 5 48 2 i) i
e AR E 4 . Y AT DT IR B R S vk
BN B TR 23 P B A% (visual
tunneling) , R ZE FEICHT A 5 8 — S R 1y Z0m& 1 ]
N HARMEVER) S EE R . BT, 3T L
F R AE $2 B 2% DL K2 3 4l ResNet (He 55 ,2016) Fl1
YOLO (Redmon 4% ,2016) 45 A A TR HE 5% 22 5 H ox
FIZER , © 9 T C LR 22 A Cnai 2000 PR
ELS BRI ) B AR PR v AR E SR IR Sh 2 8. 1@
SR A2 M 4% (5] A Bi-FPN AL H 1T 22 ROEE R
MERLE ), ALZRGEA] DIAEA AR A SE IR T (i 41 62 Z£ 5
G0 ) X IR SRR Ot AT =2 d g, DT HERR VT A
AT BUAE Y HULEE -] -2 5K - T (observe-orient-
decide-act, OODA) I I i (405 13 2 7 /2 75 4 Bic 15
IR ICHE ) RATACRARBAC IN [1] 205
2.3 RAEHNFEHESEEERN S IERE R
ki

S B RS B BRI EORTEAS A U IS T
3 R (B TC I MR B — BOR IR TE L A 14
PSS 5m M. B, M2 B4 (EEG) 45
oy Z B Iz 2 Dh 52 00 7 T4 5 S TR
B A A BRI RO 7R R AT B A B AT
R B AL TR ' R A (ANt e TR
T i ™ A AR AR R SR RERE S . B, O T AR
SPO ZEAE T 4 t — A H A i 25 9] S M (8 /2 DO-
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178C & Z 2 RAIEE ) BRI R G, ) 2 S
{g B 54 (multimodal information fusion) 5 Z 84 A
PLAE B AE HE NN T 5 ARG Tl A b SR AL TR (Fi
A 25,2022) o Debie 35 (2019) 75X TA A4 faf % W
PEAG Y 22 g v [l Bt rb BT 4 1 L R ] 22 T S A 4 I
i Rl 10 DO £ SRR FE B R PR 3 N B
TARAAT B — RS RY , SCIEAT Y gk — D R I Al
FHHIR Sy R A1 BB — R F A 5 79 7 2 o 0 300 6 7
40% 2 96% Z [A]H 51, WPREHR By ik A LA S HoAth 2 2
FRAEJEAT IR BE il 1 2 B 7 v BRI TEAN I &2 2%
(AT 55 S R 3k 98 % ) THLIM v At 2 .

TEE WA N-PL-R " i =S R R w2,
AT 5L BARASTF AR IS AAAE L MRS CHLIE Y R
178 712 (flight dynamics ) LA AN G #1455 5 5
B o — A Y 2 U5 S A B AR Y AN AN 2
A RAT O A SN AR (s 8 S HRV
B HL N EDS ALY 5K AR A ) |, AR SOk
53k B AT HEIC 5445 (flight data recorder, FDR) [
“HARES” CAn RBLIY ST =1 B IR A e T
R) AT AR RSB . BN, 7E A 38 5L
R WA B B, BRI 0 R AN /D B HR R 49 1R 7T
FRFRZS K 5 (E 40 S B B RLAE &b TG AE D B 1
T (low-visibility approach) f7 1 /™ 2 M X 5% 58 & &
BB A9 320 2 PRI, [ A 1 {1 A1 S s bR 285 U
AIREEMAE AT E &R A T Bar ik R sl e ik
%o Wang 45(2025) B X5k — PR, $2 1 T — Rl ¢
PUETPRAS S 85 A4 1T R 1T 2 B8
PRl AL 7 S PEARBEAY L T T A i S &
B AR BE DL BE PR AT D3 B kv . ARFGZRIERR
BEART (MLLMs ) 58 K 1) 325 5l0) 5 5 T SR RE 7, 58 /Y
WF A PR B A A% 58 N TRP ARSI, T2 R
PLI T I 7 3 4 2805 /AT SR IR S LA,
G L P 37 B4R A — () B AR v, R AT
LT o O T 5 20 00 0 R 65 BB A S AL AG 2R
BRWRAs 5 N 0055 A= BRIV I 18] TR 2 B 5
I TN AT 5L AR A R v T B R R

AN, NZR G T F BER T, 23S Rl 5l R
ALl H BIAE T B B T RIR™. Alreshidi 55(2024)
) R GEPE LR R s, HEFE L T AL AR5 2T 1.0 B A B
KEHE 5B, ALRE S 2 WLARFE L S T 1y ARk
A, W REAE L FE A b ST R ) 2R 5t (closed-loop
feedback ) HILi LASE BTt HERE AL 28 % 42 — H M

ASHE T I EEEWT 24 T A YL 235 PR 1320 K
B2 2 B (R, AT I 25 B 28 SR AR S s 5 | B A7 4%
B L E (NS PRD B g e g
RETH & P2 1) sl fioh 5 (25 B AT A2 3l ) 45 T BUwa i et 7
5457 JONRI L, 2R GRS T2 A i IR S AL
PRYRLIR , ToLE A NPT 5 I 5 7 S e 52 47 )
P M (Y e R R 2 ot o R RRG T ONR AR B
e BIR AL &5 A4 4 B LA SR 2 ) L T i 22
DS A RO A F BT AR R ML AL 25 SPO I8 AN BT
HE 2R

3 BRNRERETSXESENIER

TEFAL AR (SPO) R, &AT B T I 1Y) f5c . 2%
A R IR 2 — AR AT 55 . AEALGE AL
i, RAT7 (aviate) T (navigate) 5“1 15"
(communicate ) iX = KA 00T 5538 # IR ©AT R
(pilot flying, PF) FI 545 €47 b1 (pilot monitoring, PM)
SR PM i 55 W5 WT B & A5 (very high frequency,
VHF) Je4 H, . ic 5% 25 1 2238 4 il (air traffic control
ATC)YFES  JFSGHLR AT XA A o 232 Bl
BRI, A MU LA B 28 TR B o s sl
— TR CHLEAE B 3 AT RS, — s
IO X R A0 ) T LA X AT 55 AR B S B
55 1 28,7 (auditory overload ) Fl & +8 2 4 5t T
R P T ALRI 2 38 R Ge0im R A shif 5
] (automatic speech recognition, ASR) 5 H R IEF
Hifi (NLU) Ry , i HCBEAS 72 AL I “ R BE L4 vy
BAE R 5 KA AU BN, iR T SE B SPO AN A)
BB AY BRI AT o ARG TR T 1) 025 AT )
SR RETHR & SC EAOR W ATC & i U
B RTS8 SCRRAR , LA S 58 AR S iR
NIRRT AT R R
3.1 MERIEGENERIEFRNEESHES

7Ry P 38 R R G (RSP 2R Y Sird 5045 R
=) Y ASR M) AR HH AR R P R AR TR
e IR 38, SR, 2 IX SE RGP AR A B = 2
B RGP TP i, P BE AR AR 25 18 15 S HE I 1 B = =X
TR FEOX — R MARA T T o 5 A
PRIFE AR S R R o F e, s el s T T S
FL iR (VHE) Fls 450 (HF ) BEALLJC 2 v gl i A7 15 %
T TR I B A% i b A T Sl O b 52 B H R TR
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LR LA S RS (5 e, S 3 R e 22 AR
M5 LY (signal-to-noise ratio, SNR)B AL Hik , K45 H
B B 4H 2R (International Civil Aviation Organization’,
ICAO) BLAE T br i AL 1 fiit 25 D518 7 (Aviation Eng-
lish) (Estival 55 ,2016) , H7ESZBR 4 o %5 B 28 3 X 1z
b W 55 TRAT 5O TR S AT BRI IGE , AT
I H N A I s B 2080 200 37 LA E) sz 42
BRA AT SO A AR RS O A A WA AR
DL B 2 O T B AEARE IS 1545 58 P 2 45 Al
T B R B2 AL PR AR

R T B ATl RE 2 cE R LS Tl AR %
IR, #4802 00 1) RIS T BB 4
NG P A R R S e SR . TR — 4T, BR
Wy Z2 A KAV G WF I 00 B BT T o8 it g .
Zuluaga-Gomez 55 (2020) 7 YCEF ] 25 Hh 52 38 45 il i@
fEHH T RGN A ShiE & U AR HEI 07 % L 48
7N T8 AR A A B 2 e P ARDIE (RS R A B s
AFR A BRI A B BRIG . 7RI R
filt b, BIF 5T W BA gk — 20 R A T B BRSO
ATCO2 i (Zuluaga-Gomez 55 ,2022) . % E 4L
AU T BCE /NRE B 2 EOR R P ) B S 2
AR S, R LSS S T H SR G ML) %
(automatic dependent surveillance-broadcast, ADS-B)
(8 T A, X A b A BRI A B AT T
e BEAS A SRl

MAETE AN ATCO2 3% 2R ML A 46 B —
AR T T B2 27 ~J 114 3 21 3t (end-to-end ) 7 2 5L U 78
ATCIEEPUNE S FIWAT T KR, (FRmIRG
K (4 GMM-HMM 5§, DNN-HMM ) 72 9k 56 T 3% 4
I 7328 (CTCO AL AY TR B AR AL (41 Wav2Vec 2.0,
conformer [% 4% ) Fir HUAX o 320 46 S gAY A HT A 1
JIHL T (self-attention ) Fl 45 B 28 X 2% (CNN) 1Y 45
B, REAS T L i 4 o2l v o A rh R B ) TR AR
PR AN SR R SRR . I AR R R R AT
TINS5 , I 78 4 22 0L 25 S0k B i b 2E 47 7800 (Fine-
tuning) , 4/ 19 % H] ASR #5700 O 22 RERS A o 2 1 &
(434515 4% (word error rate, WER) FEAIL 2 AT 4552 1)
MEEOK o B A AESE N BT IR AR R
A R SO 7 (contextual biasing) # K . H
T AT B R 0 I A A SEME (0, TERRE L
g DX, Ho2x R S 1) a2 9 37 MO B e R 2 T
WA BB IASIEES ) , ASR RS8R DLE o SERE A F

BNATA TR F1 ADS-B {5 2. , 30 25 VR B 7 2 i 2% 1Y
B E BRI SRR A S B R o B L
W R 4 v 1 ME DL BEIN ) & A 44 1] (callsigns , way-
points) PR HERR 2R o S 2 1) i SO B T IR
S AT EE A SC AR KL il (Badrinath #1 Balakrishnan,
2022),
3.2 EFHIGXAEENESERIRINESH
REX

AASCAF 8 24 1 TC 2k H 1 B A Sl SCS (speech-
to-text) , X TR SPO HILA Y AR B 17 75 2 I8 i
AR o — BRI TR Y SCAS H (11 Air China nine
eight one, climb and maintain flight level three three
zero, turn right heading zero four zero”) WIS AN REHE AL
A AT AT AT OB AS A ML AR AR 5 2
250 32 B T T 3l A B AT 45 ) T A (mode
control panel, MCP) B, K474 #L R 48 (FMS)
I, N RE R 2 B 0B 25 TR 2 1Y A SR8 = BR A
(NLU)RE 1, TR 21 b Bl 2 38 36 15 5 i BB )
] (intent recognition) LIRS HE L B HE ) K AT S 5L
F A3 (slot filling) o

i 23 -4 BT SCREAT T I 5 /1 22 00A /Y A SR
FALPEPRAL . Lin(2021) 78 R G145 %8 LB
A PRAR IS AR Y, B IC R s Gl 1 vh SRR A R
WAL, a0 [ 721 IF (self-correction , 4] 41 [ ]
FE LT BE R RS T7) 5 B4 I (A I
SECRAL), A EZE RN E SRR E(—REEN
A5 U R B R ) R BT — AR = A Sy
184) o MBS T IE N 3K 50 (Regex ) B O HE ] L
C P 5 2 L D 5 | 3 A T 0o 3 o sy J2 AR 25 A A L S il
5 SR T SCAS I S A B LG 583, A0 o & A ROME
A% fioh i B A

I & UL Transformer Z2 5 (Vaswani 25, 2017) K
TR M AR BN 23 5 A58 (U0 BERT (GPT & 51))
AR RS |, JSE TR R 0 24 B HE R R A B R VAT
B 7 ATPER IR T . TEMTAS NLUAE S BF5E A Bt
T4 K H B A % 2 (joint learning ) HE 42 K [A] A5 fif the
XA, 0, Deng 5 (2023) 48 H T —Ffik T
BERT Z A4 1) 75 [T 531 5 R 7 350 50 1R 45 TR B A 1
AR T R AR 5 A X m] | T SCRHIRE
71, REAEAE — i 1) v 79 190 24 v [ ) Ay 1288 ) 4 4
B & K 4y 28 48 2 (W0 . Altitude_Change, Head-
ing_Change ) LA} %:/1~18] G (Token ) X b7 8 57 s 25
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(. B-Callsign, I-Callsign, B-Altitude_Value) , iXFfr
1A Y fe AR A ] T S R A7 22 [ ) iR A
SAERFAE (B4, 4 2 PR AL E Sy e ), BT 25
F 2l S ] TR ) b SR B R BT T ARG Y
REALE) , A R D T AL 58K AR (pipeline) H
RGBT R 14 [

KRR R I S Y T R AR D 2 S T
ARG R , HXF SPO A A4 (120 2 Bt 78
(o ALRINZ 3 AT DUTE W W 1) ATC 454 5 1Y 2 R0 97
N T) P, AN SR 5% Ak A SOA e 7s 181 1L 27
(HUD) |, 542 N SCAS g 85 1 i 1) - 0407 15
JE£ :33000 & X" SCHES R, IF A SR X 4 K 1t
e E A g AT R G E i ARED . AL
K HH AT R RIS B A P TERR A BT —
ASCPAT AN SR, TRABIL R AT i B A TR 51 2R ek
Y EPIE  IXF T BT + T3 A ] AL
SESIF 2 TN (YN DB U TE S A i PN
ZE AT DU B2 B s TR E ] ) 3 T2 PR
EIF A A, MRA EHA T RS BR T 1
B REIE R IR
3.3 BEEMFEREEHITESNALEFREA

B T AN G 23 A A, AT IS B H R 7
oA G A TR S L A R R AR MR 55 I R
A5 77 T R A5 AN PRV E . R R /LY
A RAT A A R R A AT AR E R R IR (stan-
dard operating procedure, SOP) Fl1 4% 2545 25 P (check-
lists ) S PR B AT 25 2 2 IR . TERUADLAL K A
FALR AT 38 AR P A 8 Pk - e Bz (challenge-
response ) B 2 : PM KA B 12 46 A 01 H (491 4 “ i 7%
Z87) , PF EAT W) B AR SO 0 B A [l R 2 (497]
WHCFIFBE") . FESPOREE T, th = 43 -
ST B8 A AR BUAT PR S0 E | 1% G iy AR BT
Ay BT S T AR E 0 B R A B (ECL) 2™
LA AL SE T AR ER T

PUAE N TR RE DA IS e 1 8 BEX 1 1 B T
IEAEBIR AR X — IR . B AT, S 3 Al
TEE S T ¥ 2T “ChatGPT” A K4 B R 4551 A
200 (Davidoff 45 ,2024) . FEH ML €ATHY B (i
RHTEA ET A B ) HLE AT BY AT LG A
IR LT & (TTS) T 3h 7824 PM A (4, 2 55 R ik
LR AT BN . PR 154 T LR
JZ ARINC 429/664 %545 528 1) 3% 38 , AT &I 25 3 JF A

s ZAL A Sk MR A — 28 el DUl AL
PLE MR B Y T3, 4550 RMLAR S B Y N
TR, B Sl W 3 A R el S A RS R AR 2
ML B 28 2 4 A 3 K A B0 (Durach
Ml Gutierrez,2024) . HATTE L 47 el R Gutk
SHERAFER 6 E T4 = s RSB,
BORANEHLRAT A ENRYBFFEHLAE L I ST i
17 B B TR IR AR, KR IR PO s 05 HL(2025) A
ITF R IFEUE 1 T N TR RERY WA 1 & U 5 58
B R T X AR = AL A BT B S
bR BRATIZ AT BRAR B TAE S fr R THE L bR AL
R RCR

SO OB RS2 , v B TR T I R 1 1 AL
K & % & i BE (non-normal/emergency procedures )
B, B THRCE R E R ). Y RHLEA R
BB R GRS (AN M R s B Bl & S L CE ) I, Bl
T8 H A D A s B PR 25 T (quick
reference handbook , QRH) o 7EAR J&E 1= He Rl 2L i 19 B
N HOIRZST , FH Be) T I i 452 X8 1 1Y HF e 7
FPAEAE AR P 5 B I ], 2 2 5 | A B A i
Bl TEMRRRZ ST, R mguh LR R g
AT RN 2 3R h 1 OB R R . AT B
i [ AR E A B A dE A (B AL ST EE
SRHLIERICIZIHA ") , RGERERE R 1L JER
9 RAT IR PR RS WS AL, AN OOR R %0 1Y
HESD DR e O 2 3 AT WoR R 1 IR, B
RELADURR 175 067 A4 5 G 3H 7 [ A0 4 S LA DAy G o
R LTI W S R TIOK JORARAE o X P TR A 4R
i AL A BN A2 B R T, 58 MR AN T AAESE
PN ZC 2 75 545 B 28 i My BEAR R, fdi A
AT 2 B — AT H LR 1 T H T+
ARG R B RIFE IR A58 B I PE

4 FEREMBAXSHEHRRB\ETE

TEBAL AR ] (SPO) BB AT HEZR Hh , T X 42 2%
2278 (R ) PR s S, AR SR AN ZEHLIC B9 22 56wl ¢
(9 E 3 KATHE 51 R G0 (AFDS) B X LW X i 46 B | e
SRR IR . AEGER A 372 A 32 2R T )
P18 B R GE (FMS) 5 B0 E A9 i ST % 1 (way-
points ) A KB 72 14 1) LU 5] -FR 43 -4 43 (PID) 25 1
X0 TR Y 2R GEAE TR R R R ™R

11
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0 5 A T ) A T A8 3 g N AR AT S = S T M
HAWENAE S o R T AESE 4k 2 SRy (n i dls
S BT ) R AR S 7 D0 T RN IR B R AT 26 4 WL T
BREM A A FIRE RO AT 3h S 8%
A 5 R SR SR R R RBE T o TR B IR
A= (deep reinforcement learning, DRL) it
AR GERN , LA 30K 50 70 i 31 i o > DA% 00 R RE R
RNFIEAEM 2 P i 2R 0 5 Bl O A U e A 1
BRIV J7 o AR R AR DT T DRL AT % 00
Bk Js B | 228 e A bl IRl RS AL 1R, LA R TE AT
B2 B N AHLEE A Sl 25 0 e S 2 22
4.1 EFMNETHRERWLZEIFUTML

TE 5 B2 AR 25 M AL RIS 52 29 o 1 = 4E ) 31 25
e, TRAT AR I LR AS BT b > B AL Y H /K]
R P75 17 FE (Markov decision process, MDP) ., fEi%
HEZET B B MG AN BT 5 PREE A2 5., WL 1 HiT AR
SO E G 228 IR R CRIBUR E 19 31
(AN REPRHAID ) TRFLAHENIT]) | IF3RAF R85 B dst i
Bl (veward ) , HodRe 2 B 52 e KA 19 R
Jill (Sutton I Barto, 2018) . F- 1 19 9 fk 2% > B3k
(1 Q-Learning ) 75 4b P 15 1l g 475 25 18] A4 I X AL 55 0
WS 7 EOR ) (Mnih 45 ,2015) , {H X6 i 25 #% i%
S RAT ) ) A R i 2 R RS A A AR A
TR I 7 L P 24 88 SRME ™ [ i

RSt IR SN DA S
T Actor-Critic 22 #4) Y TR B2 58 Ak 2% 2 5% o Lillicrap
S5 (2016) 12 H 0¥ B0 7 1 SR B TE (DDPG) 31k
T UK R B2 22 M 26 5500 8 PR RIS AR &, ISk
SRS BB AT R BEE TR . AR fER R E
AR A BREE AT I A DA A T AR A
THFE AT E] G R E L R ofe 2 674 i 45 22 d A1
o S H bR 2 18] 54 0E 2R AT B (Pareto opti-
mum) o FFXF X EGE AR AR I R 1T SR
m& 1 4k (proximal policy optimization, PPO) (Schul-
man 5, 2017) AR M 51 -1F 38 K (soft actor-critic,
SAC) (Haarnoja 55,2018 ) & Je i S vL 4% 2 5 A 5
A2 B R AN 4R P P AT K Bl A R R R Ak
2J A 1 X 43 A3 A1 (out-of-distribution , 00D ) Y % 3 <.
GRIN, H TImR R 23 (R S S SR E . i, 24T
R 27 AR T TR 1) “ RS R + 5 Ak 25 2] " P 205 S P
lﬁ];’@*@(neuro-symbolic architecture ) , FAE YL g
R B 23 R0 LI 2% 5 24 R 2 AL ) D (macro-

planner) , b 28 Ge $2 L 1F 355 B -5 sh 25 09 K h pR 408
JE (reward shaping) ; T PPOSAC 25541 /5 Ky Ji5 )2
AT A (micro-actor) , 7F 3 £E 3] 525 [A] N A W
T K FEE PSR R I , T 3 5 A S T R o A
KI5 RJZ S 2l i 58 L A 3 . PPO Sk @ 4 5|
AT G HE H A5 pR %K (surrogate objective) , BRI T
o YRR W TR ), DA A D TR B 1 WA SRR A
A [R] I R ORAR T T 7R A4 IR IR EE T 19 3 2B i
B T SAC 58 W) 38 2 51 A % KA (maximum
entropy)giﬂﬁ%}j TE%@ , K{X%:}Q%E? ﬁgﬁiﬂaij(’ft/ﬂ}qjé
BNl 3R AR AR M A BE AL | X 45 R ALTE
TS A SR R 1) 22 B S 70 o 2 S Bl AR R RS, S B
TR PR R AR T R SR AR o AN (R TR R
27 2 SRR S 2 A s sl e v e B L E AR TR] Y
PEREALAE . PPO 1E A7 [A] % 1% (on-policy ) 5. , H3
s THT T BARAS IR BN XX 2 e SR
PEERAN e 1 AT 4 i 2 G B H AR AR AR
AR, TETX A i AR TN TR IR R BET15Z R A,
SAC AF g 5 5 W Coff-policy ) 35 , 18 i 51 A fie KA
HLH 25 3 o 1 7R B A 3% 2 s VR 25 IRl b AR K g
1 AER R Z WA 4 5 2 s PSR TP &
P B i 5 (HHAR S0 i S B0 A H AR, 7k
SRR IREE T W4 -1 BE RS T PPO. AL
TEBNAEZS 8] SCRF HEAR R SO ZRAe e R 55 7 T 47
TER 225 Gy AME, ks, H
t, PPO PRI e P 5 i T3z b F T RAT
FRRJ7 E 5 SAC TE 1y 4 % SL 4% T 55 h RE AR R T
s MARL BUE 2528 M B[R] (2R RE ), (H 2 R e A vh
SRz AR RS 2 > B A% OO
FEEAAR R TR HZ T, UREE SR A2 ) C gk
W RE 08 A S50 D T 29 IR ER 58T 119 3l 285 S A 1) A

*1 HEEBNRESTHERRERLFEIEEILL
Table 1 Comparison of mainstream deep reinforcement

learning algorithms for single—pilot operations

ERES HA B3 ] FasE e
PPO On—policy HELLESHE =
SAC Off-policy TS =
DDPG Off=policy G g
TD3 Off-policy gk =
DOQN Off—policy B SRE
MARL Multi-agent TS ik
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=k, FEM, HEY, =R, ERE
AT EREH B B K ITE IR AR LR

Chronis 55 (2023) FIHFFE R BT, TEA SZAL GE M B 45 14
PR A 28 38 (free route airspace ) 11, 5 Ak 27 > 5.
T RBUS L5 5 VTG SIS Y XU XU T A TR IXRR ], A
FA AL G I e AT (I A B BB L 30
SEINP- HARI SR B i 0 = 4Rl . e R NS
Dy A 4 (2021) X TE ABLUAV) $& i T —Fh
BT am] AL ) B AR LR B S I AN T
BIGEAE N LR R AL, BE MR T Q-learning 7
I 2R BERF Y IR BT T S . AT S B T
B AL (B HR R AR 2 [ A (A5 T B
15 Wy WLk 55 H bR i ) F2 Jil eK BB IE (reward
shaping) ML , R I g & ALAE SPO RN B9 H 32
e T RIS S . Y HLE B BUR R AL
SEMR R O , 28 22 AT 8l 1 0 2RI ), 26T DRL
FRIBILER AL B B RENS 15 2 PG 1] N, R I 7R3 )
£ RO (Hafner 45 ,2020) 75 “ W 7E A R 25 18] 7 v i
PRI T Fhn] RE Y T FER AL, JF 45 & s B AUk R A
SR e U A RS . X i B A S BR Y T
ST RE ST R TR AN AT B RMIDIR ST
IR RE A R A R AR T
4.2 WHEHLE(UVAM)SEAMEHHS E6E
Kt B E

625 Bk 17 25 WP 223 (urban air mobility, UAM ) HE
ARG DA K A% G 7 25 S0 PR 28 B ) AN BT RS
B BRI T S R R T 1 W R A v 7 S T
MiZ 1R . 248 SPO FHLEL eVTOL(HL Zhf i
LR AT i ) TR 7 1 2 i DX B T ke 4 ST
QNSRS RALAR HBE T B 1) Jay A o DG SR Mg 5 7 7 3k
T W5 5 | R B, B0 Sl ) R A S e 4 B L
R A R R GCME . PR R A v A A B
(ATM) F 8 i S A 35 ) B R A5 A 55 R R — > o3
Ay PR F DS R, Ry T s N T R AR i) 7
— KO PR . 250 A58 7K 9 Ak 2% ) (multi-agent
reinforcement learning, MARL) 5| A , iy S B 2=
LA ) A 3 18] B AR IE (autonomous separation assur-
ance) J2 it 1 HEAT PRI

15 Z WL U R EE LA 55, A 2R KAL) IR 2 25 1]
AL E A B 138 327 S G0 T B S e A i
ADS-B(J" &2 A ghAH I ) B 2 /4 4 i A R A
25 AL B B R . Wang 25 (2022) X IR
M 2 s AT AE ) S AR AR P A T REA T T 4
T (91 JB, it A% 48 1 T LA 58 (40 traffic alert

and collision avoidance system, TCAS P& 2 4t ) ol i
5& 8 M 5 f# 5 (conflict detection and resolution,
CD&R)FLIM A R GE , ZETHDN =22 DL 1 LRI I & A=
IS S e F DA I A 23 B A T ik B H A
HPJEMAES . MZ T, 5T MARL M EE i
B BT AR AL LR A T R AR Y
A 3128 53045 . Brittain %5 (2020) #2 11 7 —Fh g
JE 0 28 iRk 2 ) s, BT Tl e 2
B X A E R FERIER R . PRI &R
R4 o 22 Sy A A5 L, 27 2 B 1 — s L
[ ) B T AE AL L REAS TR &2 R FR A T3 T
FI 2 Bl A AL Y R 7 5 O B2l , LA R AR
A4 Jmy di (I P T2 e A% 98 N 278 T 5% A AR B

B X8 B Ay O 25 1 Sl I A1 s s, AR Bl 2
HL S A, WO i 5 A 3 A0 M S 48 B
Tt Zhang % (2023) &1 5% T 28 i 25 e A6 3R T
b s AT R T — R T = AL
(attention-based ) Y % B 58 £k 27 > AR i 58 fif G345
B ZHEFEEIENEHKS Transformer 2248 TP 1) F 1 &
FIRLH 55 Ak 2 > 8 IR BE Rl G L A PLER AT RERS
TERGE Bl A 2 s, A SRR R AR T
TR 6 i EL i 1) 2 A AR AT 2 i , AT 7E DRAIE S 1
P 4 [ R DR 8 0 e e SR ) R BE . e Ab
Tonti 45 (2025) £E I AL 13 L 7 (19 S U, o
HE T IR B iR A 2% 2 e AR M A T 2 TR R Y
AR AMUTEZS X Fh 2 8 BER BRI HIL ) [7)
FEDY A 28 ML 37 b 18T 19 52 2 W A7 M 26 T . Szyman-
ski 45 (2023) PRI 1 A fa] 1) T B RE R I 22 B A4
SRS T T R ALY Ml T T AT L i
SRR Z2 4RI AN AT RS e, A Al T K
RIAX 21 4L 37 1Y Mo T 40 3%, AR T KT #6 . 72 SPO
WREET 34 By B O b T8 947 281 1 25 26D 1 B
FE 2L R 45, ST EAEE T A LA R AR 2
S0 AT A0, ORI T 4 AT DL TR
FBT A b AT B ALE R 5 IO B A B A
(Sui %,2023).
4.3 AIHB THEENRSEE AEEEE

RUETRIE s A7 T TR R L 5 b S i B v i
PR T LB T RASCRE  (HAE RIS X — A iR
NS A TT " 108 42 5 (safety-critical ) 405,
Al R G YA BB g — A58 42 I35 AN R4 AL
A ERE o R, AnfardE ALY B RO R 5 KK

13
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11 R R RS A — DR PRI
HLE [F] (human-autonomy teaming, HAT) K & | & H
BILAC A ) 0 20 355 8 g NP AR IS0 FE X AR &R
%0 [N 2 “ ALBE AU 27 T2 “ P AR
faresy DA KAEHLK S ALZ M T 3 A8 i S
JosEHE” (dynamic function allocation)

TEAR SR H S AR BT, AR Y 405 18 o 2 i
SHZIury (I A Sh 2 A 2 58 A8 H A58 4
Wi IF) . SR, Endsley (2017) 7E M 45 A2k 5 B 51k
A& H ARG ECN I R Z 45 1 X R NIRRT 5 5
N AT AR R 2T = A TOEVERT F Bk
57T (automation surprise) A 55 BAR A ¢ 23 % .
R T FENRGK Bk FE , SPO BEAE TR (1 AT R 25 Gk 2 L
B I BALBR S A5 5 RE T o Tokadh 45 (2021)
B BN E B AR A S BT 5 R E S B
ABLRR S Be 5 25 ST AE ALK QAT B3 Y /D IR A
(S AR 217 W 2 BEARAS W I ) DA K S Hi 45
NSRS AR ] M ) il w17 (1 B 6 B S 1
H AT BURAS B, AT &2 30 4 TR 2 19 “ Bl 3h
Wi gz 5 @I B (level of automation 8% , {XAETH
SRR B SO0, 0T LA S SRR B IR 2UHE S A
s bR B LI e . I, TSR
FOHHATICE B FEARTE ARHLK T

SR, 24 BRI XU B 4 e ) 38 AL AOIR 25 5
I, RGE S BB RRR R AEARAE BRI SR 2
AL AR HNE N AT ™ 195 57 SO o Bk
TR, HL LI PR e T B AR X, AT R Bk
LT H B A AR 15 e A R B i 5
v 2 s A ML TE T I IR] 0 1 (Can 5 80 N AR
WG R, AT R 25 B4R 4 DRI AR A= il iy kL
LR, SRAT A ATFBK ) I R G AT DL S . I
I 1) 22 587 38 AN A — IS BB P 4 i A U 48 | B
W K B 2% B9 AHLAE AE (trust in automation) f# 2% .
Lee Fll See(2004)7E ¢ T A sh AL F AT i 2 S 5 v
i A5 AT A I XS T 3l A X AR G 1 o R A
(over-reliance) 5% “ 55 F " (disuse ) £ EL . WL AT
WU AT AN 0 B R AR Bl A R AR 44
AT GO R G AR Rl

PR, Sy 1 AR LR B S B B BA AR B B
K 7 (teammate-likeness ) , ATFE 245 1 J5 WA 2 RE IS T
AT bt 1% 3 JHE 5 P 1) 5 #4% (Wynne 11 Lyons, 2018) .
UEIH AL 2 N R A B FEE— 24 A S RO A

25 NHLIAT BA A 205 2% 300 35 2 e =200 BRAR R (375 ] 9
1 25 A BA B2 1 JEE S22 B (Korentsides 25,2024 ; Kir-
wan,2025) . FESCPREIR G, X B E AL
2 AN T EAT L AL B) , 0 B i R BE
FR Y B BB 3 4 4248 i DR (2 P A I 3 T
HIJ A E XA B R e g, 3 O R HIAT
FE1 A B 20 BE) o 3k Bl A fif R N VA v Y
SRR S BEALE], 6 08 T e B 2E 0L R4
R T (190, ) st e R B M R B TS AT
BRI IR AR A % T ol o A 55 B 3 I 4
B, TR SR T ALK S T B h N 5 HLE B oRIT
PSS IS

5 AERLEATIEREXAISEMRER
IERY N E kA

FESAHL AR ] (SPO) 1 JE S 25 44 v, Al T 451y
IR AR 2B BRI 5 AL B LA R R JEE s A 2
PR WO YE BRI 1 AT R 2 3 55 1 =
RAAR IR BT T 10 LB RE o R 1M, NEE AR T A7
T i b Ak B, A TR A4S Tl 5 TR ) R R AR
LRSI () A Ly s — 2 RAT BIAE 5 JE K ) 11 4 B A
PR Q] X B B AR AL (R AL B DR ST R LBl
BAGEAT s R T M 22 4 A0 e i B RS
AL AR R gl IR B AR e " S 4 A
F T RIE A B AR B A A AT M AALF AT
FEML AR UG &, R G2 R vl il B N T3 R
(XAD FE M2 SR Be BT 5 R R IR A
BT =B S R A 2R 0 9 1T I 1 3 R 7 Bk R M R
A Ry AR o

W 3 prR AR G fin 2z A DGR IR R 5 AVML
ARGV AT RIS B0 TE )y % | nl R Bk
FAF Y WA FAFAEAR 2 5, AL b
FAET : DO-178C ZER X FRAFAT ]y AT 0 2 1 5 AR
HEH 1T AT R G047 R B AR A AR T B, P 22 R
T2 I 2 SPO B AL AR A HE AR RS .

5.1 BZEEBNATHEEREES AEEEN

AN TR B JLHZE UL Z R AN T4 K
2% R SR B R B 2 ) (deep learning) , Hor Az Ak
fie 71 5 RFIE SRR ) 2 LI 3R 50 S 32 A i B
FERARH Y o X PR A B & (black-box) (1Y R¢E
HWE , AR WA LU A28 m]

© h[E KR KL AR



=ik, ZFME, BHEY, TR, TREK
AT EREH B B K ITE IR AR LR

ZRM=T (DO-178C) AIML &4 (F8eEst)
WEMRAEAR EMEMRLAE AR
7 @ FRER - N
FKIEED. FMUEN #IEIED. FNIpRTUIAIN
FERER-IGIT R BERRE «—> SR EBINE EHREL
BEERTMEWERBT TREDHMIEMNRE
o J A J
~ @ Wik A% -
ZWESE (MC/DC) S EREE + SHIIIE
100% BIESR M I REBER — AHIE OOD (43758 Mkt
FRALIERR + BT / MR MM AR EE TG
M EG%EERAERE FEFBHATE)
e )
@ AREEER
7 B
KIAREEH BN (BatRzn)
RIDBEZFTAHIT —> = XAl 755% (SHAP/LIME/ & /)
RERREHSHE RS RENESIY
\ Y,
@ TEER
s B
IRAEl, TEZE FHEFEIEIREER
WA R E RS EEFIAE <« ELEHS I ZINELREN
FREEE™HK (SCM) IR AR AN B IS I AT
N Y,
G WEKES EEIK
4 N _ N\
M#YEZ (DO-178C Level A/B) REMEE (TEENE)
FAAEASA B 50 FRHAR —> EASAAI BRZE (2023 BES4R)
DO-254 + ARP4761 BeERE FAAAC 20-Al ESERENR
STC/TC Ri2m st EUROCAE WG-114 $4E5H
e J
s ™
BZBRAR: HEMSHLER vs. Kt EEERIE
DO-178C B3R IR T BRI T EANE"; Al RATHBRBRSHEN, TESNREULEMG
X2 SPO &l LR A F R ERS,
N Y,

3 ARG A RS AL

Fig. 3 Comparison of airworthiness certification paradigms between traditional aviation software and Al systems

B AY A RTE TORE O S o) D 1 AR 1 B — R
ZEE I R 5% 45 (Gunning A1 Aha,2019) . fETH 2¢ 4%
BRI R v AR R e R A ) L B R R
FIAL T B P ARES A4 500 1 5 SR T, 7EML 28 3 —
SR (i 42 4 S (Safety-Critical ) AT ] 5538 (time-
critical ) AP FRA 18 22 45 (cyber-physical systems ) H1,
AN R 5 | R AR L ™ i AN TR TR K M (Hoe-
nig 4%,2024) .

TESPOIBATHREE T, AFEHLRBRIZF T 5 A%,
BRI 725 3 A7 8 BT 5 PSR 38 UK (eross-check )
O FR R AR . TN HLAR AT R 72 B 58 SR 78 HE 3 I B

T8 TRHLIEAT — ORI 2L 52 R BRI
HITCE ST 2 U S DR R T A I 3 T PR IR AN T L Y
T 7 2 Ui (microburst) i J& 51k A B i) 4 [ A 4
PR IRE , B4 AT SR BRI B ™ E A AR 2
Endsley(2017) 7EX} F 3 fb 2 1= 19 28 JLAHF 58 b g o
X = 0% B R B RGN S BN R DR A
“H k575" (automation surprise ) , AN TG 5 F2 3t
PRACHT RN , ST 2 B T €47 51 9 OODA (W%-
FI B - DR -PAT ) DR ER B, 38 B 58 7 TR (siation
awareness ) I KMEPEFER . JEARER K AHLERFA]
(human-Al teaming) AIF 5% & W, 4 ALAE Jhy 25 B i Py
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() AL A A, AT R T AR Ha AR R AR B, N
R A AT w5 T g R 1 (Korentsides 45
2024)

XE G T LA B A A% O A —
“H k{5 1F 7 (trust in automation) . Lee £l See
(2004) 7 H B LM SCHR i I, 5 AT AR HE L TS
BN UFAD - 3 54T (over-reliance ) 23 S 30 “AT DA X &
et A HIUN , i 2851 & 2R LT i 737 MAX
MCAS % &t 2 Ry iy 48 R 1 {5 AR A 2 (disuse B
under-reliance ) W £ 3 B AT 51 7 55 20 2045 4 i
FH e i S i 1) ke I R 48 48 TAE B fr o £ SPO 36
BF 303 Hal B E R 58 M T ALR G
“BEHHEE” (transparency ) o Kirwan (2025 ) & X fiig 25 45
Y ATEMESE NS TAT DR A RO Y 4
RS S AR NS SRS, i B IR rp S R S A
PR T AR L R AERZ . R, ITRR
) R G H T R G ARy mT B AR B KB A
“H&”, AHIE SPO R FESAERY ISR, 26
SENEEAGRBUE A TR AP R L 22 42 %
DRSPS (Yiu 55,2026) o
5.2 BMAIHEREMEZRNIEITENSSSHERR

T IR e A R R R AR 5 N R Z ]
(P8 36, AT i BEPE N T %Y B8 (explainable AT, XAD 4%
ARAE AT AU W TE DN BERl B8 1] 25 B e A2 iR
T UVUX) I % . XAT A% 0 B bia2 2k i Re
BARTHEENL Ll Y RAT DL P FR AR | SRR I ) 2
PR ) 58 RO A a2 1 AL Il 5 £ 17 1) ik o
th (Sutthithatip 5 ,2021) . H A7, £ X0 2 405 19
XAIWFSE F 203 o R FARBEEL : “FS R (post-
hoe explainability) 50N AE AT g B LB (intrinsic
interpretability ) »

F I R AR EA R A R SR (4
TR J2 265 FPURH 28 100 246 s A 27 2] SREm ) AR 45 440 1 T
$E T, 8 2 B A% B8k ok e i s AR AR R A R SR
Wtk o AN, A R A AT A R AR L - T R A R
(local
LIME ) 5 75 3% ] i #1 fi#% ¢ (Shapley additive explana-
tions, SHAP) 0% o A4 W i g e B0 (A 25 1k
EDAEA R R AEIR |, HELLH F SRS 75 261K 15 M
PSR B R F B Ry 8 4E B (chain-of-
thought, CoT)HEBRRE 71 2 Bl it XAT 72K T )R 2
o Bl AE A SRR RS, RGO EAL A

interpretable model-agnostic  explanations,

P57 PRI SRR Y 4 4, TR ARG R A AL ] 20
HE 25 4 Al B 22 A IR 3 (A9 G 0 3] i 7 58 X it R
Z ALK H Ao P IR s R] e R fink e 22 4 A 2k
P, AT It 20 BERELE ) o 3kl T ORI AL AR B
) H AR PR U5, 456 PRD iy “ Sk iR il 4%
SR KIZE S T i T RGBS ok A Sh ik 1 # .
TET ) 25 A W B R G &, Memon 55 (2026 ) #7
W1 QAT ] X AT AN 52 2 1) 25 v A8 i it A 7 e
PETUE . AEB AR, R ARV Bl AE T — k58
TR AT, XAT ZR 48 AT DLE i A i 3 PR
(saliency maps) o #A 78], 76 RALA) S0 B R 4% L
SEhR 38 0 AT A 20k BB o G U IR R
DI SR, I il R RO TE 52 PRy 2 3 28 v T
BVFEIER R, 7E LA RD R B A R 1 2 fi
Brh, AT RTCE SRR TR B TR
SHAP {H 5Tk B 1%

KL, “ 4 VR AL A R]fig Bk (operationalizing Al
explainability) i T 57 AHLAE H B RTHT o Wiirfel
S5 (2024) R A TRV 1 o] 3 o AT i BEME 2R
(interpretability cues ) X AT JCAE4E h 2125 Bt 27w
o MTHE— IR R AT DUA I R G (IPAS) Y
AT & SSIERFSE TR R B, RAT TR B AL
OLF I s ZE R R AR A R KR B B HE S,
M2 EL BN SCRR s e & Bl 72 H 3l
ERE R ST, XALAN A Bt SC 5 i 3 22 5% 20
JE W AE 3 RAT R 4% (PFD) (9 3D 5 MR 38 &
b, A AT B HE S8 R B AT T 1Y 2
A RATHG , JFAE S5 0 AR a7 A9 B bR A T 1 (A
W RFTCANL”) o X P ENE T A aras
(just-in-time and just-enough ) {5 K& 52 8 U0, g F
LK GBS 7E — ¥ 2 18] (glanceable ) FELAR ALY BIF WL
PR, Ak, A S AR SO 3 4 B R BRI
B3 XA n] Dl i [ AR 5 B 15t 28 G b i A
S ARERELY /N D REEEEE TR RIA XU R G2 i T AL
2H % P45 B (crew resource management, CRM) H1
TR 2 g T B AR S PR ), R A R AL
R 3 A5 2Y (mental model) 5 % 48 52 bRtk 25 5 2 XS
Fr YA
5.3 HRIEMEMSRAZNZLMEITMGEEM
EVGIE 3% 15

BRIl T A T30 2ok X AT HOARTE 2 BT o ke 1%
A7 530 32045 A (R AL, AL 1225 Bk f) Bl AR 3
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=k, FEM, HEY, =R, ERE
AT EREH B B K ITE IR AR LR

O s R — T A TR R MR R 22— A 1E ATIA
JIE Cairworthiness certification) o i 25\l 2 It LA BE %
PRAFAN 1 1922 A 5%, A D Al HE ™87 HL A T3
FE PR R RGEL AVPAIRIE , AL AN UERR
E DO-178C , 7 4t % 4= VAT A b 1 ARPATS4A 55
SR, XA 3 At 22 e WA 7 2 A 2 b
WER R TE TR BUAHLAR 2% 2] (ML) BEHY I A i 5
MRAPERY s,

1% G it =5 B0 DA IR T8 08 7 A% 1Y VR B (V-
model ) FF & AR , 30 VA £ 604 “ AT HPE” (traceabil-
ity) o TR 53 b Z5IE IACHE (4 B — AT 0 X —
HARRY @ 255K, B AR [F] 1 A RGELATEAT:
A A R 7 A 52 4 R ) EL AT S50 %) o o A B, L
s AR (JEHJE TR EE s Ak 2 2] ) 1A T2 B s
XS AR R IR S AR IR B AR
AR AR T2 R R 25 1B AR 2
R 3 3o Y e BCHE DI 2T B Ok (Jenn 45, 2020) ¢
X AP AE A 2 P (non-determinism ) i 1545 45 A9 A AD 7
2RI (A MC/DC) IR AR A, A LG JE i AR
Al gt B 82 30 PID 2 8 AR FE K iE— MR 2
2 W 2% 10 ZE 4 PE (Crum 45, 2004) o 1F 4 Cum-
mings il Britton (2020) fEIR WL 2 CH A E RGN
B HE I AIRAE , H RSO AR 8es T R AR e —
A RN, 58 455 S IF IR R i 5 2] 1
RUTETE 18 53 A7 P I 22 WL 0 (o R R IR R0 ) o
AT A TMETE YA PTE H H

TN X —TE ML AE R, B2 AR S5 Tl ZH 2 (A
EASA FI FAA) IE BUR#R 2 £ X SPO M T3 g s
PR BT BGIE# 42 (Lim 55,2017) . H i B T4y
PER) T AR Z W 5 225 A iz A7 I AR BE” (run-time
assurance, RTA) 4244 5y 5146 JE 2244 (simplex archi-
tecture) . TEIXFPELME T, B2 A% 0 AR & R #Y ATEI
YRGS (BAR N A BRI 5 — DR
e BE A PE L AL 4T DO-178C i iy 22 42 5%
FANUERY “ &1 Wi ¥ 4% 7 (safety monitor) 511517 .
AL RGBT TR R B R A 25 8] v A i s 20 %A
TEms AH Ho g AR AN HHEREH T RIE RS M,
FIr A 162 e 258 W A as W A T A . — ELUEHE
e FE ATRYHE 2 (AR 0 R IR # i 4x fed
2 )it J T WE R AT 1 A RE AR, RTA LS
SEZIUIWT AT IR, I JCEE B4 2 A5 58 1 2 2 PR
SRt XA R E PRSI 2 N

(bounding the AT) % 5 W , {15 Wi A LA 76 7K I AT
ARG R EREM R AR IR BENS I\ R GE G e J2 T
B PR IOEME R AR AR T 8107191 $ 5 K AT/
B =R IE LR, B XA ¥, B 15 A5 RTA
84T B R B 1 50 B TS B R B AR B 4 i . ok
>k, Bifi 25 #2525 AL B UIE (formal verification ) £
AR B LA R ST 2 T T A0 AR B S B v AL )
HEST AT AU DR R — R R 2 Y FE AL, TG
FIIE ATHE AR P25 % 5E ] BRALAS Bl 32 35 1 7k 28
STiiBIER

T TR S 385 AT SR 11 T sl 1 D, WAL IE
TN FoR MR 2 . 92 EBRMIZS 4 )R (FAA) T
2024 4F 8 R AT T RGN T3 BE 2 4 I Bt s 2k
B ARG T T ik 2 L L2 4 ol B 0 I TAIE %
1, 5RO R ARMLLL T g (9 A0 XU B B R ek
A IR R EE T BT IR R (RTA) (9% 45 LS TE
F-Bt. [, BRI a2 45 (EASA) & A TEA T
BB LRI 2.0) L IF R B T LR 2 2T R e
(MLEAP)#F9E5 H . EASATiS T LAACKHAS 9 AL
(AR EAELR , N Level 20 AKLIRED) G50 Y AT
PO T A HES VGRS R . X SR Bh R T
AR 5« AR I M 228 38 AT 7 2 o AN i SR G R
T 222 ) 2% B DS ) 446 %8 1 e P A R T R B A
A M B TR R A S G R R
U A EUF I HESE

EA5 R B A 2, 7035 DML 55 2 1 , 41 X EASA/
FAA BLA U 22 78 6 R4 22 P R e st i R B, o
A2 R (CAAC) B [ P 22 AR ALK IE B R R
P54 E RS TR A B o e AR . ENE
B AL — /AT R B (SPO) iR T TS
WK HEAT T IR A A £ A0 50 UE (ol A B8 88,
2020) , BUN TR EE 2 > BRL ) BB G RRAE 5 14 Ge i
25 Tolk i 1 S bR EA Al o DRAh, 72 3 B
ARG IRZEIA L, H N R R TS
o v O a1 A R SR A A S B (BRI AT
2025) . XM ARAH [ P SPO A 7 Ak it
PR AL T EE S AR T S R L o B
2 PR AT s N T RS AT A i IR R ok T b
E
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[ HIEE AL RS

REFRLEEE | SR F S HREE

B xamESER
15 A R A K AT IR RRAORERE

YHEREARS ZE AEHATML B RERE
SHAP B9 iR BEERE TCAV;iz
LIME /2 EBE{ Grad-CAMEGEE RELEELER
RAHE (IG) BREXEE (LRP) RERRIBAE

K O BR: XAIFERSHESEM (faithfulness) HEHK—EEinE, BBRERUEIRSINEE

-

E2 BEEEEUSKIIRE
EUAFTANTHENILR, RMINHRMSITHKIE

AN

FHEEENL (UQ) Sm5METN (OOD) R AT IESRRY,
TP T2 P 1%Figite (ODD) HIE MR RIERIE
$E5753% | MC Dropout OODHAEFIAZ ISAETEIER
R (CP) Kid INGEEES - R2WIENFIED

S

B3 ETEER (RTA) I
ELERAITA, RENEE—SYRRI{TRIEMER
154528 (Monitor) #17@i& (Backup Channel)
SR TIAR EEHR BB AR TR B B
REBLZD0-178CINENHE 4258 HIEMEITIZRIE
A

=X

EfBENR. #EXSHIAE (Stage-Wise Assurance)
XABEBIALEZ - ST EEELE P — RTANUEESEW — FEIBITHEM (SOC) it

6 HiRGREKIME

B (SPOME R T — AR AT A B4
il v e, S AN U T R AL B 1 (4T
R, EROR TR — A R LR AR R
BRI R BERAXT . AR SCRGEIIB 1Ak AT
B RETE S B AT B B AR A B T P D BOR
W LN e TREAGTHI I A BE 220 AKX 2SO0
TAEREAT B, TR S RTBTSE A7 12 1 SR BRA
FHRFARAA 2SN T BEIN — 0L ) REEHNMLIE
JEE T [ i b 2 ) RS PR A

6.1 ZiREE5iZ0 TR

B s N TR BRI AT AR AR T s
FI A B S BT I S AT ]
2T 5 # (Harris, 2023) . AR SCHIZEX — 14k,
A THAR B TR AT R 2 Bk O AT R ) PO O R R S
FE B TE R G 2T, N7 G AL Bk S 58 )
5 b T R S 1) Al — AR AL IR ] I 2%, 2 R R B
N BB 2 R OCREFT 4 . ALk AL BRS A T
TRORI I A e 1375 BT T TC 4, i e T s ) 2 2k
DU T 4 R A IR T TR B AN B T
SPO & 17 1) B 525 48 (Niermann 45 ,2023) o kK, 78
NHLAS B BN A vy, 36 T 2 RS R A 1R
A7 GRS W R AR S T AR SE 0 3 0607 far PEA
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=k, FEM, HEY, =R, ERE
AT EREH B B K ITE IR AR LR

Jrae M ZS B SRR 28 X5 i FL [ (EEG ) TR
1248, DR T IR L0 A5 (INTRS) 7E BL 5L AT IR
B OB A 45 G i =X B TSR LR S 55 A6
W, (575 AT ZR GEREAE S2 I RS HEHb A S ML 7 5 O
T 55 H 09N 0 A fer 5 1 BB AR (Gateau 55, 2018
Zhang 5§ ,2022) o RPN BA A" B TR B JBAT
IR S ST B py Seth 5. IR TR
WAEAZH S5 PAT I, AR E S LB TE
2 v O 5 1 SRR RS T S e i R . AR
FEAN ATCO2 55 KRBT 25 & FHEHE 4 , 5L T Trans-
former 25 ity 3] 3t 4 F4 [ G A5 AR TR R A v AR T e M
A ARREE O S A e R, S T R A
RS HE U 5 R AT S 500 B 3 3 BT (Zuluaga-
Gomez 55 ,2022; Deng %5,2023) . XM KM EE T
2 A 28 F B, KR I T R AL LK B W S
TR AT . B, FES AR  , IR i Ak
2] (M PPO.SACH L) A HEZ WK R G
(MARL) i , 13 RAT SR BB AER IR E S
1 2 RS S B AR A R AR RS R
SRIMT, WFFE LB ZU R B, 330 6 S R0 10 B3 IR sl A 70
SRR I DI A 0 ) B S AN T A R A AL LA
R IRAT 1 5 P 0 o S AR (A0 DO-178C) 15 R
PR (Yiu 45,2026 Lim %5,2017) .

6.2 MAMRHWERES

RN TR RRTE RS AT 55 sl BRI T
PR RRE , (BRI ] L5 ki 8 ny g 4577
TE T 20 R A TR 14 Jy B A -

B — i SR A A IR 5 sim-to-real "2 1L
TSV o YR SRR A 2 AR Y SR I s B AR
L R S 2 PR B O L AT RRAD A% A U AL
e BRI, B s ia 1 T8 (AN A s 28wl Y
QAR "RATHEUE | 5 - B AL A% s I b W A5 5 ) 1E
T2 H TR AL R 22 4 B 22, 2O ™ Y 4L
PRI " AR . B2 B T8 — i 2 bn AL A Y e T
i RS SR AR S BOCY RIS AR T
H S e 43 A1 1 B 30 2 3 55 (AR s B 2 1 BB A% SRR A
KRB AL G2 A RE T B 5t XU (367 A fo]
1,2025) .

5 ST AR S RIS R MRS B
A 1Y ARG 22 T A T IR 1Y B i HOR S, 4]
WA AT A TE B UM A ) R B R AR T pp o
il A SIGR FE . (HAE EL 219 SPO AR I, AT IR

AR AR — D2 WS B AR G R S e B . T
BEAT BT REAS R L AE M TR L AT B
LI K s S ], G — N E — A B A G — R
JZ %% 7 (unified representation) [ 4= B .0 AL F g 1K
o SRR ] YRR, e o AR RSN SR T &

GEZ AR RO
= RGE WS APLEAEHL G AR ME 55

BRI R BE N T BE (XA ZEAT 23 ST e T 40
BRR L AA WG RE Tk R 2 kAl
FEZ AR |, FLA# R I U 2R R
FETURD B £ 22 I 22051 E Ml A AT B PRt i A 3
fi# (Degas %5,2022) o 402 AT JC 3% 38 1 1 VLAY RE ity
AR 1) N RMLRK AR B L E A B, AR
X2 AT 4 52 R A, B 2 S T R gemi 51 &8
[ 9 HE (oK NG 5, 2020) .
6.3 [@SESMEXREIRFNM R G2 1 B iE
T[] A, T2 N A BE A58 AL 200N BA— B4
DR 1) RGO , ELAR R R AT R
0 T ST 3R ) A% s A AR L 85 = — 2 IO o) Wl g P B8 T
BN RS RS G PRI . BEX 5 2 F4RR
(149 A 42 fioh X0 i SR 7 A o R ey ' TR CAn il
A ) I T I PRI 25 G T B, A ok 1 JER R e i 75 5|
A AABL S LT IME SRS 0 Z B Gl 5 5 7
IF, B1XTENIRS [ I [AE 5 5 EEG 19 5 T4k, 75 8
ST B U5 (0 B G i O 5 2 S I 4 S 575
B, P ARAE B 22 B PR BE N R GEXT AT DR 14 )%
HIKA B, RS 2 BB IR SR Ah 27 > 11534 b
AR Z AN FIRER . AR 4 348 TR
S AL 2 LE Z AL o i AR v Bz Ak RDE , LR AR
TR XT3 A A R g SR B R A AR LR I, AR 1Y)
AT R T 05 56 5 4R 5k Ak 2% 2] (offline RL) + %4>
Jt i (safe shielding) "MLl . @1 5| AFETHH(E R
()4 22 W 2% 5 Zh 12 i FE SR I MARL B3k 7
PEAT 5 2 SRR SO, LA B 1) B 4 BI04 ) AN 25
MW PR RAT LA, DT B I i e vy 2 T &5 oh
A& FI SPO 2213 50 T Wz AL A A
RN B FHTSCA 8 A 5 1%
T HN I RAERE 22 K 43 B0 BT AT S PSR B
il G R —A IR A 2B A A 25 5 )32 KRR (aviation
foundation models) . AR DKL AS FFAAY & 4P B 2
U AN N i) M = AP E IR 2N AN
BUE AT S e sl s e vk [ shib AT i
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1] B E PR R ) RO R G G B X RS

AERG [A] If Iy " 2| 2= A 48 4 B/ 7RI R E HALK
AR 55 T2, O B B A Y LS, AT AE —
AGE— I T AE 23 () h JEA T IR A 4 L, SR A A
NZRZW B SE I 2 Ry e SR o R, i gl ml g g
P52 AT IR Z il (safety and explainabil-
ity by design) o A I B BT AN ALTE B S A
ST AN T, 030 & Je PN A AT A e 1) i 28 I 2 45 1y
SIEAXAIAER AR . BN, B AT 3 I 2 1 Wy PR
Ly (AL LR R 75 7 ) B e i 2= 5mAk >] id 2k

BRRC B 2 A b R, b R ) R R R 2R N 2%
(PINN) . [A]If IR ATF AL 2 AN AR, 3R R
FEF-HL 5 7 (HUD) 30 f AL SE R S8 (SVS) Hh A2 R
R AR ORI B 2 5 e A LRV .95 e BT ]
JMUFEAERE (Ahmed ,2025) . i , FAG 56 T A
RSN IE AT EHESE . Tl A 2R LR R
B FEE T R ) BN B R AR E LA
BRI RGP VA bR . TR N BT
“IBETBFFFE” (run-time assurance, RTA) [ & 2% 48
PR 23 AL EALAY AL th Z % s T AE KL R A L T
R R R M i A TR B 5 R S A M AR L
il B A0S AT BB AT BB 1 ) R vk B

25 LTI, N T AR AN Bl 2 F ¢ <5 A28 KAy

BBYALEL, T 15 TR A MBI T RN S 15
S BRI R BRI O 4 SR AR G R R
HH HRATHEN . HEE B ALEOR P B[ 2
W LA AR Y [R) AR, N T2 AR 00 4D 55 B0
P AT 1) B J5 — P22 A b, B 9B ROk 2 ki 25
AR B0
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