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Research on risk factors under SPO air-ground collaborative operation mode
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Abstract: The single pilot operation (SPO) mode is getting much attention with the rapid development of commercial avia-
tion. In order to achieve a safety level not inferior to double pilot operation (DPO) mode, this study identified key
risk factors in the SPO mode. Firstly, this study described the SPO framework systematically and briefly. Taking
the safest operation situation (captain and flight status were normal) and the most dangerous operation situation
(captain incapacitation and flight problems) as examples, the optimal SPO mode framework was analyzed. Then,
based on this framework and combining the literature research method, the preliminarily selected risk factor set
was classified from the perspective of human, machine, environment and management. Finally, through expert
questionnaire scoring, the continuous interval ordered weighted averaging (C-OWA) algorithm was used to
determine the key risk factors. Results show that the air—ground collaborative operation mode is currently the op-
timal mode. Meanwhile, the three key risk factors in the SPO operation scenario are captain incapacity, insuffi-
cient competency of the captain position and avionics system failure. This study can provide a theoretical basis for
the risk control and technological development of SPO.
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Fig.1 Framework of air—-ground collaborative operation mode
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Tab.1 Classification of the SPO mode operating conditions

MK RGN

& RATIEH AT

Bk D @

W LA LR B R B e

Bt
S UNTEECINE TR E 2 S}
PR GE R B LD R M S 55

ARG
& ITEE(INARNILIRIS 5
— R — AR R B S

GRS THHG THR@
P
K LR E A GURFH Rl -1 AR SR
KHRTE TR AT
SRR G S HAZE R A - A A SR LR
(PN Gt

TERIAE 0 e 22 s AT 464F T (L), 3 Bt
HRAEIS B Al FE A2 47 2K fE R IE I IB A7 & AF T
(IHH@) B — AR B RO R R B
VRS ZE AT AEBAT5 57 0 TR B8 e I S oAb B L PRAIE IE
WOATHIRE, 5 S B TAR G g, A REse 4
T /2 R 5 R = A TOA R A R PRy, A i A
215 AU 375 55 1) () Fsp ] LA B0 e DXL o 308 2o % FE
Syl B R AT PE A (P E AR X R 2 A
CAAFIE B BAIE™, B + 2 B AR B e AL R Ge+ b Tw
ol 18 2 i bAoA TR 4 i e
T2 EOLRRE ST 2 SPO MEHEZR b X L BR Fry 452
Baw aEit e

2 SPO #BERBITIHE R BXE EZ 5+
ik F) SPO BRI AL 9224 H AT , BRARKUK: 7k

-, 0 SR IR X A SR s A AR T Bt AT KU A 3
r ZPUNI 2T T B B KU I 3%, A & 4R

PRI A HET
21 MARAE
2.1.1 FAAES

m) 25 R A 52 £ A AT Ik 28 56 5 R AT
PAFFIE 2296 104 5% . RSB F 2025 4F- 3 A 20 H [kt
WLzs 0N /) B RA e e R 21 By In) 3, [T
OB 20 1, PICRIRE] 95.24%

212 HRTA

1) CaK im ik 50k &

I H T O RN A R R AR D B —TRA T B 2 B A
27 RS AT 2 A] G 44 FIOCHEIR R 2R KR A
PR 2 2025 4F 4 H 22 H ka2 i AH 5C STk 42 7,
A 51 ok T A LG S ) SCk , e 248 7 20 Jii A 6 S
Hik o REAE PR 25 B 2 UR B DAL O A bR o 7 3k 1 B
JEE 8 v ) PR 2 A e XU PR 24 4

2)F R &

LR 455055 1 ERa A8 B B3,
ALFEAF S R P AT S A H 0 R AR AR N
2500 2 W MR REANEO, 3L 9 B 2=
GEI7 1A MOV ] BA P R 545 3 540K SPO 25 #l
P2 A7 A2 CRH G ) AL, 3 4 500, 5 KooK ok K ML A
AL W 7L SPO T HLAS 21T S KU
FRFEFNRIBARNE S5 5 26 4 T80 A wI e KU R R A 147
R Bt SRR Hh i BRI XU PR 2%, 15 15 DR R V43 IX ) Oy
1~5 43, AE 8 R A ER T G\ g 1 XU PR 22 1) i 2
FREEHER
213 “%itFF ik

3 3 SCERBIF S B R B SPO KUK PR 25, 4 I AN—
ML—I—4" bR 3. 256 B RKIME , R L ZAUL
FRU B RN (I BUEE Ll i SPSS 27.0 FFit
AR o U R ORI R KT - X N A U R B0k
PTG AR o ARHEIE 345 5, i 1] Matlab i8 17322 1X.
[81F AL (C-OWA,, continuous interval ordered weight—
ed averaging )3 1158 XU (R 25 AR XA, e 28 1)
FH =\ H E SPO A8 e KUK R 22
22 #HR
221 RE&HEZEFik

28 5 SCHR Ik, JE R 12 AN XU R K &5
FaNZ 2R

2 2 T, HEA R 3 A XU R 2 450l AL
AR IR | A B ik R G s FALK e Re . A
“AN—H——E" FIS K Bk 12 4R R R S
PRREON 4 DA BEF T4y, S5 R WA 2 Fis.



-22- SRS SRR AN = 2026 4 4 A
®2 ETXBAWHIEREER
Tab.2 Preliminarily selected risk factors based on literature analysis
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Tab.3 Familiarity of experts with risk factors in SPO mode operation
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Fig.3 Bar chart of the relative weights of each risk factor

L3 FTLUE Y, HLS AL AT T3 AN J2 B AR XA
R 0.093 8, At HL F8 G Bl A9 AR M ALEE 4 0.090 6,
2 b B i Bl e 1 RE XA EE R 0.083 1, ALK K B
B AEXS AL EE R 0.097 5, B 811k 8 Gl B 14 4F X A 8
40.087 1,8 7% KA NIFXALTE R 0.075 4, H b
PEIRERIBR AT A E hy 0.086 6, 3 i i FE g A bt
fE I L AUAEXT AT Ay 0.071 4, ML TAE i 2k 19
AIXTALEE R 0.075 2, BHAAT 55 70 B A 25 B A XS AR Ky
0.087 1, 75 S i 1 K A AHXTALEE S}y 0.079 1, WK R
BRBA R AR SN 0.073 3. 7RG« — /)™, %}
JIr A7 AU PR 2R A B I HE T R A HEA4 i 3 A A
R, RIHLK G BE LK b AL AT ) A i R R Sl
ARy SPO A IE AT 5t v R DGR IXUR: X 3=

3 it

T 45 R, SPO iz 173 5 rh 3 AN S X
6 IR 22 B A RS B 2 755 T 0.090 0, B 258 1 -3 4 ok
R Horp LA SR BB 3 — AU PR 256 198 A A 7 3k
F| 170.097 5, Ut HIHFZ 0 43 i 25, SCHR[4017E 70 AT
35 2 RAT PR RN e 4 R B R IR SR 3 T HILK R
AE MR AR 5 SR 2, RN A T
SPO 5 1 T PR A A A 7 i LA 2K BE B IA R 2
SPO X 5 3 55 vh e A T OO 1) SR ) BT AE
BRit 2z A0 WU Ay B A Ry e s s 3, 45 N A BB
TR FEONE DA T 55 AT 1) AT
RS HIAT M B RGEAEN LA KN,
B AT RS G SO TR A
Tl B D) 2 S BOP LA B 2R s B TE 88, 7™ S ) 22 4
AT, AR SRS R 22— N A—HL—

H—E"MBERTE 3 A RS R e A7l
B2 ANT5 T X ARG I 45 R A R — B0,

LS SHUIBI f Bo 2 AS AT SR i), A TR IR XL
WP ZR TR T MRV S SR St By 45 T B, A RE
5 HZ 37, B SPO BLER /3 KUK 5 DPO #4
FORRARL, AEL T /b P, JHE JRURS: 78 B8 AR ) A il
ANA], &% SPO iU N AL AR RE IR Y OGR4
i A A% T B, ML B 67 AT 1 AN J 2 DA e %
WIT7 TS A L T R R GE s B 5 B2 B BRI AL
B R R G — DA B B T E T E TR A U
PRI A, SPO B AT) A7 78 H: Al v 7 XU o SCHIR[43 1\
SPO BT AT S51aA T R PEMEE i A R —Fh sy
Ry R RAZ I Sk, JF il SR B ] 1 S R
PR -2 BEJE B4 (real —valued resource—function matrixes )
AT LATRO) 25 b 03 ) A5 T 1) 9 7 e 6 A% R AL
SCHR[44] 00 ] T SE E S 1L 0 AT 24T 55 B U T g
BRI, R T SPO B 1 Va1 L . il
T SPO MR R — AR R G, MG PR Z [RIFAAEHE
AP A T DPO B, Hos AT 248 241t 3 51y
AU, AR T B A TH M AR IR 5 IRUS: PR 25 22 (1]
TETERYFE G AR, PEAS XURS R 5 52 1 JF: #E A7 SC H 4%
I 5 (A s s

4 ZHiE

ARG 20 HT 3 i SPO R 4R A4 4 SR 2 b
SR A BB F TR0, %oF Ee A5 SPO A 25 i 3 []
B TR B o 3 S AR A () (e R 57 1Y 3
AR DI RE S T 1 L, g — 25 B A
A DIVE R AR SPO i5 17156 Al A% O 2 o 76 B L il
b S A SCERIESE L L R IAE TS (C-OWA Bk . 2N
BEETTEL A5 SPO RIS 1T 5 B AU R 2
FIHLE S RE B i 57 AT F1 8 JE AT L 28 495 1 e
HBCHE R TR R & 25 A R, W N AL
25 T JE SR B XML LR I \SPO TRAT Bk
R SRS X s VRS W S5 NS I = 16
5% .

B -

[1] HARRIS D. Single—pilot airline operations: designing the aircraft may
be the easy part[J]. The Aeronautical Journal, 2023, 127(1313): 1171~
1191.

[2] BOEING. Commercial market outlook 2022-2041[EB/OLY]. (2023 -04-
10) [2025-05-06]. https://www.boeing.com/content/dam/boeing/boe -



Fa4 oW

TR, BB, BEERE - SPO 28 M M RIE A TR 9 XU PR R W5

-25 -

ingdotcom/market/assets/downloads/ CMO —2022 —-Report_FINAL_vO1.
pdf.

[3] LUTTE R. An investigation of the United States airline pilot labour sup—
ply[J]. Journal of Air Transport Studies, 2014, 5(2): 53-83.

[4] DUGGARJ W, SMITH B J, HARRISON J. International supply and de—
mand for US trained commercial airline pilots[J]. Journal of Aviation
Management and Education, 2011, 1(1):1-16.

[5] ICAO. Global and regional 20—year forecasts: pilots, maintenance per—
sonnel, and air traffic controllers[R]. Montreal: ICAO, 2011.

[6] MATESSA M, STRYBEL T, VU K, et al. Concept of operations for RCO/
SPO[R]. Moffett Field: NASA, 2017.

[7] COMERFORD D, BRANDT S L, LACHTER ] B, et al. NASA's single—
pilot operations technical interchange meeting: proceedings and find—
ings[R]. Moffett Field: NASA, 2013.

[8] BRANDT S L, LACHTER J, BATTISTE V, et al. Pilot situation aware—
ness and its implications for single pilot operations: analysis of a hu—
man—in—the—loop study[J]. Procedia Manufacturing, 2015, 3: 3017-
3024.

[9] NEIS S M, KLINGAUF U, SCHIEFELE J. Classification and review of
conceptual frameworks for commercial single pilot operations[C]//2018
IEEE/AIAA 37th Digital Avionics Systems Conference (DASC), Septem—
ber 23-27, 2018, London UK. IEEE, 2018: 1-8.

[10] VU K L, LACHTER J, BATTISTE V, et al. Single pilot operations in
domestic commercial aviation[J]. Human Factors, 2018, 60(6): 755-
762.

[11] REVELL K M A, ALLISON C, SEARS R, et al. Modelling distributed
crewing in commercial aircraft with STAMP for a rapid decompression
hazard[J]. Exrgonomics, 2019, 62(2): 156-170.

[12] MYERS P L, STARR A W. Single pilot operations in commercial cock—
pits: background, challenges, and options[J]. Journal of Intelligent &
Robotic Systems, 2021,102(1): 19.

[13] HUGHES J S, RICE S, TRAFIMOW D, et al. The automated cockpit: a
comparison of attitudes towards human and automated pilots[J]. Trans—
portation Research Part F: Traffic Psychology and Behaviour, 2009, 12
(5): 428-439.

[14] RICE S, WINTER S R, MEHTA R, et al. What factors predict the
type of person who is willing to fly in an autonomous commercial air—
plane?[J]. Journal of Air Transport Management, 2019, 75: 131-138.

[15] STEWART N, HARRIS D. Passenger attitudes to flying on a single—pi—
lot commercial aircraft[J]. Aviation Psychology and Applied Human
Factors, 2019, 9(2): 77-85.

[16] £ . 4 NI, EERK. B—RF7 RSB HEOR T Mias 24k,
2020, 41(4): 323541.

[17] 3k3EE, A, W%, AT BeEk S 787 FRN 5 B0,
Tl TS, 2017, 22(6): 169-174.

(18] 5k i, Bl R RHLA— AT BB B B S R ] s
Bl2HR, 2020, 31(6): 42-49.

[191 ¥ o, Bk B8, #SCR, 45 RIURTH CHL— AT A 3 AN
TRRAFFTIE R 5 R R0, s TRERE, 2022, 13(1): 1-18.

[20] ¥ 7, HBERE, 5B, 5. BT QN-MHP £ SPO ALY fiE
SYBCFFET]. Hh 2 At PR R, 2023, 19(9): 183-189.

[21] BKIFISE, B3R, BHSET. BT SPO Iz b D AlE A TR B HI.
[ BT K224 412, 2020, 38(6): 12-17.

[22] BILIMORIA K D, JOHNSON W W, SCHUTTE P C. Conceptual frame—
work for single pilot operations[C]//Proceedings of the International
Conference on Human—Computer Interaction in Aerospace. Santa Clara
California: ACM, 2014: 1-8.

[23] SHERIDAN T B. Adaptive automation, level of automation, allocation
authority, supervisory control, and adaptive control: distinctions and
modes of adaptation[J]. IEEE Transactions on Systems, Man, and Cy—
bernetics—Part A: Systems and Humans, 2011, 41(4): 662-667.

[24] JOHNSON W, LACHTER J, FEARY M, et al. Task allocation for single
pilot operations: a role for the ground[C]//International Conference on
Human—Computer Interaction in Aerospace. 2012.

[25] GORE B F, WOLTER C. A task analytic process to define future con—

—

cepts in aviation[C]// International conference on digital human model—-
ing and applications in health, safety, ergonomics and risk management.
Cham: Springer International Publishing, 2014: 236-246.

[26] CUMMINGS M L, STIMPSON A, CLAMANN M. Functional require—

—

ments for onboard intelligent automation in single pilot operations[C]/
AIAA Information Systems—AIAA Infotech &Aerospace, January 4 -8,
2016, California, USA. ATAA, 2016: 1652.

STANTON N A, HARRIS D, STARR A. The future flight deck: mod -

N
~
—

elling dual, single and distributed crewing options[J]. Applied Er—
gonomics, 2016, 53: 331-342.

[28] SCHUTTE P C, GOODRICH K, COX D E, et al. The naturalistic flight

[t}

deck system: an integrated system concept for improved single —pilot
operations: NASA/TM-2007-215090[R]. Moffett Field: NASA Lan—
gley Research Center, 2007.

[29] BAILEY R E, KRAMER L J, KENNEDY K D, et al. An assessment of

—

reduced crew and single pilot operations in commercial transport air—
craft operations[C]//2017 IEEE/AIAA 36th Digital Avionics Systems
Conference (DASC), September 17-21, 2017, St. Petersburg, FL, USA.
IEEE, 2017: 1-15.

[30] HO N, JOHNSON W, PANESAR K, et al. Application of human—auton—

[}

omy teaming to an advanced ground station for reduced crew opera—
tions[C]//2017 IEEE/AIAA 36th Digital Avionics Systems Conference
(DASC), September 17-21, 2017, St. Petersburg, FL, USA. IEEE, 2017:
1-4.

[31] SCHMID D, KORN B. A tripartite concept of a remote—copilot center
for commercial single—pilot operations[C]//AIAA Information Systems—
AIAA Infotech & Aerospace, January 9-13, 2017, Grapevine, Texas. A—
1AA, 2017: 0064.

[32] ALPA WHITE PAPER. The dangers of single—pilot operations[R].
MclLean VA: ALPA, 2019.

[33] SCHMID D, KORN B, STANTON NA. Evaluating the reduced flight
deck crew concept using cognitive work analysis and social network
analysis: comparing normal and data-link outage scenarios[J]. Cogni—
tion, Technology & Work, 2020, 22(1): 109-124.

[34] SOMERVILLE A, LYNAR T, WILD G. Safety implications of pilot in—

capacitation occurrences for future single pilot operations [C]//AIAA

(F#% 31 1)



