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Figure 1 Concept, construction, and experimental validation of the low-altitude sky-lane map
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JRy RATULE (https://www.faa.gov/air_traffic/flight_info/aeronav/digital products/ift/))

Figure 2 Visualization of different map concepts. (a) Ground road map (source: OpenStreetMap!”); (b) low-altitude sky-lane map (proposed in this
study); (c) high-altitude civil aviation chart (source: Federal Aviation Administration aeronautical charts (https://www.faa.gov/air_traffic/flight info/

aeronav/digital products/ift/))
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Figure 3 Computation of multi-dimensional and multi-level dynamic-static risks. (a) Multi-source data fusion; (b) risk quantification and

classification; (¢) dynamic modeling of flyable airspace
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Figure 7 Human-machine cognition differences in sky-lane maps. (a) Human-readable map visualization (source: Amap navigation map (https://
www.amap.com/)); (b) machine-readable structured map representation (source: autonomous driving high-definition map (https://www.apollo.auto/))

F 2 AP RRE AR E 5 —RAE

Table 2 Unified human-machine representation of low-altitude sky-lane map

U i P 2 INES ] Bz el
THRE PIPR AR A AT S (AL T T R IR AT PN A E AR AR A5, (Point(x, y, 2)), BHINABFTHS ] . 754

e a5 h 1 45) WA USRI, SRR SRR R
i DIZR Sl # OB 2Rt s 71, 316 X A3 A FAE N —4U1A7 [F11 (Edge(from,to)), FHINATRIA. SRy, 2847

- L2 GHEE o ] 45 1, LA PRI 454 (Graph) 2%, FH T4 041
S VIS (8 2 I JRORIE -1, 256 1R FIEAZIC, BWINAESE xR, Sha58 R,

B S5 P (R (-2 4 . 20t SHFE RIS L AT

R - B o< L — FAE N =L WS R R SO LT, B €5

2927



M4 Z b B 200E58 F71E L13H

3 (RN PSS
3.0 SRR P )

R G A28, BB FEMELL FE 73 S5 bR
AT, WARFT IR R R LAAG 0 AT 25 B b P Y T A4
SRHHE. B REs 2o RIXD, IRIL& T
T DO I, I S =S A i A an
KISHTZ, s Mt e 2] (D0 S — IR e B Y S 1A
b, mfE ELA100 mEEEEE 2R, PR
UK. o, B e bR e PU)E g = R —
JEZG, R . SO HE . HASE
WEG PSS, FHARZ U B, TR, =
I ER RTINS N AN = i wl e SIS 1 VA T
OY)EEE, SCRMTHR A BEHER S RO R S FH, et
AT A ABATRCR | RES AT T AR (R

RT3 ALt e P 3 2 [ B, Bl 4
ANNI/S 1/ /N T i S S 00 e o D B P
S5 N H S s T Bk KA, e AL

Yot SRS L RS R AE 2RI SR R
AL S, TR TT RAT R AR S i 9L IR
FCHclE, BATRE W2 a . ARPEgWil ., SRR
= E R THE.

3.2 RN i —— Rt

IR TS 20 AV 2 U 0% i 1 - 5 < O B L 6 5 Rl 3
YL WU L R RATRI . . K
Fr A DIREANIEIOFI/R). %P 5 B3 I d = 4Rl |
o PR SR e 2SR B BR A R, T2 A
Bl G, PEERS A0 S AT 7 S B AL, St
R SZ N T ZHZ RN, RN ZERER
5 RAT IS AN, e s A A BN T B,
FNEL OB A -HLIE T AR s A i ).

R — SR A, BRSO
2 VAT B AR B S BRSSP K. R E 1,
FEEAR I FREREG . BOLRRA S . WEE
BB L TN RS S, Bl itz RE

Bl 8 ST i P (DL, (2) S5 — MR LR 199(100~200 m); (b) 55 A LR (300~400 my); (c) # = F M= LB 4 (500~600 m)
Figure 8 The city-level low-altitude sky-lane map (Wuhan). (a) First set of low-altitude sky-lane networks (100-200 m); (b) second set of low-altitude
sky-lane networks (300—400 m); (c) third set of low-altitude sky-lane networks (500—-600 m)

B9 “REEEF-EIIRE. () IR KA (b) SRATIREMTR; (o) ATHMLLSAT
Figure 9 Visualization of the functionalities of the “SkyRoute” platform. (a) Urban flyable airspace; (b) urban low-altitude sky-lanes; (c) sky-lane

planning and navigation

2928



ISk

BORAETT . ERORRT, 51 AN A R T A
Bk, X 2 PN T ST S e, SRR
FREE L AU R B A LR R R A e 2
£ P AR | AR2s R M AT bR, T
R BSCHR R EA0 ( BFR  F £ AIZ28 RE PAK.
4 HieHEY

A SRR LSS A R BRI, EZS
b L S PG AT Ao A LSRRI, A
SR ZS 2% RATZ AR AT AT, (1) s T%
TR A LA T 2 4 2 HOR R 4 518 Ko
RO, SP07 TR A . MRS . AN
AR L TSN R B A BT AR A AT DX XU R T
T CHEPRIR: (2) H T BT B R R B IR )
(RZS OB B Bk R, AR TR B R IAR
TRATASIEBUI | RPN A R, S
ThBE S . AUBELE . 3T G . A GRS S
TR AL (3) 1998 T AHLATIERIE 2 A B ] 56
ESEhA TR, MR T A P ol WAk S ML
EIZEHI 22 SbE, AR -HLE R S B 2 B

5% 3k

T PR, T R A A A B — A B
P> 2 U i ot P veobs LA S A BT B L B 5 0E BT
PR, SCHEIRTRA B T R ANLA 7 /AT, B
2B R SRR R, DRI T R AT
AR [ B A

RA, RS RS PR AN B 4R 3 1 22 2T A
KA, FIBHRRETIE, BOm G, RATAnS A XS
PR, AL, BFA A Sl 0 T 5 e A U s T
B2 PR SRR, B B A, nl e (AT LS5
R ATPUINBTE R R . AT R LSBT A
SR ), BOREUE R RIRS 2T, R
ARz WU L PR O B R A L R KA . SR A
REAL . kI SRR, Mg RS R |
2 BCESERNBOEA . IE U Namre G 5 1 <Py
% TR BORHE & LA AR IE R3S 0y, A
JEHRALIE 5 MBS B L2 8] TR, e e A
W B AR HEAE . BRI, AR A P S — s
MMM PITEAS, RLAE REAF 2 IS I A [R]F, SHefiiHg
ARBIH5 W TS S, DI P 4,
I AR LB R S 2 2 B

1 Washington A, Clothier R A, Silva J. A review of unmanned aircraft system ground risk models. Prog Aerospace Sci, 2017, 95: 24-44

2 Shahriar Ahmed S, Fountas G, Lurkin V, et al. The state of urban air mobility research: an assessment of challenges and opportunities. IEEE Trans

Intell Transp Syst, 2025, 26: 1375-1394

Lee UJ, Ahn S J, Choi D Y, et al. Airspace designs and operations for UAS traffic management at low altitude. Aerospace, 2023, 10: 737

4 LiY, Guo T, Chen J, et al. Urban air mobility: a review and challenges. IEEE Intell Transp Syst Mag, 2025, 17: 67-87
Li DR, Hu Q W, Guo S, et al. Mobile road measurement system and its application in the Science and Technology Olympics (in Chinese). Chin
Sci Bull, 2009, 54: 312-320 [Z=f{~, SAPRER, X5, 5. Boahill ol o R 40 S HAR R Bz Hh . Bl2fai i, 2009, 54: 312-320]

6 Zhang Z, Guo D, Zhou S, et al. Flight trajectory prediction enabled by time-frequency wavelet transform. Nat Commun, 2023, 14: 5258

7 Haklay M, Weber P. OpenStreetMap: user-generated street maps. IEEE Pervasive Comput, 2008, 7: 12—-18

8 Yang S, Pan 'Y, Cao L, et al. Predefined-time fault-tolerant consensus tracking control for multi-UAV systems with prescribed performance and
attitude constraints. IEEE Trans Aerosp Electron Syst, 2024, 60: 4058-4072
9 Pensado E A, Lépez F V, Jorge H G, et al. UAV shore-to-ship parcel delivery: gust-aware trajectory planning. IEEE Trans Aerosp Electron Syst,

2024, 60: 6213-6223

10 ZengY, Zhang R, Lim T J. Wireless communications with unmanned aerial vehicles: opportunities and challenges. IEEE Commun Mag, 2016, 54:

3642

11 JiaZ, YouJ, Dong C, et al. Cooperative cognitive dynamic system in UAV swarms: reconfigurable mechanism and framework. IEEE Veh Technol

Mag, 2024, 19: 90-101

12 Primatesta S, Rizzo A, la Cour-Harbo A. Ground risk map for unmanned aircraft in urban environments. J Intell Robot Syst, 2020, 97: 489-509

13 Chen Y J, YuS S, Zhang X J. Ground risk quantitative assessment for UAV operations in urban low-altitude scenarios (in Chinese). J Beijing Univ

Aeronaut Astronaut, 2025, 51: 806-815 [BRZH, VM5, sk¥%. WAL s T RAMEET 3T RS AL TERG. U AT KR4,

2025, 51: 806-815]

14 Jeong S, You K, Seok D. Hazardous flight region prediction for a small UAV operated in an urban area using a deep neural network. Aerospace Sci

Tech, 2021, 118: 107060

2929


https://doi.org/10.1016/j.paerosci.2017.10.001
https://doi.org/10.1109/TITS.2024.3511453
https://doi.org/10.1109/TITS.2024.3511453
https://doi.org/10.3390/aerospace10090737
https://doi.org/10.1360/csb2009-54-3-312
https://doi.org/10.1360/csb2009-54-3-312
https://doi.org/10.1038/s41467-023-40903-9
https://doi.org/10.1109/MPRV.2008.80
https://doi.org/10.1109/TAES.2024.3371406
https://doi.org/10.1109/TAES.2024.3400767
https://doi.org/10.1109/MCOM.2016.7470933
https://doi.org/10.1109/MVT.2024.3404391
https://doi.org/10.1109/MVT.2024.3404391
https://doi.org/10.1007/s10846-019-01015-z
https://doi.org/10.1016/j.ast.2021.107060
https://doi.org/10.1016/j.ast.2021.107060

38 & 202645658 £71% £13H

15

16

22
23

24

25

26
27

28

29

30

31

32

33

34

35

36

37
38

39

40

41

42

43

Pang B, Hu X, Dai W, et al. Stochastic route optimization under dynamic ground risk uncertainties for safe drone delivery operations. Transp Res
Part E-Logist Transp Rev, 2024, 192: 103717

Pilko A, Sobester A, Scanlan J P, et al. Spatiotemporal ground risk mapping for uncrewed aircraft systems operations. J Aerospace Inf Syst, 2023,
20: 126-139

Blom H A P, Jiang C, Grimme W B A, et al. Third party risk modelling of Unmanned Aircraft System operations, with application to parcel
delivery service. Reliab Eng Syst Saf, 2021, 214: 107788

Kim J, Atkins E. Airspace geofencing and flight planning for low-altitude, urban, small unmanned aircraft systems. Appl Sci, 2022, 12: 576
Tang H, Zhu Q, Qin B, et al. UAV path planning based on third-party risk modeling. Sci Rep, 2023, 13: 22259

Jiao Q, Liu Y, Zheng Z, et al. Ground risk assessment for unmanned aircraft systems based on dynamic model. Drones, 2022, 6: 324

McTegg S J, Tarsha Kurdi F, Simmons S, et al. Comparative approach of unmanned aerial vehicle restrictions in controlled airspaces. Remote
Sens, 2022, 14: 822

Afridi S, Laporte-Devylder L, Maalouf G, et al. Impact of drone disturbances on wildlife: a review. Drones, 2025, 9: 311

Koh LY, LeeJY, Wang X, et al. Urban drone adoption: addressing technological, privacy and task—technology fit concerns. Tech Soc, 2023, 72:
102203

Clothier R A, Palmer J L, Walker R A, et al. Definition of an airworthiness certification framework for civil unmanned aircraft systems. Saf Sci,
2011, 49: 871-885

Cho J, Yoon Y. How to assess the capacity of urban airspace: a topological approach using keep-in and keep-out geofence. Transp Res Part C-
Emerging Technologies, 2018, 92: 137-149

Cho J, Yoon Y. Extracting the topology of urban airspace through graph abstraction. Transp Res Part C-Emerging Technologies, 2021, 127: 103116
Oh S, Yoon Y. Urban drone operations: a data-centric and comprehensive assessment of urban airspace with a Pareto-based approach. Transp Res
Part A-Policy Pract, 2024, 182: 104034

Tang L, Yue C, Ma L, et al. City Fly: modeling demand and vertiport location jointly for urban commuting. Travel Behaviour Soc, 2026, 42:
101142

Rastgoftar H, Emadi H, Atkins E M. A finite-state fixed-corridor model for UAS traffic management. I[EEE Trans Intell Transp Syst, 2024, 25:
2322-2330

Stevens M, Atkins E. Geofence definition and deconfliction for UAS traffic management. IEEE Trans Intell Transp Syst, 2021, 22: 5880-5889
Liao X H, Xu C C, Ye H P. Benefits and challenges of constructing low-altitude air route network infrastructure for developing low-altitude
economy (in Chinese). Bull Chin Acad Sci, 2024, 39: 1966-1981 [BE/NF, B, MR- fR45 20T & J 5 11 s % W SLm Bt B BE AR 25 A
Peik. T EREBE BT, 2024, 39: 1966-1981]

Zhang H H, Li S, Yi J, et al. Review on urban low-altitude air route planning (in Chinese). J Nanjing Univ Aeronaut Astronaut, 2021, 53: 827-838
(BRI, 220, 33, 45 IR s LRI R ST 2RIA. p s as L R R 2244, 2021, 53: 827-838]

Li Z, Zhao Y, Ren X, et al. Air route network planning for urban logistics with Vertihub: an airspace model. Aerospace Sci Tech, 2025, 168:
111242

Xu CC, Ye HP, Yue HY, et al. Iterative construction of UAV low-altitude air route network in an urbanized region: theoretical system and
technical roadmap (in Chinese). Acta Geogr Sin, 2020, 75: 917-930 [#&/R/=, MR, ML, 55, IREH Ak X380 AT ZS A B 0 225 A0p g 2
SRR SHARR. BEI2EHR, 2020, 75: 917-930]

Chen X, Li S, Li M. A hybrid centralized-decentralized traffic control framework for unmanned aerial vehicles in urban low-altitude airspace.
Commun Transp Res, 2025, 5: 100195

Wang Z, Delahaye D, Farges J L, et al. Complexity optimal air traffic assignment in multi-layer transport network for Urban Air Mobility
operations. Transp Res Part C-Emerging Technologies, 2022, 142: 103776

Bauranov A, Rakas J. Designing airspace for urban air mobility: a review of concepts and approaches. Prog Aerospace Sci, 2021, 125: 100726
Sacharny D, Henderson T C, Marston V V. Lane-based large-scale UAS traffic management. IEEE Trans Intell Transp Syst, 2022, 23: 18835—
18844

Qu W, Xu C, Tan X, et al. Preliminary concept of urban air mobility traffic rules. Drones, 2023, 7: 54

Cao Y, Li S, Liu Y, et al. A survey of Al-generated content (AIGC). ACM Comput Surv, 2025, 57: 1-38

You X, Jia F L, Tian J P, et al. Machine maps and their conceptual models (in Chinese). J Geo Inf Sci, 2024, 26: 25-34 [{i#/f, T2/, HITLNE, £
HLAS P BRI EAR. HusR {5 BRI, 2024, 26: 25-34]

Yang B S, Li Q Q, Gong J Y. A robust algorithm for rapid generation and transmission of multi resolution 3D models (in Chinese). Chin Sci Bull,
2006, 41: 15891594 [A7hlik, 2235 IR, ZBMHE. —Fh DA R G40 2 40 e = iR AR (B35, Bl 2006, 41: 1589-1594]

Jia F L, Yang J, You X, et al. Cognitive logic and map construction model of machine maps (in Chinese). Natl Remote Sens Bull, 2024, 28: 1177—
1188 [B{&Jih, #8Y, Wele, 4. Hlassb P AR -5 AR 8R4, 2024, 28: 1177-1188]

2930


https://doi.org/10.1016/j.tre.2024.103717
https://doi.org/10.1016/j.tre.2024.103717
https://doi.org/10.2514/1.i011113
https://doi.org/10.1016/j.ress.2021.107788
https://doi.org/10.3390/app12020576
https://doi.org/10.1038/s41598-023-49396-4
https://doi.org/10.3390/drones6110324
https://doi.org/10.3390/rs14040822
https://doi.org/10.3390/rs14040822
https://doi.org/10.3390/drones9040311
https://doi.org/10.1016/j.techsoc.2023.102203
https://doi.org/10.1016/j.ssci.2011.02.004
https://doi.org/10.1016/j.trc.2018.05.001
https://doi.org/10.1016/j.trc.2018.05.001
https://doi.org/10.1016/j.trc.2021.103116
https://doi.org/10.1016/j.tra.2024.104034
https://doi.org/10.1016/j.tra.2024.104034
https://doi.org/10.1016/j.tbs.2025.101142
https://doi.org/10.1109/TITS.2023.3324250
https://doi.org/10.1109/TITS.2020.3040595
https://doi.org/10.1016/j.ast.2025.111242
https://doi.org/10.1016/j.commtr.2025.100195
https://doi.org/10.1016/j.trc.2022.103776
https://doi.org/10.1016/j.paerosci.2021.100726
https://doi.org/10.1109/TITS.2022.3160378
https://doi.org/10.3390/drones7010054
https://doi.org/10.1360/csb2006-51-13-1589
https://doi.org/10.11834/jrs.20233066

ISk

44

45
46

47
48

Liu J N, Gao K F. Challenges and opportunities for mapping, surveying and location-based services in the age of intelligence (in Chinese). J] Wuhan
Univ Inf Sci Ed, 2017, 42: 1506-1517 [XUZER, miff . B RERHACINL: 5007 B e 55 S Pk S P18 . mOBUR 2 (R S BHEARR), 2017, 42:
1506-1517]

McClelland J L. The place of modeling in cognitive science. Top Cogn Sci, 2009, 1: 11-38

Li Z L, Xu Z, Shen L, et al. Autonomous situatedness map representation: a theoretical discussion on intelligent cartography in the era of large
models (in Chinese). Acta Geod Cartogr Sin, 2024, 53: 2043-2052 [Z=5EAk, #54E, HUH), 4. B FRIEBE L E F ik R AR BEfL 1 &
i BB R 2224k, 2024, 53: 2043-2052]

Kim K, Cho S, Chung W. HD map update for autonomous driving with crowdsourced data. IEEE Robot Autom Lett, 2021, 6: 1895-1901

Huang X. The small-drone revolution is coming — scientists need to ensure it will be safe. Nature, 2025, 637: 29-30

2931


https://doi.org/10.1111/j.1756-8765.2008.01003.x
https://doi.org/10.1109/LRA.2021.3060406
https://doi.org/10.1038/d41586-024-04167-7

M4 Z b B 200E58 F71E L13H

Summary for “{R25 Mg SZHARS LB AL AT 2 2 SR B0

Low-altitude sky-lane map: a new infrastructure of the
high-density flying safety for low-altitude economy

Luliang Tang'"", Heng Qi'", Hongyu Shi'", Hong Yang', Lele Sun', Xiaogang Guo', Qinghua Tan',
Xuexin Yan', Yulin Ding', Kunkun Fan', Wanxian Wu', Hao Zeng’, Bisheng Yang' & Qingquan Li'~

! State Key Laboratory of Information Engineering in Survey, Mapping and Remote Sensing, Wuhan University, Wuhan 430079, China
2 School of Architecture and Urban Planning, Shenzhen University, Shenzhen 518060, China

3 Wuhan Geomatic Institute, Wuhan 430022, China

T Equally contributed to this work

* Corresponding authors, E-mail: tll@whu.edu.cn; hongyushi@whu.edu.cn

The low-altitude airspace, as the layer nearest to the ground, constitutes the space essential for human survival. Developing
and utilizing low-altitude airspace is essential for humanity to broaden cognitive horizons and expand survival space.
Furthermore, it has positioned itself at the forefront of global technology, the core of future economic competition, and a
major national strategic priority. The precondition and foundation of a low-altitude economy is large-scale flight. However,
unlike ground transportation with clearly defined roads, current low-altitude flight operates without established pathways,
rendering the safety of large-scale urban low-altitude flights one of the most intricate and pressing global challenges.
Urban-level flights at the scale of millions confront the essential safety challenge of determining “where to fly and how to
fly”. To address this challenge, this study introduces the low-altitude sky-lane mapping, clarifies its definition and scope,
and establishes a three-dimensional, dynamic, spatiotemporally dense low-altitude public infrastructure with risk-topology
representation. The low-altitude sky-lane map is defined as a thematic map that systematically represents ground risks,
flyable zones, sky-lane components, flight regulations, topological relationships, and dynamic variations. It constitutes a
novel type of digital public infrastructure specifically designed for urban-scale low-altitude flight operations. Its primary
objective is to generate orderly, safe, and navigable low-altitude sky-lanes from complex, heterogeneous, and highly
dynamic surface environments, thereby establishing a dynamic, three-dimensional, spatiotemporally dense, topologically
connected, and human-and machine-readable thematic map framework. The essence of a low-altitude sky-lane map is to
capture how low-altitude flights potentially affect land use and human activities on the ground, and how these effects are
projected and mapped in the low-altitude airspace. It functions as a generalized representation integrating flight
regulations, operational safety requirements, and spatial organization principles. Additionally, the low-altitude sky-lane
map provides a digital representation of the “ground risk—low-altitude topology,” characterized by dynamic three-
dimensionality and high spatiotemporal density. In contrast to the 2D structure of terrestrial road maps and the hierarchical
airway charts of high-altitude civil aviation, low-altitude sky-lane maps possess a clear three-dimensional framework with
flight regulations, enabling aircraft to independently choose altitude and navigation paths within the vertical dimension.
The map can be updated and reconfigured in real time according to dynamic ground risks, offering aircraft reliable
navigational guidance. From a technical perspective, the study elaborates on a dynamic and static, multi-factor, multi-
dimensional, multi-level risk computation and flyable-space modeling method for low-altitude flight zones, achieving
accurate risk quantification in urban areas with dense buildings, highly mixed land use, concentrated populations, and
highly dynamic activities. The study establishes a systematic framework of low-altitude sky-lane elements, flight traffic
regulations, sky-lane topology, and automated sky-lane generation models, thereby enabling the generation of urban low-
altitude sky-lane components, including takeoff and landing points, flight corridors, flyable surfaces, and restricted zones.
Moreover, The study summarizes human-and machine-readable low-altitude sky-lane map representations and dynamic
updating methods, enabling human-readable map visualization, machine-readable map structuring, human-machine
adaptation, and dynamic updates of map elements. In summary, this work advances the state of the art in low-altitude risk
computation, regulatory modeling, and human-machine map representation, providing a high-precision framework for
constructing low-altitude sky-lane maps structured as “flyability modeling—sky-lane generation—human-machine
mapping”. Finally, the Wuhan city-level low-altitude sky-lane map was developed, and the “SkyRoute” platform was
implemented, demonstrating the possibility of supporting million-level orderly low-altitude flights with safety assurance,
and is expected to serve as a key to addressing the safety-era challenges of the low-altitude economy.

low-altitude economy, low-altitude sky-lane map, high-precision mapping, urban low-altitude flight safety,
dynamic mapping
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