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Abstract: As the cost of unmanned aerial vehicles (UAVs) decreases, they have attracted increasing research interest.
UAVs are now widely applied in various fields, including agriculture, firefighting, surveying, aerial photography, and recre-
ational applications. These applications require UAVs to perform autonomous flights with precise self-localization, typical-
ly relying heavily on global navigation satellite systems (GNSS). However, GNSS has multiple shortcomings related to
long-distance radio communications, such as non-line-of-sight reception, multi-path effects, and spoofing. This has driven
the development of new methods to supplement or replace satellite navigation. Vision-based UAV localization and naviga-
tion methods, utilizing onboard visual sensors for autonomous localization and navigation, have become crucial in address-
ing this issue. This review contributes to the field by systematically reviewing vision-based UAV localization and naviga-
tion technologies, providing a comprehensive summary of the current research landscape and developmental trends. First, it
introduces vision-based UAV localization methods, which are categorized into image retrieval and feature matching ap-
proaches. The technical characteristics, applicable scenarios, relevant datasets, and evaluation metrics of these methods are
analyzed in detail. Second, this review elaborates on vision-based UAV navigation methods, distinguishing between obsta-
cle detection and avoidance techniques and path planning methods based on their functional objectives, while highlighting
the strengths and limitations of existing technologies. Finally, this review further discusses the potential challenges faced by
vision-based UAYV localization and navigation methods, including the lack of publicly available datasets, the need for hard-
ware acceleration, the complexity of operating environments, real-time processing requirements, energy constraints, and the

gap between simulated and real-world environments.
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B H bR A A T AL v b oAt 7
25, PERE SR T AT 3%.

TEEUR R R R B WA R RaT Ll s
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25 N8R Dai % NG L8 7 1A 7E DenseUAV L (1512
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B 5E FEE N A5 W LU BE A DG 1 A SRR 23 A1 7 5 R
HYIE IR A0 . A6 —FSCg RSO0 T, e T BRI 1
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BE . RAAUTEAR & A i 16 50 T BB ©AT I AR K
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S PR T SLAM [ 7 U0 R 3 N s AN RIS
FR AR I B 92 i R A R LA TR
AL, 45 %R 22 /8T 0.06 m, FIFERT /N T 0.02 s,
AT R ST S5 . R, X — 5 2 A %
G R BN AT, H )38 M ARG E

ST, TR AN H W B AE R Z R
SR R ST RS RS Y AR . T gk T
SLAM 1975 15 W0 B8 36 5 42 2441 55, e R AE sh S g 4
Y55 v ELAT 55 v () ST SR AIORG B . R R B T 5 T LAk
— IR IX B Ty AR S e M rh Mg, U R
SNASERAR YT MR, RO AL 3 AR A, A 2
EIEANA b =g e

P A0 TS AR Ry i e Pk R A s st
Fb, G045 4 Jag B AR LR | Jeg 0 3% A0 R R DR B 2 ] e 42
B =28 MR FR BT M s L E N R E SN . K14
FREANE A T AR T 0 T AR A ) | RS B A K
LRSI S5 DUR A4S 2R IR FE AN R BR 8 T 3
PERPERE RN .

R 13 [ERERMF0E TR EREXT L

Tk pipee sl MRS | Ber A shs (EABYYELIEN g5

SCHRI80] BT i £ Hs FIES . WA, AT . S Jm A I =70.4%
SCHR[72] E S ISENpiRS ZEHh S RA AbFHTH AR 51 Mb/s
SCHRLTS] T SLAM 7% (LD A+ — B FE>T5%
SCHR[76] T SLAM (575 EN+ES S LSS X iR 22<0.06 m,FERF<0.02 s

4 SRy AR BRI 7 2 IR AE 15m x 15m x 15 m
FRIDIEREE Fh HEA T, DA 1 3 Fb L Y A IR RE
H AR B 43 518 50.70 m . 52.11 m T 44.72 m, XF 7 1
RMSE 73 %] 4 19.57 m . 19.35 m 1 16.92 m, & W] H 41
S AR I P 52 2 M AR AR A T Bl . R ER AR
FA 7 ik s o 2 E— R 2
T R85 ST T 95.57% 1745 7 36 5% 7E 2.2 m x
3.8 m x 2.0 m A [E] 7 S A T AR K N 5.102 7 m,
H A5 BH 557 24 0.859 0 m (9 B8 Rl 4F 45, i A8 KA
300 km x 300 km x 1.5 km B #5480 3 358 r 0 45 SF 1
HV{E 7 0.727 3 m, SCHR[99 ] -4 FE B 63.545 1 m.
WAL, JRy AR R 7 VAR AR A DA h kAT T I, 4n
SCERL101 78 PM2.5 P55 iR 5 MAE 4 52.04 m A RMSE
$156.38 m MU B, R T 7R 425514 T ettt
Sk [ 11512628 9 25 m x 10 m x 10 m (19 355 o 52 B
T YRR 24 0.015 1 m [ A5 B AR BRI . %

JE 27 2] AR IR T i R B AR BN 2 A EREE ik
B, SCHk[104 178 5 km? 1 80 kem? ) 1 5% H 4351 FH 15
368.2 s 127 min 5¢ B AR LRI, SCRik [ 106 | B9 BT R AR
11 98% , I T VR 2 2] 7 VA AR B2 2 PR v () s AR A
ALEEME . SCHR 1097 N “ATRE N 1 m B9PE LT, 8
i £ FhiRk 2% 5 bR (40 MSE=0.008 2 m, MAE=0.024 3 m,
MAPE=1.958 7 m) & B T X H A i 428 R RS 32 1 5 17 SC
BRO110 1 ZE R SN AR FP S B T 80% W R IR, F W HAE
SASIREE T 1aE T .

SRR, 4R AR HLI T el A T RV B A AT
%, R B AR A 5 A B2 2 NI R B T R S
T TR B 2 ) B AR AR O 1k W A S A s i S 5
FEIN L I P R X g R
LB RN FL IR T BB S W UE T AN F J7 ik
FERRE AR S Th R Fid 7 5



678 I - 2025 4F
R4 BEMXFTEEEXTL
Jridis ViRl HIREEZ S TAEZS1R] (SRR 2R
8] 1:3% 42K 5 =50.70 m,RMSE=19.57 m
SCHiR[92] 4 JRy AR AR s Y 15mx15mx15m N Hb I 2: B A2 K =52.11 m,RMSE=19.35 m
Hb & 3: B8 A2 1K B =44.72 m,RMSE=16.92 m
SCHik[96] Jri R AR LI i (XN R UTLE S5 — Y 75K =95.57%
CHik[97] JRrB AR R i A 22m%x38mx20m — AR =5.102 7 m, F-¥ B A7 =0.859 0 m
SCHRI98] | SRR ARk T i il 300 km % 300 km X 1.5 km N S HV=0.727 3 m
SCHR[99] Jr R AR R Ty i (X — N TR BS=63.545 1 m
) Bl R AT K =278.33 m, 5 4 :PM2.5 ¥
Shpion|  REEEREIE | | asks0mx 100 mx 100m | — Peibste e EIHPM25 3
£ MAE=52.04 m,RMSE=56.38 m
SCHRIL14] | JRERERAR R vk R 70.7 km’ N PR K =8 774 m
SCHRILS] | R AR Oy i e 25mx 10mX10m N ATE=0.015 1 m
APE  =0.3 m,APE_=0.9"
SCHRILL6] | SRR AR T ik ) 20m X 20 m8 m X 40 m N e o
APE,_, =03 m,APE_=0.9
SCHRI104] | VR ) B AR LR T ik AL 5 km?,80 km? N JHI=368.2 s, I i$=27 min
SCHR[106] | BREE2: ) BRI ik | B N A %>98%
SCHR109] | R 2% > B AR AR T =N KT T m N MSE=0.008 2 m,MAE=0.024 3 m,MAPE=1.958 7 m
SCHRI110] | BREE 2% > AR i ZE4Hh — ) H=80%

4 HhEERKERE

223 X I AN ML B8 2 L FI T AT 55 R4 7 340 1 [
B2 I, IR A Sy ik ELOE N AE GNSS HE 1R A5
TR — PR AR AL

(DA ] FHBIEAE . T ANALSE E 5 ST
AW B 2 2] T T SE AR A RIRR & . SR, 1% 40 I i
= RS BRI IR 0 o7 RIS 4R L e, R
B B R B AR 5 SOk TR B TR SR A 3 o
TR, XS AT A A R AR . AT Xu A
F T — DT ADUE N BSR4 UAV-VisLoc , 7 T 1141
) PR UG AN B S 1 JE AHL AT 8 , 30K o Tt
NALE L) & A B R ok . BLah, 2 2Rk
FIRUASE RO 4E | 78 35 S TR HUE A BRBE 2514 , LA 41
TPAE L O ERE RISk . BRI R AT i 1
TR M BT 32 AL RE 0 RN S B R RO . AR SRR T
5 2SR B ALSE OG5 B T o
(IMU) 45 Z AL A ERE , LUE I 2k 2 Bl A 1
BUAN , #  S2FF 24T 55 24 2T 0 B 4 Cln TR] i 40 5
7 3k B AT EH bR SUINAT 55 ) B F — 25 3 % SR Y
K.

()T sk . HAg I AMLE NS SR RL
TR T AT AR EFE R R i AL
FSEI A U T . REBGNSSHEIEMH =5
AT, B B H A AT 55, 9 an T ST 56 0 S L, TR
SEWIHLET A BRI, S 2 TG M TR S A AE B T 2 A s

6] . R T WA RN N A7 75 2R O i S e | 75 A
FPGA S5 SR RE A 030 28 A ikt [ g g ol e
Btz Ah e ot i B8 8 in sk £ K, 4n GPU TPU , L G5
b 3 B T VR B A o BT () A 3 (T TE A HLRE S T
TRAT S A B B B, AT B R R A
BAAE BE IR

() IEEE 22t . TTANAE IS A RATRS, &
BB KR 22BN A W IREE i KA R TR
FIG BB AR AR 5 . ok 8 PR 280 2 6 T8 AL 3 52
VTR G4 W o A 2R . JF R BB RS I8 1 &2 A8 R 858
BB R AR R T Y — R BRI ER B L A
B BH S B ST TR 5 R ARSI T B i) A% JER A 1 B
, Wang 2 A7 B G TE R 13X AN ) B, -4 FH XU
TE RSB A A A 7] B R0 RS B a | o T i B 42
PEAT HCE 8 R B T R GRS R (HR A R
BB B AR Z AR A 22 5 I LSS
A IR p AT IR, DR b BRI 6 5 1 1 ) RS 15
PR T BB T A AL BRI 5 O 1k, A B SRR
FR AT

(4 ZEEMAIRER . B—UWRE 5 TR KA
S5 A B I A 0 G P T R B, AR O TR R AL R
Hal AR . A OETRIE IR IA (MRS LS
LA B A AT DA TR B 3 8 5 R R 4
HEbE . TR R 2SN Bk T ADLAEL
SRR A I G LR AT RE 58 BT 55, R AR ST Y
HE .



#0031

A A T T AMUE NS SRHUEI LR A 679

(5) 2 PEEESR . TE ML A58 5 57 AT i 75 22
FE QAT b S B Ak B R S PRAGORT A% A | DA £
LR KB BN . SR R A SRR — A
KEJEARPREL . S T PRSI, B T R s =z A
T BB A T B A O R i %
TEEAN I A S AR B B 0 3T 55 40 BC B 2= o
SICHb TET G AT AL, DAV TE ML AR B A

(6) AR VR B . JC AALAY A it 25 A B, 35 %) 4%
BN TR B A G IR AR DY T AE SR ) 1 AR BRI . e
TEAT R R RE 5 A5 11 S 30 v 280 B3 RO 0 1) 2 0
ST ERAMFSE R [R)E.  T RERC SR ], 7
BT D AR A 5332 AUE £, [ 1) 7T DR R R A B3R
W, 18] N7 =1 G B A 205G A 3 43 S A T B e, B
3 3 B A [T R A Sfe A vl T i

(7) UL £ 31 B SC AL 5992 £k . Gazebo il Unreal
Engine EEFR IR A 45 A ROS FIT AirSim 28 K AT 1L 4%
REAS AR A , R B ATHR AL T & ALl L SE A BR R
T PPAG DAREAR TC AL 4 8 F 1 B . SR, iR
WAL DG RR A A Fl iz 2l P 44 S5 45400 25 S AR 1) i 402
5o 5 9SSR BB 2 () A AR S Ry 22 8. KU,
1 I R FLAT 25 P A BE A5 1 24 o1 1 DR LA 25 2 0
/DA A0 2% B S A 0 v AR R R — S B
Pk .

5 ZHig

BT AE 19 JCAAHLRE (75 T 77 354 o 4h 78 5
WO T AL A BORAE  IEAL TR P R B B . A
LRIR NS He T LBE 9 TC AHLE 7 5 ST ik AT T 4
T ) [ JB A 53 47 L 2R GER B T HH SGBOR A AE 58 AR A
RIERR . G, TR A T TEAHUE L 19T ER
KR AR VT FE B 2807 ok, 0 T BN TEA R 5%
A IE P RO R S R LB TR A A TR
ERPEANFEAR , [R50 BUA W 5245 R 2R A7 5 B 5 5
OISR T S RIS . R
T IO NAU AL A PP 2H8 S R A, I e i A 00 A L s
PR LUK A AR 48 7% 1 % B 4 fe i ik S it
Jo& M 3 B R T B, i A [ Ok B - E RS
e, A ST T BLBY BEIE A ML S ALE AR Y AL 3
JER . R ASCGE TS T X 2877 AR A B R 4R Al
PRI PREE A 2R M 2B R IS R BRI
IR o] AL g 380 S B 1409 A 25 5 T T I ) R
ST 0 7 5 S AU A AE T ABL A AT
BB T B R T BT AV 22 BRI 1 i
P AR AT ST LA IR T2 — 20 3 i AR e R
MR T S T O SE i B B3, I AR A2 2% 1 SE B
PRI v AT B AL A . 38 A AN I8 B B R B A 2k

b, 3T AE 59 TC ANHUE 75 T 5 12 K 4 8 BN
HLAE AL AT P )32 1oz FH A

% 30k

(1] ORAGHE, PACEE, SRS, &5 . Jo AL E 3t 21 (57 A 5E
LER[N. SRS HEH], 2023, 22(3): 21-33, 20.

ZHU D K, LI D Z, GUO H B, et al. A review of vision-
based geolocation using UAVs[J]. Navigation and Control,
2023, 22(3): 21-33, 20. (in Chinese)

(2] W, SEAF T nl, JR AR, &5 JCABLALA T B H AR I
W), R L 2441, 2023, 28(9): 2563-2586.
LENG J X, MO M J C,ZHOU Y H, et al. Recent advances
in drone-view object detection[J]. Journal of Image and
Graphics, 2023, 28(9): 2563-2586. (in Chinese)

(3] 5K, Dy s, JRm . SR A/ HARBOMTHA B8 H Br G 3
] WL 72741, 2023, 51(4): 944-955.

ZHANG Z, YI H H, ZHENG J. Focusing on small objects
detector in aerial images[J]. Acta Electronica Sinica, 2023,
51(4): 944-955. (in Chinese)

(4] KR4, 5, 260, % . LiDar 5 =155 FHREAE4: A5 #alR)

i ORI 3D H bR A (7] #2741, 2024, 52(5):
1700-1715.
ZHENG J, JIANG B T, PENG W, et al. 3D object detec-
tion based on feature distribution convergence guided by
LiDar point cloud and semantic association[J]. Acta Elec-
tronica Sinica, 2024, 52(5): 1700-1715. (in Chinese)

(5] 57, W AW mm I AL A 325 Rl oL s g 5 0 %
I RLRRIT]. A bR, 2024, 50(7): 12841304,
MA N, CAO Y F. A survey on vision-based sensing and pose
estimation methods for UAV autonomous landing[J]. Acta
Automatica Sinica, 2024, 50(7): 1284-1304. (in Chinese)

(6] XUZVK, 2%, 134, % . JTE ANHLRERE I B Fe LR 1],
LA AR AR A, 2022, 43(5): 40-47.

LIU X B, ZHOU S L, XIAO Z C, et al. Review on UAV
obstacle avoidance methods[J]. Journal of Ordnance Equip-
ment Engineering, 2022, 43(5): 40-47. (in Chinese)

(7] T, skZ 8, 7, 5 ST IREELSE 9 DU iE 3 I AL

F] 3= R AT AR R £ (7). Lk s TR, 2023, 53(10):
2233-2243.
WANG C B, ZHANG A S, YANG L, et al. A review of
deep vision-based autonomous flight perception and obsta-
cle avoidance for quadrotor UAVs[J]. Radio Engineering,
2023, 53(10): 2233-2243. (in Chinese)

[8] KEANE J F, CARR S S. A brief history of early un-
manned aircraft[J]. Johns Hopkins APL Technical Digest,



680 H, T

o
==

il 2025 4F

2013, 32(3): 558-571.

[9] CANDIAGO S, REMONDINO F, DE GIGLIO M, et al.

[10]

[12]

[13]

[14]

[16]

[17]

(18]

[19]

[20]

Evaluating multispectral images and vegetation indices for
precision farming applications from UAV images[J]. Re-

mote Sensing, 2015, 7(4): 4026-4047.

QU Y Y, JIANG L, GUO X P. Moving vehicle detection
with convolutional networks in UAV videos[C]//2016
2nd International Conference on Control, Automation and
Robotics (ICCAR). Piscataway: IEEE, 2016: 225-229.
TURNER I L, HARLEY M D, DRUMMOND C D.
UAVs for coastal surveying[J]. Coastal Engineering,
2016, 114: 19-24.

FRASER R H, OLTHOF I, LANTZ T C, et al. UAV pho-
togrammetry for mapping vegetation in the low-Arctic[J].
Arctic Science, 2016, 2(3): 79-102.

AKHLOUFI M A, COUTURIER A, CASTRO N A. Un-
manned aerial vehicles for wildland fires: Sensing, percep-
tion, cooperation and assistance[J]. Drones, 2021, 5(1): 15.
SCHERER J, YAHYANEJAD S, HAYAT S, et al. An au-
tonomous multi-UAV system for search and rescue[C]//
Proceedings of the First Workshop on Micro Aerial Vehicle
Networks, Systems, and Applications for Civilian Use. New
York: ACM, 2015: 33-38.

COUTURIER A, AKHLOUFI M A. A review on abso-
lute visual localization for UAV[J]. Robotics and Autono-
mous Systems, 2021, 135: 103666.

BALAMURUGAN G, VALARMATHI J, NAIDU V P S.
Survey on UAV navigation in GPS denied environments[C]//
2016 International Conference on Signal Processing, Com-
munication, Power and Embedded System (SCOPES). Pis-
cataway: IEEE, 2016: 198-204.

LU Y C, XUE Z C, XIA G S, et al. A survey on vision-
based UAV navigation[J]. Geo-spatial Information Sci-
ence, 2018, 21(1): 21-32.

GYAGENDA N, HATILIMA J V,ROTH H, et al. A review
of GNSS-independent UAV navigation techniques[J]. Ro-
botics and Autonomous Systems, 2022, 152: 104069.

JUN M, ROUMELIOTIS S I, SUKHATME G S. State es-
timation of an autonomous helicopter using Kalman filter-
ing[C]//Proceedings 1999 IEEE/RSJ International Confer-
ence on Intelligent Robots and Systems. Human and Envi-
ronment Friendly Robots with High Intelligence and Emo-
tional Quotients. Piscataway: IEEE, 1999: 1346-1353.
OSHMAN Y, SHAVIV L. Optimal tuning of a Kalman fil-
ter using genetic algorithms[C]//AIAA Guidance, Naviga-

[22]

[23]

[26]

(28]

[29]

[30]

[31]

tion, and Control Conference and Exhibit. Reston: AIAA,
2000: 4558.

SASIADEK J, WANG Q, JOHNSON R, et al. UAV navi-
gation based on parallel extended Kalman filter[C]//AIAA
Guidance, Navigation, and Control Conference and Exhibit.
Reston: AIAA, 2000: 4165.

HOFMANN-WELLENHOF B, LICHTENEGGER H,
WASLE E. GNSS--Global Navigation Satellite Systems:
GPS, GLONASS, Galileo, and More[M]. Wien: Springer,
2008.

VAN DALEN G J, MAGREE D P, JOHNSON E N. Ab-
solute localization using image alignment and particle fil-
tering[C]//AIAA Guidance, Navigation, and Control Con-
ference. Reston: AIAA, 2016: 0647.

MAGREE D P, JOHNSON E N. A monocular vision-aid-
ed inertial navigation system with improved numerical
stability[C]//AIAA Guidance, Navigation, and Control
Conference. Reston: AIAA, 2015: 0097.

YOL A, DELABARRE B, DAME A, et al. Vision-based
absolute localization for unmanned aerial vehicles[C]//
2014 IEEE/RSJ International Conference on Intelligent
Robots and Systems. Piscataway: IEEE, 2014: 3429-3434.
WAN X, LIU J G, YAN H S, et al. Illumination-invariant
image matching for autonomous UAV localisation based
on optical sensing[J]. ISPRS Journal of Photogrammetry
and Remote Sensing, 2016, 119: 198-213.

ALURI R C. Localization of UAVs Using Computer Vi-
sion in a GPS-Denied Environment[D]. Denton: Universi-
ty of North Texas Libraries, 2022.

ZHENG Z D, WEIL'Y C, YANG Y. University-1652: A multi-
view multi-source benchmark for drone-based geo-local-
ization[C]//Proceedings of the 28th ACM International
Conference on Multimedia. New York: ACM, 2020: 1395-
1403.

WANG T Y, ZHENG Z D, YAN C G, et al. Each part
matters: Local patterns facilitate cross-view geo-localiza-
tion[J]. IEEE Transactions on Circuits and Systems for
Video Technology, 2022, 32(2): 867-879.

DAI M, HU J H, ZHUANG J D, et al. A transformer-
based feature segmentation and region alignment method
for UAV-view geo-localization[J]. IEEE Transactions on
Circuits and Systems for Video Technology, 2022, 32(7):
4376-4389.

LIN J L, ZHENG Z D, ZHONG Z, et al. Joint representa-

tion learning and keypoint detection for cross-view geo-



%03 M B IEFIE TR TEANE AL ST WLk 681
localization[J]. IEEE Transactions on Image Processing, 2015 IEEE International Conference on Robotics and Bio-
2022, 31: 3780-3792. mimetics (ROBIO). Piscataway: IEEE, 2015: 114-119.

[32] ZHUR Z, YIN L, YANG M Z, et al. SUES-200: A multi- [43] CHIU H P, DAS A, MILLER P, et al. Precise vision-aided
height multi-scene cross-view image benchmark across aerial navigation[C]//2014 IEEE/RSJ International Con-
drone and satellite[J]. IEEE Transactions on Circuits and ference on Intelligent Robots and Systems. Piscataway:
Systems for Video Technology, 2023, 33(9): 4825-4839. IEEE, 2014: 688-695.

[33] SHEN T R, WEI Y M, KANG L, et al. MCCG: A Con- [44] MANTELLI M, PITTOL D, NEULAND R, et al. A nov-
vNeXt-based multiple-classifier method for cross-view el measurement model based on abBRIEF for global lo-
geo-localization[J]. IEEE Transactions on Circuits and calization of a UAV over satellite images[J]. Robotics
Systems for Video Technology, 2024, 34(3): 1456-1468. and Autonomous Systems, 2019, 112: 304-319.

[34] LIS L, HU M, XIAO X W, et al. Patch similarity self- [45] MASSELLI A, HANTEN R, ZELL A. Localization of un-
knowledge distillation for cross-view geo-localization[J]. manned aerial vehicles using terrain classification from
IEEE Transactions on Circuits and Systems for Video aerial images[M]//Intelligent Autonomous Systems 13.
Technology, 2024, 34(6): 5091-5103. Cham: Springer International Publishing, 2015: 831-842.

[35] CHEN Q, WANG T Y, YANG Z H, et al. SDPL: Shift- [46] AKHLOUFIM A, COUTURIER A. Relative visual local-
ing-dense partition learning for UAV-view geo-localiza- ization (RVL) for UAV navigation[C]//Degraded Envi-
tion[EB/OL]. (2024-07-06)[2025-03-31]. https://arxiv.org/ ronments: Sensing, Processing, and Display 2018. Orlan-
abs/2403.04172v2. do: SPIE, 2018: 213-226.

[36] ZHAO H,RENK Y, YUE T, et al. TransFG: A cross- [47] AMER K, SAMY M, ELHAKIM R, et al. Convolutional
view geo-localization of satellite and UAVs imagery pipe- neural network-based deep urban signatures with applica-
line using transformer-based feature aggregation and gra- tion to drone localization[C]//2017 IEEE International
dient guidance[J]. IEEE Transactions on Geoscience and Conference on Computer Vision Workshops (ICCVW).
Remote Sensing, 2024, 62: 4700912. Piscataway: IEEE, 2017: 2138-2145.

[37] WANG T Y, ZHENG Z D, SUN Y Q, et al. Multiple-en- [48] NASSAR A, AMER K, ELHAKIM R, et al. A deep CNN-
vironment self-adaptive network for aerial-view geo-lo- based framework for enhanced aerial imagery registration
calization[J]. Pattern Recognition, 2024, 152: 110363. with applications to UAV geolocalization[C]//2018 IEEE/

[38] XIAO J H, TORTEI D, ROURA E, et al. Long-range CVF Conference on Computer Vision and Pattern Recog-
UAYV thermal geo-localization with satellite imagery[C]// nition Workshops (CVPRW). Piscataway: IEEE, 2018: 1-11.
2023 IEEE/RSJ International Conference on Intelligent [49] NASSAR A, ELHELW M. Aerial imagery registration us-
Robots and Systems (IROS). Piscataway: IEEE, 2023: ing deep learning for UAV geolocalization[M]//Deep
5820-5827. Learning in Computer Vision. First edition. Boca Raton,

[39] HEMF, LIUJC, GU PF, et al. Leveraging map retrieval FL: CRC Press/Taylor and Francis. 2020: 183-210.
and alignment for robust UAV visual geo-localization[J]. [50] MARCU A, COSTEA D, SLUSANSCHI E, et al. A
IEEE Transactions on Instrumentation and Measurement, multi-stage multi-task neural network for aerial scene in-
2024, 73: 2523113. terpretation and geolocalization[EB/OL]. (2018-08-04)

[40] SEEMA B, KUMAR H, NAIDU V. Geo-registration of [2025-03-31]. https://arxiv.org/abs/1804.01322v1.
aerial images using RANSAC algorithm[J]. NCTAESD- [51] SCHLEISS M. Translating aerial images into street-map-
2014, 2014, 25(6): 234-238. like representations for visual self-localization of uavs[J].

[41] SARANYA K C, NAIDU V P S, SINGHAL V, et al. Ap- The International Archives of the Photogrammetry, Re-
plication of vision based techniques for UAV position es- mote Sensing and Spatial Information Sciences, 2019, 42:
timation[C]//2016 International Conference on Research 575-580.

Advances in Integrated Navigation Systems (RAINS). [52] GURGU M M, QUERALTA J P, WESTERLUND T.
Piscataway: IEEE, 2016: 1-5. Vision-based GNSS-free localization for UAVs in the
[42] SHAN M, WANG F, LIN F, et al. Google map aided vi- wild[C]//2022 7th International Conference on Mechani-

sual navigation for UAVs in GPS-denied environment[C]//

cal Engineering and Robotics Research (ICMERR). Pisca-



682 H, T

o
==

il 2025 4F

[53]

[55]

[56]

[57]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

taway: IEEE, 2022: 7-12.

LI HL, WANG J N, WEI Z W, et al. Jointly optimized
global-local visual localization of UAVs[EB/OL]. (2023-
10-12)[2025-03-31]. https://arxiv.org/abs/2310.08082v1.
LUO X B, WAN X, GAO Y X, et al. JointLoc: A real-time
visual localization framework for planetary UAVs based on
joint relative and absolute pose estimation[EB/OL]. (2024-
05-13)[2025-03-31]. https://arxiv.org/abs/2405.07429v1.
WARREN M, GREEFF M, PATEL B, et al. There’s No
place like home: Visual teach and repeat for emergency
return of multirotor UAVs during GPS failure[J]. IEEE
Robotics and Automation Letters, 2019, 4(1): 161-168.
GOFORTH H, LUCEY S. GPS-denied UAYV localization
using pre-existing satellite imagery[C]//2019 Internation-
al Conference on Robotics and Automation (ICRA). Pis-
cataway: IEEE, 2019: 2974-2980.

HARRIS C, STEPHENS M. A combined corner and edge
detector[C]//Proceedings ofthe Alvey Vision Conference
1988. Plessey Research Roke Manor, U K: Alvey Vision
Club, 1988: 10-5244.

ROSTEN E, DRUMMOND T. Machine Learning for High-
Speed Corner Detection[M]//Computer Vision-ECCV 2006.
Berlin: Springer Berlin Heidelberg, 2006: 430-443.
LOWE D G. Distinctive image features from scale-invari-
ant keypoints[J]. International Journal of Computer Vi-
sion, 2004, 60(2): 91-110.

CALONDER M, LEPETIT V, STRECHA C, et al. BRIEF:
Binary robust independent elementary features[M]//Com-
puter Vision-ECCV 2010. Berlin: Springer Berlin Heidel-
berg, 2010: 778-792.

SARLIN P E, DETONE D, MALISIEWICZ T, et al. Su-
perGlue: Learning feature matching with graph neural net-
works[C]//2020 IEEE/CVF Conference on Computer Vi-
sion and Pattern Recognition (CVPR). Piscataway: IEEE,
2020: 4938-4947.

DAIM, ZHENG E H, FENG Z H, et al. Vision-based UAV
self-positioning in low-altitude urban environments[J]. IEEE
Transactions on Image Processing, 2023, 33: 493-508.
AMELI Z, AREMANDA Y, FRIESS W A, et al. Impact
of UAV hardware options on bridge inspection mission
capabilities[J]. Drones, 2022, 6(3): 64.
STRUBBES,STURZL W,EGELHA AFM. Insect-inspiredself-
motion estimation with dense flow fields: An adaptive matched
filterapproach[J]. PLoS One,2015,10(8): e0128413.
RUFFIER F, VIOLLET S, AMIC S, et al. Bio-inspired

[67]

[68]

[69]

[70]

[71]

[72]

[74]

[75]

optical flow circuits for the visual guidance of micro air
vehicles[C]//Proceedings of the 2003 International Sym-
posium on Circuits and Systems, 2003. ISCAS’03. Piscat-
away: IEEE, 2003: 3.

HE Z H, IYER R V, CHANDLER P R. Vision-based UAV
flight control and obstacle avoidance[C]//2006 American
Control Conference. Piscataway: IEEE, 2006: 5.

LIN H Y, PENG X Z. Autonomous quadrotor navigation
with vision based obstacle avoidance and path planning[J].
IEEE Access, 2021, 9: 102450-102459.

FARNEBACK G. Two-Frame Motion Estimation Based
on Polynomial Expansion[M]//Image Analysis. Berlin:
Springer Berlin Heidelberg, 2003: 363-370.

HRABAR S. 3D path planning and stereo-based obstacle
avoidance for rotorcraft UAVs[C]//2008 IEEE/RS]J Inter-
national Conference on Intelligent Robots and Systems.
Piscataway: IEEE, 2008: 807-814.

MATTHIES L, BROCKERS R, KUWATA Y, et al. Ste-
reo vision-based obstacle avoidance for micro air vehicles
using disparity space[C]//2014 IEEE International Confer-
ence on Robotics and Automation (ICRA). Piscataway:
IEEE, 2014: 3242-3249.

TIJMONS S, DE CROON G C H E, REMES B D W, et
al. Obstacle avoidance strategy using onboard stereo vi-
sion on a flapping wing MAV[J]. IEEE Transactions on
Robotics, 2017, 33(4): 858-874.

GRINBERG M, RUF B. UAYV use case: Real-time obsta-
cle avoidance system for unmanned aerial vehicles based
on stereo vision[M]//Towards Ubiquitous Low-power Im-
age Processing Platforms. Cham: Springer International
Publishing, 2020: 139-149.

BAIGH, XIANG X J,ZHU HY, et al. Research on obsta-
cles avoidance technology For UAV based on improved
PTAM algorithm[C]//2015 IEEE International Conference
on Progress in Informatics and Computing (PIC). Piscat-
away: IEEE, 2015: 543-550.

ESRAFILIAN O, TAGHIRAD H D. Autonomous flight
and obstacle avoidance of a quadrotor by monocular
SLAM[C]//2016 4th International Conference on Robot-
ics and Mechatronics ICROM). Piscataway: IEEE, 2016:
240-245.

POTENA C, NARDI D, PRETTO A. Joint vision-based
navigation, control and obstacle avoidance for UAVs in
dynamic environments[C]//2019 European Conference on

Mobile Robots (ECMR). Piscataway: IEEE, 2019: 1-7.



%

3 M

A LR T T ADUE A5 ST LRI

683

[76]

[77]

[78]

[79]

[80]

(82]

[83]

[84]

[85]

[86]

YANG L Y, XIAO B, ZHOU Y, et al. A robust real-time
vision based GPS-denied navigation system of UAV[C]//
2016 IEEE International Conference on Cyber Technolo-
gy in Automation, Control, and Intelligent Systems (CY-
BER). Piscataway: IEEE, 2016: 321-326.

GOSIEWSKI Z, CIESLUK J, AMBROZIAK L. Vision-
based obstacle avoidance for unmanned aerial vehicles[C]//
2011 4th International Congress on Image and Signal Pro-
cessing. Piscataway: IEEE, 2011: 2020-2025.

HAAG J, DENK W, BORST A. Fly motion vision is
based on Reichardt detectors regardless of the signal-to-
noise ratio[J]. Proceedings of the National Academy of
Sciences of the United States of America, 2004, 101(46):
16333-16338.

BERTRAND O J N, LINDEMANN J P, EGELHAAF M.
A bio-inspired collision avoidance model based on spatial
information derived from motion detectors leads to com-
mon routes[J]. PLoS Computational Biology, 2015, 11(11):
e1004339.

MORENO-ARMENDARIZ M A, CALVO H. Visual
SLAM and obstacle avoidance in real time for mobile ro-
bots navigation[C]//2014 International Conference on Me-
chatronics, Electronics and Automotive Engineering. Pis-
cataway: IEEE, 2014: 44-49.

PENG X Z, LIN H Y, DAI J M. Path planning and obstacle
avoidance for vision guided quadrotor UAV navigation[C]//
2016 12th IEEE International Conference on Control and
Automation (ICCA). Piscataway: IEEE, 2016: 984-989.
SANCHEZ-RODRIGUEZ J P, ACEVES-LOPEZ A. A
survey on stereo vision-based autonomous navigation for
multi-rotor MUAVs[J]. Robotica, 2018, 36(8): 1225-1243.
SHARMA P S, CHITALIYA D N G. Obstacle avoidance
using stereo vision: A survey[J]. International Journal of
Innovative Research in Computer and Communication
Engineering, 2015, 3(1): 24-29.

ZHANG J W, WANG X, BAI X, et al. Revisiting domain
generalized stereo matching networks from a feature con-
sistency perspective[C]//2022 IEEE/CVF Conference on
Computer Vision and Pattern Recognition (CVPR). Pisca-
taway: IEEE, 2022: 12991-13001.

ZHANG J W, LI J H, HUANG L, et al. Robust synthet-
ic-to-real transfer for stereo matching[C]//2024 1EEE/
CVF Conference on Computer Vision and Pattern Recog-
nition (CVPR). Piscataway: IEEE, 2024: 20247-20257.
ZHANG J W, HUANG L, BAI X, et al. Exploring the us-

(87]

[88]

[89]

[90]

[94]

[95]

age of pre-trained features for stereo matching[J]. Interna-
tional Journal of Computer Vision, 2024, 132(10): 4305-
4326.

JEIGETS , F0, KRR, 45 . JE T 3 s 1) AL Y e 2
Z AP ARDCICT]. H 72540, 2023, 51(11): 3079-3091.
ZHOU X Q, WANG X, ZHENG J, et al. Adaptive spatial
sparsification for efficient multi-view stereo matching[J].
Acta Electronica Sinica, 2023, 51(11): 3079-3091. (in
Chinese)

VACHTSEVANOS G, KIM W, AL-HASAN S, et al. Au-
tonomous vehicles: From flight control to mission plan-
ning using fuzzy logic techniques[C]//Proceedings of
13th International Conference on Digital Signal Process-
ing. Piscataway: IEEE, 1997: 977-981.

ROUSE D M. Route planning using pattern classification
and search techniques[C]//Proceedings of the IEEE Na-
tional Aerospace and Electronics Conference. Piscat-
away: IEEE, 1989: 2015-2020.

SZCZERBA R J, GALKOWSKI P, GLICKTEIN I S, et
al. Robust algorithm for real-time route planning[J]. IEEE
Transactions on Aerospace and Electronic Systems, 2000,
36(3): 869-878.

STENTZ A. Optimal and efficient path planning for par-
tially-known environments[C]//Proceedings of the 1994
IEEE International Conference on Robotics and Automa-
tion. Piscataway: IEEE, 1994: 3310-3317.

BELGE E, ALTAN A, HACIOGLU R. Metaheuristic op-
timization-based path planning and tracking of quadcop-
ter for payload hold-release mission[J]. Electronics, 2022,
11(8): 1208.

ZHANG Q, MA J C, LIU Q. Path planning based
quadtree representation for mobile robot using hybrid-
simulated annealing and ant colony optimization algo-
rithm[C]//Proceedings of the 10th World Congress on In-
telligent Control and Automation. Piscataway: IEEE,
2012: 2537-2542.

ANDERT F, ADOLF F. Online world modeling and path
planning for an unmanned helicopter[J]. Autonomous Ro-
bots, 2009, 27(3): 147-164.

YAN M, AUN CHAN C, GYGAX A F, et al. Efficient
generation of optimal UAV trajectories with uncertain ob-
stacle avoidance in MEC networks[J]. IEEE Internet of
Things Journal, 2024, 11(23): 38380-38392.

WANG X, TAN G Z, LU F L, et al. A molecular force
field-based optimal deployment algorithm for UAV



634 CIN - 2025 4F
swarm coverage maximization in mobile wireless sensor IEEE, 2021: 539-546.
network[J]. Processes, 2020, 8(3): 369. [108] YIN Y F, WANG Z T, ZHENG L L, et al. Autonomous
[97] SOUZARMIJ A, LIMA G V, MORAIS A S, et al. Modi- UAYV navigation with adaptive control based on deep re-
fied artificial potential field for the path planning of air- inforcement learning[J]. Electronics, 2024, 13(13): 2432.
craft swarms in three-dimensional environments[J]. Sen- [109] CHHIKARA P, TEKCHANDANI R, KUMAR N, et al.
sors, 2022, 22(4): 1558. DCNN-GA: A deep neural net architecture for naviga-
[98] SHEN Y, ZHU Y L, KANG H W, et al. UAV path planning tion of UAYV in indoor environment[J]. IEEE Internet of
based on multi-stage constraint optimization[J]. Drones, Things Journal, 2021, 8(6): 4448-4460.
2021, 5(4): 144. [110] MENFOUKH K, TOUBA M M, KHENFRI F, et al. Op-

[99] YUE L W, CHEN H N. Unmanned vehicle path planning timized Convolutional Neural Network architecture for

using a novel ant colony algorithm[J]. EURASIP Journal UAYV navigation within unstructured trail[C]//1st Interna-
on Wireless Communications and Networking, 2019, tional Conference on Communications, Control Systems
2019(1): 136. and Signal Processing (CCSSP). Piscataway: IEEE, 2020:

[100] LIU Y X, XU W. Application of improved hopfield neu- 211-214.
ral network in path planning[J]. Journal of Physics: Con- [111] SILVESTRINI S, LAVAGNA M. Deep learning and ar-
ference Series, 2020, 1544(1): 012154. tificial neural networks for spacecraft dynamics, naviga-

[101] YANGLK,FANSR, YUBG,etal. A coverage sampling tion and control[J]. Drones, 2022, 6(10): 270.
path planning method suitable for UAV 3D space atmo- [112] TULLU A, ENDALE B, WONDOSEN A, et al. Machine
spheric environment detection[J]. Atmosphere, 2022, 13(8): learning approach to real-time 3D path planning for au-
1321. tonomous navigation of unmanned aerial vehicle[J]. Ap-

[102] MITTAL M, MOHAN R, BURGARD W, et al. Vision- plied Sciences, 2021, 11(10): 4706.
based autonomous UAV navigation and landing for ur- [113] ZHAO Y M, ZHANG J L, ZHANG C Y. Deep-learning
ban search and rescue[M]//Robotics Research. Cham: based autonomous-exploration for UAV navigation[J].
Springer International Publishing, 2022: 575-592. Knowledge-Based Systems, 2024, 297: 111925.

[103] BASHIR N, BOUDJIT S, DAUPHIN G, et al. An obstacle [114] LIANG HJ, BAIHY, SUN R, et al. Three-dimensional path
avoidance approach for UAV path planning[J]. Simulation planning based on DEMJ[C]//2017 36th Chinese Control
Modelling Practice and Theory, 2023, 129: 102815. Conference (CCC). Piscataway: IEEE, 2017: 5980-5987.

[104] MACIEL-PEARSON B G, MARCHEGIANI L, AK- [115] L1 Z T, ZHAO J N, ZHOU X, et al. RTSDM: A real-
CAY S, et al. Online deep reinforcement learning for au- time semantic dense mapping system for UAVs[J]. Ma-
tonomous UAV navigation and exploration of outdoor en- chines, 2022, 10(4): 285.
vironments[EB/OL]. (2019-11-11) [2025-03-31]. https:// [116] CHEN S Y, ZHOU W F, YANG A S, et al. An end-to-
arxiv.org/abs/1912.05684v1. end UAV simulation platform for visual SLAM and nav-

[105] HE L, AOUF N, WHIDBORNE 1J F, et al. Deep rein- igation[J]. Aerospace, 2022, 9(2): 48.
forcement learning based local planner for UAV obsta- [117] LU S, DING B X, LI Y M. Minimum-jerk trajectory
cle avoidance using demonstration data[EB/OL]. (2020- planning pertaining to a translational 3-degree-of-freedom
08-06)[2025-03-31]. https://arxiv.org/abs/2008.02521v1. parallel manipulator through piecewise quintic polynomials

[106] THEILE M, BAYERLEIN H, NAI R, et al. UAV cover- interpolation[J]. Advances in Mechanical Engineering,
age path planning under varying power constraints us- 2020, 12(3): 168781402091366.
ing deep reinforcement learning[C]//2020 IEEE/RSJ In- [118] YU I M, SUN H, SUN J Q. Improved twin delayed deep
ternational Conference on Intelligent Robots and Sys- deterministic policy gradient algorithm based real-time
tems (IROS). Piscataway: IEEE, 2020: 1444-1449. trajectory planning for parafoil under complicated con-

[107] THEILE M, BAYERLEIN H, NAI R, et al. UAV path straints[J]. Applied Sciences, 2022, 12(16): 8189.

planning using global and local map information with
deep reinforcement learning[C]//2021 20th International
Conference on Advanced Robotics (ICAR). Piscataway:

[119]

XUWIJ, YAOY X,CAOJQ,etal. UAV-VisLoc: A large-
scale dataset for UAV visual localization[EB/OL]. (2024-
05-20)[2025-03-31]. https://arxiv.org/abs/2405.11936v 1.



% 3 # A A T T AMUE NS SRHUEI LR A 685
1EEEIT

BEH L, 19984F 12 A A T IR
T . B A AL A R K2 iR A
FLRIFGE 7 ) R B S Ao

E-mail: gumeiying@buaa.edu.cn

= i 19984 4 A TR A K I
[IIRE2 PSR | i IR I NN o LU o ) e S -3
W TT A AT = et
E-mail: by2306053@buaa.edu.cn

WRME L 19984F | A A Fbs A%
FETT . BUMAL Rz A R R E e A . &
BERFFE TS 6] RS AAVERL =R E A
E-mail: byzhangjw@buaa.edu.cn

B OB 5H,19794E3 A A Fdus . M
S AT ARL A LR K 2E T S AE B B AR
Sl F BT O ) BN TS
FGAb 35

E-mail: baixiao@buaa.edu.cn

B8R L, 19784F 10 AT I AR
L . B s s 0 R K A T AL 2 B )
R . RS 1 TR AL |
MU PR b PR A5
E-mail: JinZheng@buaa.edu.cn



