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Research progress and challenges of UAVS in precision orchard operations
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Abstract: Unmanned aerial vehicle (UAV), leveraging their high mobility and platform expansibility,
have demonstrated significant advantages in orchard remote sensing monitoring, variable-rate applica-
tion, and intelligent decision-making, emerging as pivotal equipment for advancing intelligent orchard
plant protection. This paper systematically reviews the development trajectory and typical applications
of UAV platforms in orchards and classifies them into remote-sensing, operation, and integrated types.
The key technologies and research progress in fruit tree structure reconstruction, fruit recognition,
variable-rate spraying, and spray control are analyzed. Furthermore, four evolutionary stages of orchard
UAV systems, from perception-enabled systems to intelligent collaboration, are summarized, and the
underlying platform evolution logic and integration trends are revealed. Based on this, the paper delves
into the key challenges currently faced by UAV applications in orchard environments, including
unstable perception accuracy, lagging variable control, and difficulties in constructing closed-loop sys-
tems, and prospects future technological breakthroughs in multi-modal perception, edge intelligence,
orchard digital twins, and aerial-ground cooperative operations.

Key words: orchard UAV; intelligent spraying; remote sensing monitoring; variable-rate operation;
system integration; intelligent plant protection
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£,2023), K, ITC AHL AR E W bl ks
H P53 1F B #2858 B R &
BT (i 4s , 2019 J| 555, 2025 ; EMSFEAE,
2025)
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I A, JUHAE A B A rh R RO A ER B
1 N PSR R PR (4241 %4246, 2021 ; Chen et al.,
2022; Chakraborty et al.,2023), M3 T 510
1 5 GRS AT 5, B S BTl A 2B |
N TR BT SR VR 123 1) R Ge b fd o )7 %
SR JE AALE. Al Bh T Bz A A A% Ol T
(Chen et al., 2021; Liu et al., 2023; Chao et al.,
2025) , XA KO B AL 5 R G AR Y
R ORI T IRANRE ) PO RS T T A TR
FEERL . ST, oAU S B 4 i 7 5 O i
SR  FRANPRIR AR 2 RSN B RE R A
LA B i R R - e o b A
YEPHAT 1) 1A B 425 il 14 & (Ferro et al., 2023; Garcia-
Ruiz et al.,2023; Chen et al.,2025) . #ATMi , 57 F T 5
B 5 2 Y U 2 AR W A4, A
MLAELE R BN S e 1 AR s RS B L R 40 g ) 235
PES Z U85 BRhG 55 7 AT s s 2 BRER, 1 ATE
BT Iz 4R TR b o Ak i T 7 22 (Grella et al.,
2017 ;faflfs4s , 2018 ; Gavara et al., 2025) .
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JETR IR ) TR e 2 gy d g st
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ERCE AP T2 T AR 2580 325t 5
BOEMEY o 3% B8 15 38 5 0 45 1ij J5 WU 38 2 BE A1
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RTK) Sk AT, SCRARA T SR MRS HEMTI 5 A8
i 2, A AP T 55 i M O i 2 s N TR o
IR, AR R 2SR ARG ARE SR B 5 R
Ttie = B A2 B, K T IR - UK - AT IR R 4
g sk 7y I’ N T8 g (artificial intelligence, Al
POUN 5 sl D e ) R ae Rkl P&, 2508
T S WIS A 1Y) 8 S E AR R ARl 2
B FEAL 5 RS AT, SRR R 24 s L T
R A ARG TS A S HR L T R SRy
12 FRERBEESRGEMREDH

RETINMEARNERZT) T NR—BAP&
FERel RS T B AL, F2E AR
F AP B (E2) o IR B (2015 4F LATT) A EA
MR %O, T AWML F AR E B R AE TR, R
RGB G4 7 SRR 1 37 5 R S A ) A5 LAl AT 55, v
KEEMARG LIS . FE 26 L5
J6E ik LiDAR(light detection and ranging ) %5 £ Jlif%
SRR I B RN FH , 7F 2015—2019 4F 1E A £ Y Rl 45 v
B, AR el 2 450 g A LIRS W 5 30
5 B T e 7 S 3 1 0, Ry i 27 A
F9E 2558 T BL7H (Albetis et al., 2017 ; Andujar et al.,
2019; Ali & Imran,2021) . 2019 4FLUJS , AL AR
MR AR 1 B 5, HESH AN & 10 8 BE 2B
W Bk i , BF9E %) 12 & H] YOLO ,U-Net  DeepLab
SRR 2 S HE SR S B AL AR AR | S ) s AL AE HL 2
S B R T R SR I e R R SR e
J AR BB AT 55 19 3 FH Y [ (Yadav et al., 20215
Alshammari & Shahin, 2022; Cantirk et al., 2023;
Akdogan et al.,2025) . H 2022 4F#2 , 3@ Jo ALt
A ZRGE A5 U3 [R) A8 HRT B B, 148 A0 S LR R - e
T PAT B R BB 36, #0165 & B A& SE I g AR 1B
1E e Y 5 #0038 ER D RE (Blanco et al., 2019;
Arakawa & Kamio, 2023; Ariza-Sentis et al., 2024)
YA R R AL TN S TRl 2 A5 1Y
PRFIAENY. | 22 RUBE a5 S R el B0 20 A A 2 5
RGEIREL, bl g A bl JC AALIE L —AE L 50T
TS 1) 4 RE P 3R 2 AR % U (Jiang et al., 2022; Li YF
etal.,2023),
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T BB B PR T R AR AL B 58 B BE 4% (Cheng et al.
2020;Ding et al.,2023) .

TEAR AR 5 5 07T, S bl B 2 2 S
JE RS RE W R BRES R 0] It 2 S
i LA S LIDAR R, A& R IGH G 5
S ACAE J1 (LR 25, 2022; 285k % 25 2023 ; 15 fit
8,2024) o AL AR S TIAE LS A dE A D RERAS
W5 s pr A HUh 5 B (R 1) Hir,
LiDAR HA 00 57 1 25 [ i b7 2 5 23 58 0, ) iZ
TR ek 5 2 b T AR S BRI R S
(Escola et al., 2017 ; Gené-Mola et al., 2021) ; Z 1 £
RGB 1545 418 51K 2 45 #4 (structure from motion,
StM)/Z ALK STAKR AR 5 (multi-view stereo, MVS) £

ARSI SA AR = G PR A8 5 5 2 23 Ak 3
(Fernandez-Sarria et al., 2022; Bing et al., 2025) ; £
T i DG TS A DU P 1 SR e J2 5 3% K o0
18 55 5L 5 Al 2 B RS 41 W D (Catania et al., 2023;
Arapostathi et al., 2024) ; LT /b ik 8% ) 2y 7% HiGH
FA S RE T A B it 1 OCHE S . AL RS
A MR RN AR B ARTE bR 28 22 S ATk
SRR bR Can e AR AR B ) 2408 T a8 =
5L, DIRERAE R (DG B RO R ER
BT LA IS IME BRI A A
IR G T A B TR TR F AR Hti2h B RERIL
SRS A B BN A

R 1 FEIEBEBAERERTERE F YRR A R IEE ISR

Table 1 Typical applications and suitability metrics of different remote sensing sensors in orchards

& FCAS I RESE AR

T K m HR R 75 ! CRVRE
ffér:siﬁ §Dﬂ(atﬁat%ype Typical azs;fijci‘tqiﬁicenario Representative structural/ Kef)j/l:a%;:v;ntage
functional indicator
RGB —HEEIR SR o7 SRS A B R E SRR A R AR R
2D imagery Tree localization, fruit detection, canopy Canopy width, tree Low cost, easy data
contour extraction height, fruit number acquisition
ESini L BEG MR AR B TR K G Rk R4 ik FEEFE ST
Multispectral Multiband W Vegetation index B IR oK 5y W
imagery Chlorophyll estimation, nutrient status Rich spectral information,
assessment, water stress monitoring suitable for nutrient and
water status monitoring
[Pl FOTHERIESE AR R BRI S TR A TR A SE. O KER BRI
Hyperspectral i W S i e High accuracy, continuous
High-resolution ~ Maturity assessment, early disease and Nitrogen-related index,  spectral bands
continuous spectra pest detection, detailed nutrient red-edge parameter,
monitoring chlorophyll index, etc.
LT AP RS JitJE AR i SRR RS (RE S22 i B i A A S RAE P K 53 F e
Thermal Temperature S Canopy temperature, IR
infrared imagery Canopy evapotranspiration estimation, energy flux Sensitive to plant water
tree water status assessment, energy status and stress
balance analysis
WOLTEIA 25 ] AR R A SR A A ARSI A SR ERSHUR . AR AR
LiDAR =EE FRBERIL e aadia Strong penetration
3D spatial point  Canopy structure reconstruction, volume Canopy volume, canopy capability, high structural
clouds estimation, leaf area index extraction porosity, canopy density accuracy
RGB+SfM/  ZMBE IR s 2 AR LA AR 2 AR SR 23 (B) 4 A W e AT RAMIK S EE
MVS Multi-view A Tree height, canopy Low cost, easy
imagery/point Tree geometric modeling, canopy density width, density estimation implementation
clouds estimation, spatial distribution analysis

StM : 1z BRI 4544 s MVS : 2RI ST ARG . SEM: Structure from motion; MVS: multi-view stereo.

W SRR R AR e R R A R R A R
SR, EHE A R B KOZ IR DL S 55 B ROR

KR SR L5 R PR R 0 $E OSCR 5 RG B S R T
4N, Gomez-Galvez et al. (2021 ) 7 4= BRASRG 57 %%

IRJR RS KA ] 5 7 v ) 0 B SR AE (Anifan-
tis et al., 2019; Campos et al., 2021; Zhang et al.,
2023) . UTAER, B TCANLIRIR S =2 R

W 3T Z A TC BRSO e T i 5 1
URHIE , SEIE 1 MBI AR S5 AR B0 A Sh kil
-5l TR SRR v B — K, O R IR SR
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HEAE R TR S . AR IRNAS TE ABLAE 2
BB AL AR A A SIM 5 L iEAT = e g, Cpk
TR S IR 5 e A O S B, AN B
R E T, HAE Z R EY AT 5504 T R
R A (3 PR 5 85 s A BG Ji2 ( Diaz-Varela et al.
2015; Kelly et al.,2025) . 5 L [RIAT, B B 2 1 A
58 210K LIiDAR 55 = H 796k /2 44 % i 8 48 (Han et
al.,2023;Jiang et al., 2024 ) , J{-45 & Wi 55 i A48
JR 54 - Ty Re b [ AL, 3 A0 1 2l 2R P A S 454
U 1) B A Ry A 55 A8 iVl 4% — AR A Y &
FEBEAE . BR T AR AN, RS0 g 3 0 W o SR el i
JER A VE FH AT & 28 ) (Cui et al., 20245 3 — i AT X1
SLAE, 2025; 2 k4, 2025) . Akdogan et al. (2025)
E ST A YOLO %5 3 B2 27 > B A il A5 480 5 1
R el RGB S AR A7 S SR ) 5 1+ 4, Iy e R 5
T2 AR | P T el RUBE Ay 7 f A B3 55 28 () A2
SEHET KGR B 95% L) I RACEUE 5 RSF)
A S W™ i, A AT T4 A BERIR S B b
TEIE 1V

T I Y e 2 B AR TE T 4500 - D g 45 B
T AT RS T R BUIE BR 8 I 55 T ISR T
U HTAIFSY IE A S A5 P A ] 1 B0 25 5 Bl s 1
fEL I N -9 R e T =3 2) N = B R = o
AFHE DR THE RS R BUZE N iln, 254
Z (AR 25 B ) 55 XU W5 55 232 38 (] A AH OC
PR T LA R 24 S g 5 R SE 1A 38 0 A 5 R A
PEAR TSI T LR 1) B R A AR A B R
Z AT MBI 45 G R 58 A SR S5 1 i A4S
BT K HE Sl SR Bl A PR A0 3 AR - WA T
PR R BT B B

JRETRIT- & B AR B 7 B Ay
HUAS T 525 1 (2R el e Sy ) T I 22 FE R -
TR e P ™ | R KR R R M | AR IR Al
filG e = R e AR BE AE R RE ) SR R
% (Donmez et al.,2021) . JLHAE ZHE RS | 5h
A2 A R G LS PSR SRR AR A B T TS
T IR A o Ak K I W R AE T LA 34
T : — 2 2 BSRGF A, I RGB+LIDAR+
TGRSR s IR SRR S R G, g
FAENL S iE B e sl s — SR mm A T A AL RS

e oA T
22 EANEREFHERERZGSTEFIEH
R PE Ay v AR S SRR L B 5, HOE 2 2

0% AR HIIE 20 3K — 5 sl AL Setth i
it 25 75 sAE A 5 23 2R 3 AR 343 Ty T - A7
T Jay FRAME (2247045, 2022) o AR TE A B B4
25 A5 PR AR R RSk A RS AL, © O R
K 1R it 245 WF 9 1 B 22 44K (Biglia et al., 2022;
Carrefio Ruiz et al., 2024; Butler-Ellis et al., 2025) .
ik — LS T 2 B S v 5 R R AR, & -
I ) it 24 5 AR 52 3 5GT: , a ad Jo AL 1l T
LA LA AR R 2 55 (K 3) o T AR
R AT I 2 25 S AL ISk S AE I 4 5 TR
IR 2 A A% F il 2 B AR A5 RS2 R I, IR TR
JICA A BT R TR 81 2R G R PR I A R R A e 3
(Campos et al.,2020) .

TEME S5 1 AR rh SRR 5o 2 5 A 0 24 1 25 ) 43 A
PSR S o AN FIBIE i T AR T 4 S i
75 5 AR R 250 1 DUAR S A2 5 457 B X 3 (Cheng
etal.,2022;2024) ., HIEBFFEERY], S5 HLRE LK
JEE v A ) = A RN I e 2 W o T R A g XU
I, T AMUE PR AT m T Al B B g T R
2B %5 2 5 TR 5 P (Zhang et al., 2017;
Tang et al., 2018; Hou et al., 2019) ; M L 2 F , [ 3k
RS Z A5 IR T NAMNZEDIRRZE R X —2Z 5710
TSR G PR IAL R B TR 3 AT 18] 52 A
AP AR

RATE S AT R PE T AN SS Bl )5
R B E TR DR ES U E B RS,
2017). WATEEE A T GRS A B O 5
THTE B3R 76 2 1T Y BB 4 2 S SR -S54 (4 AH B
YEM . ©ANIRERY o & T m A S EEhhE
PN PN e T N N TR MU Y=
WAT 375 & b [T L 55 T P 77 A E R AR TR R
I (st 55w %15 b T 453 2K 36 ) (Sarri et al., 2019
Biglia et al., 2022) . Atk , 5 38 A ®A 7o BE — 4%
Hil7E 1.2~2.0 m X [H], b RAT ST B R A il 2
2% ()7 o 2 8] A) B4 1) 7155 (Tang et al., 2018;
TR EGETAE,2020) o KA TR R L AR SRR
2T fE )5 55 1Y 23 B )2 RS2 e AR
Pk SR E AR M. AT B T R 2R A R
J1 AR R 258 RSG5, IR S TR, T8
AHUAE P i s 55 1A B0 2R B, 2 AT RS i 1 m/s $i2
THZ 3 misif, S50 P ERLAR i 24 300 pm 3 R = 24
500 um, FEDURAS 5 R AT 2 150% , RN & %
P EAEK 5] 7 (Li et al., 2022) . Zhang et al.(2016)
XIANFIRIE 5 To AU 55 5 B 1 R Gk go i — 2048
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Fig. 3 Air-ground cooperative stereo spraying system for orchards

W5 Sk S RUAE TC ANALWE 55 R 40 h R A5G % DA
FH HS AR B S5 RS 3 A i SE 45 LA
KEEHAE T UM T 2 B 12541 R, 2 55
A HUBES PR BRI 2 28 175 e ) A0 DG R 2% (fe]
B4 ,2018; Guo et al., 2022; Wang et al., 2021) . i
W E AR NG 55T B ) 32 B I3 5
ZRRANE R RZI , TG RS 3612k 5 T ROk A2 25Tk
BEATE D, AMTEEEZTT)Z, HRESE
T2 PR AT e S BB S PE T R, Bt m] O, g
Sk AU FE A 5510 ()00 4 W RV | T L3 2ok 9
7551 5 e R RS B ORI AT R 2 A5 ] rh
PITCRRGERE o ST Je AR el it 245 v 0, FH AR A s
S AL G B TSk | Sk DL R s A5
W (£ BB A, 2020; FHI4,2020) . Hob, =1
ST PR R A A e SR rh SRR 55 L TE R
fIBES 5 42 T AR DX 3k U AR 1T B A 3 O

(Wang et al.,2021;Guo et al.,2022) . 7E#%5 e %45
F I 1 R, Biglia et al. (2022) f B 58 i — 2 5k
VT Mk g A 5 XA B A T, Al
S AT IR D BE ] B B 4T E 2 R R R DL
R B [ s U D AR AR XA 2 o e, Sk 19 i
POV 5 2 AN R e Te NS 55 3l 1 45 F Y
HEPRIR . Yk S e R i 1] O — B,
REAS P2 = B B AL B ROR , (i 2F 550 T A A8 i A e
JZ )2 (Carrefio Ruiz et al., 2024) . 1 [E P A 52 bR
N, 3 40 IDK90015 4525 [ Wi )iz M
TIRANUREFE 2, HAE e 2= S5 2 E 2
B[R BSF A 2503 i) T 2 590 G SRS (Tang et al.,
2018;Guo et al.,2022) . AHCH [EHIAGS H#E— DUk,
HRAE AT R (24 1.2~2.0 m) 538 e sk 28 ALY 20
BAEAERRIEDUBIRCR 5 )2 B 5 M 2 R S
fii(Zhang et al.,2017; Tang et al.,2018) , AR E ,
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s Sk AU S AR BT B T R At Y DG AR
[ I T Te ANAILE 25 8 77 27 A% O A, X0
AR Bl e 2% 2 (B A AR o34 B e P o L (ks
4%,2019),

AR LGB B B HE S R el 4 el 347 1
55 (AL St 245 3 o B 2R Ge R IR AR 23 ] 45
A S RN =Y S PNE 5 eyl 3 IS A L 8 i S e
Y 2R G0 5 WSk A5 T S oC SE R 7 AR i 25 (K1 4) o
%R GIE H AR B4 T A AR AT R
A L5F )2 % R ] LIDAR # =3 RGB/£Z )t
TSR I AR U AST B AAFR T AR ARk
i T FH 5 B 45 260 (Han et al., 2025) . Ab 7 A 2

W R A S E S W (] () 23 U SR A Bl 22 56
G I S SRS R T A ] oA A AR 2 |
AL 27 2R AY 38 4o 4548 — T RR e [0 AS 1 25 75
I 55 iR B2, SIS o P e 22 85 4 1 oy A8
il PATER AR S o5 450, o5 S ARG A
W5 S R OCHA il 5 it 0 SR EA Y TR AE RIE RS
Mt AREER R . Bt BTG
% % JH Bk wb 58 BE 94 i (pulse width modulation,
PWM) {55 I # M Sk TARARZS , i il = 5 3k 0 S 15t
ML (BRIFEESE,2021) . ikl fE R AN 545
B T R TR S SRR -4 1 P A A R
PRI it 24 A RS B SR AR e 1
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Fig. 4 Orchard spraying system for structure perception, prescription generation, and variable-rate application

R R O TS 4 0F TSR T bR
DURURCR AR 2 i feft FH it T SR A 25 L34 (1
TESZ PR A FREE rh AT AR 1 22 [l R (Qi et al., 2023;
Yan et al.,2023; Yu et al.,2025) . H— , BANBHE1E
TEMEPTP0™ 8 A FDERESRAE MR 221 nl
S Ty AR RS B A2 BR 5 L R AR R 5
LA SR 2 K, = E T2 5500
3 235 0 — e SRR ARY 5 L = PUAT 2R e e 1 s (1]
K GEAF AR AR A AR D) H A M i A Y
SEPLGE HVT YR 280 R R g IR el
%, ik = 5T AL AN 5 SR ATAIL  dELARR B it
R BN ST TAE ML S m . PRE, AR SR el Je AL
ARG RGN R N A T LA 45T 2

o i S ASLAS il A TR SR T4 M 15 B ek s —
JEFE R R i A B s 1 BB, SE AR TR
D3l AR XU SRR 1) O AR it 2 — A
WL RN G R G, S BRI A R 5 DU
[ A5 |\ 557 S B W I A | Ay R - e SR — PR A T
A A R AR B R R DT 4 T B2 T TE ML
TSP A 2R EE T R ARt 25 66 11 o
23 HIEEESTEANTISERE

i 5 SR ] TG Lt e 2 A I A ) et ,
i S L5 H 35 2 4% A GN T HieR AR Bk L
IR IZ RO . R, B R A i AL 2
> REE2E 2] RlA SR A A IS AR ) R Rk
S BRI Y 6 £ 3145 (Zhang et al., 2022; Zhao et al.,
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2024;Yang et al.,2025) . YEIAFGEAE = K4 R
HEDE - AR IE B B A DK Bh D3R SO SN PR LR
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