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Fusion Positioning Method of Asparagus Spraying Robot in
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Abstract ; Navigation solutions based on laser simultaneous localization and mapping (SLAM) struggle to
overcome the progressive accumulation of positioning errors and localization jumps caused by crop canopy
occlusion. This issue was particularly severe in asparagus greenhouse environments, where the occlusion
from asparagus plants significantly compromised the robot’s accuracy. To address this challenge, an
autonomous navigation method for a facility spraying robot was proposed, which integrated an improved
Cartographer algorithm with ultrasonic tag positioning technology. The method obtained incremental
displacement, velocity, and attitude estimations through inertial measurement unit (IMU) pre-integration
and introduced a sliding window optimization strategy to refine state estimations of both current and
historical data. A dynamic trigger mechanism was utilized to complete the recording of the navigation
path, enabling autonomous operation. Field experiments involving robot localization trajectory mapping

and navigation tasks were conducted in a real-world asparagus greenhouse. The results indicated that
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during positioning tests at speeds of 0.2 m/s, 0.4 m/s, and 0.6 m/s, the mean absolute pose errors

between the proposed method’s trajectory and the ground truth were 0.249 m, 0.324 m, and 0.408 m,

respectively. Compared with the standard Cartographer method, these results represented a reduction in

average positioning error by 7.4% ,

34.5% , and 30. 6% . During navigation tasks at the same speeds,

the robot’s maximum lateral deviation was 5.3 c¢m, and at 0. 6 m/s, the average lateral positioning error

was 2. 504 c¢cm. The positioning and navigation accuracy of the robot met the autonomous operational

requirements for a facility spraying robot, providing an effective solution for autonomous operations in

greenhouse environments.

Key words: mobile robots; asparagus; multi-sensor fusion; LiDAR; SLAM; greenhouse

0 5

Wit 2 A Ml Bk B0 | 72 2 O o £ 5 5 A
AG WA REE L RN E YA T AL
55 BRI R, ARAR, L B 1 R 25 R B R R B
YR N TR Fk, B LA TR R
F) o R B X R A o 24 1 8 A 7 R R Y T
Fz— NI, 3R R A SRR REAL KT
BE 5 AT A A P 8 A e s R P g A T R

PRy T R 77 9 R G 2 AR A R E AT
T e A L8 Wi 4 A K P R 2% (] T
AT DX A A I R AL B BT EE R F B - 5 b A ER
RS AR Y NIEIE Y (4 &S S 0 -
SRMEET A RSN, BAEEE L,

P T 500G B 0 1 e PR P, TR A B A 1 A2 B
TR, B, T RO T TR SR S
Br 7, X TIRERE D S AR NERT,
R, BB LR A0 Gt B A 1 R R ok
e 22 2 S i I P T I 2 A ol B B i R 5 A
@?ﬁﬁfg{}}iﬁﬂ(m B S (Ultra wide band, UWB)
FARY WOt E B EAR ML AR,
SR, >4 T BRBE v 77 0 950 S P B 95 40 T 45
o AL S A5 P N A T LS N 11 B4 R W
Y O 15 B8 HE 4T 5 7 SLAM 5 A, 7 1 0 L) 3 5
WER I E NS B . UWB $ A 5515 w5 i 18] 20 9% R I
L 4T 25 7R 0 RE 7, 1 LB £ 40 T R B
B A S A R EL T N T N R R A

Sy p s DRI T —FhIE T UWB oL 10
A BB 7 v, SR IR AR /N — 36 v SR A i E O
TRLH 4R E R ARSI SE L RE B . SUN 250 &3
BRI PR AR T — A OO AL A S R
G, 3 TR AR AR YR KR e
U T S IR s 8, RN, R SR O s s
[ iR RSN SRR IV & i NV SR VA = R7 N 9 A o i DS
fio 7EH FA4TERGEh, R A™ H k52 R K
PR, 55 4 Bh A5 57 1 5k S LR 3 s A2 ML R, A
SCBRRE R AT, HUANG 25810 5 %) 8 i 4%

il 1

NIRRT T — R T YU B LA A E AL R
Gt , et S B K G E RS . ZHANG 2510 42 iy
Tl T R T R PR PR B R S S T T,
JEHLAS B B S R AR C R, T
SENIRZEARHEZEMET 0.05 my YAN 27 33t 7 —
FhE T J& R B B U A0 VIO [ A B8 4 52 B 5 7
H®K RS, F H 2 1% & 8% @& Al Visual — IMU —
Wheel BLEETFI7 155030 1 W 2 HoRS 1 0 32k 1 Fn A
WY K, SR, TR SLAM 1 5 3 J7
KA RAPOE IR N RBL 5, H IR B A = ok Il 5
i o AL B AT BB BT, T RE T B0 R
] el dpk 2 AN A A S B S 1R

N T E R 5 R BE O B AL AR Y
WOt E R DU E R e YA SRS AT T
A RAGR ZE A IR A E o TR SO b ) s 4
TR A 4R I T —Fh O SLAM 5 AprilTag fili &
EERES 3 A ORI R =B IE ) B O 0=
G R B T — PP B T AR ) A OE
W AR B2 2 DL & A B 2 o 5 6 %8, JIANG 4570 41
BT —FP 3L T 3D LiDAR (1§ 2D SLAM J5 i, I %
6 76 Tl 3 5 ML B AR . 2 AR B A
PO TR 1512 Sh AR AR VT D () AR O T ml s LRI
{5 21 Gmapping & 53, F) HH &y 40 LR 1+ 15
F RN O T T T L BL RS A %, L
VTR Ik 1B Bl WA X M [ R A B 82, HONG
s PR T — R G 40 B RS A Y LiDAR 05 B e
ARG, i P ER A I 4 A T R AR T E L g
IMU #8951 A F 060 5% 3l R 25 51 1 85 = 2% B,
ABANAY 25383+ 7 —Fh 3 T 2D LiDAR f£ & #3
SCHLA E AU AgriEco HLES A, BRIETE H AR =
PO AL TR AT 1), 3 TR AT i I Bl D)4
ZEF — 47 fE k. AGUIAR 4™ % it T — Fh
VineSLAM 4435 3F 3D LiDAR 3 H S = Fi 2 S
HRIEAIE 22 1 R 58 M 1 {45 AL 25 AT X R F) K 7 7 el
B B Hh S B W RS B E 7. LONG 28 il 7 — il
HF UWB/IMU/ODOM/LiDAR M4 & ENM RS, 4
SRR IR T % K B s R AR BRI R A



% 10 1)

TR AF . R & R R Y LA AT RE A iR 5T 3

T IV SR U E AL LIDAR s 50 i —
Y 3t AT RLG, LSEIAILEE N4 )R A

SR T AR A ST G T A R rh O R L R
TH BRI 22 LA R 8 45 A8 R O S5 1) A4 T R L Y
WO, BT T 06 SLAM (1 S 0 0 8 475 0 LA
LT PR VR W 3 J2 S 5 | R I R RS B 1R 25 35 AP
LB LA K g O Bk AR 45 ) 73, JC v 16 1 RO ML 7S AAE
M xR RS BE T oK o AR SCHR Y — ek Ok
SLAM 5 75 b5 2 Gl & 19 2 7 5 5 00 7 i, 8 i
IMU A1 53 3R A5 38 o 007 B8 ol B RS Ak 1, 51 A
she FR A SR W, He Ak 4 i K Dy s B 1 RS Al I
DL Tt PR BE T HLE8 A8 0K B S ek, S0
M A EATEBTA VR 0 & 0 5 0.

1 #¥EFZE

L1 KWFEE
BT B IR A AL G AL N LR G 1
R TR R ZR A ) MID — 01 - S AE L s A
JEE ,AMERSF A 1070 mm x 700 mm x 345 mm, %
FH 22 S ) e 3T, S0 90 D b e A 5 R P e BT A 0 3
Btk ORUERE SO 100 kg, B RGHE R 1 m/s, i
RICHE iy B2 S 20°, BB H i 3D BOLH A [ IMU
ﬁﬁ?ﬁﬁﬂléﬁﬁ%%&?ﬂﬁko RS -~ LiDAR — 16 # =4k
JCRRIB N 16 AN HOE K e 1, R HE Hy 3 x
10°4 /s, RAEM N 5 ~ 20 Hz, K FW A N 0° ~
360°, 3 FEER K 0.1° ~0. 4°; F H M A~ 0° ~30°, 43
Wk 20 M & YE B 0.2 ~ 100 m, AH200C %Y
IMU 7 T;&HT(B'J;HL%%J\:%% , TAEHA Ny 100 Hz,
ﬂﬁ@ﬁ’]ﬁ?%

I i [) 25

RBUED

Starter Set Super — MP — 3D B 55 b5 25 40 & [ 2 2
B2 B8 Bl A B30 2 R R ) St O A, AR A0 B S AR S
1 1% 1 SE SR T A% B 2 b 2 o B, A0 T
WA 8 Ha,, IR H] Jetson ORIN NX 4EHy |
fiAL, ¥ % Ubuntu 20.04 #:1E & %45, JF % T ROS
Noetic 58 J8 it % 5% s AL & AN B AR B0 vk it . il
il CAN 2.0B Fp #E h & H WL 8 AR 5
ik

R4S

# Jetson ORIN NX
AbREER

M-
BL B 2 5P B2 Al N T

Fig. 1 Facility asparagus spray robot navigation platform
1.2 SMmAR%

% T AT 2G LA N SATHE SR AN 2 s . AL
e Nl = 4EEOE R RCRE R E AR, 5T
JE A Ik SLAM $ AR 58 B il 28 P45 P g A o
T 7 A4 W LS RS 3l 3% R ML g AR 4 )R AR
R B AR AE o BE T BB ER AR | Jm A8 B A2 KL R0 4%
A RVIZ Al #AL T H 58 bL s N H bR e #1500 2%
R
1.3 EMLFE
M%A%h%%%T%?m@ﬁLMM%MU

HAL T A B R

o o I T N

FARE )y 2R W

Pl 5 MRS

HATSVDSH i

SKAF R HE FER TS
R0

BATTFE SR

CE2 RAEHAMS

Fig.2  System technology roadmap



4 Y S ]}

L4

e

i 2026 4

R 7 B 2 S E LRl o HILAS E S 5 SRS AR I
WG B 5L N BBAE B AL, #F — 2 58 i
HLAS A AE R A% Hi P v S 5 4
1.3.1 IMU Hif 5EOCH IS EME

FEMRE BT, PLAR A W B A AR
YA J5 b BEAT RS AR L. IMU 8088 w5 % ke 3R i 1
RE A% $E 418 % 2 1 1 S AR AR AE B, 3 T R 3h TR

FEHLa N H B SR, IMU 48 78 K )R] 5
g R rh S RIER, FEOE LR TR, R
PeixX — 0] @i, 7E Cartographer #E 22 £ | # in IMU
PR Gy A 3 6 IMU o 3 B T R R RS ER A
HEAT R, KA T 2 R AL &R N B8 R e e A2 Ak, I
11752 RG24l it . IMU S50 8R 43 2o 72 G i 3 i
7N o

MU i
‘ BLas A frss
5 4 /r‘x\‘/”\\ /‘\ W W oS //ﬁ\ P ,/A’\
R i i D S A S : > WOk T kR
Tons < <l < < £ 3 < laser 7 B I1A
SO W NN N N A 4

F 3 IMU A4y ad 7

Fig.3 IMU pre-integration process

5 3o 0 L A 3 A

R e I B (e, e, ) PR, BLB8 A G o 25 2k

T ARk 0P MU AT A0 B BUSMA F
I B4 R

Av = j a,(1)de (1)
K e, (1) ——IMU fink
o7 B 3
ap= [ (2)

v, (1) —F& T 0 3 B AR 2345 B A9 AL A%
JEE i 2 5 0 A G 4 3t 1 B o

A

fhit
T A AR RS I ) By R AR IMU ik 32 A A
JEAG AR RN . IMU B8 0N
Ax =F(a,,w,,At) (3)
qrh F—BUr R

w,—IMU 3 )&
Ar—¥ [ 7]
LTRGBS 25 5 I TR] [ B PN A 1
&AM, IMU BBl 15 IMU RE9S 4 5E i1 R 48
PRI AL 1z s Al it JC AR TR A g L O
3K T g 23 R A VR W R AT S Y sl PR B A2 v T T I
BT I B SRR PR ME o IMU F5ER 234 Ak 10 v 50 3z Bl
BB AR O T I8 B A R b FE s S5 R T
/b PR T 8 15 DG T B P 5 1 Y LIRS
T /B IMU BUER 3 Ji5 B4R 285 1 S RO
Ik B Z R 22 8 IMU SRR 43 5 0 B dis
HHOUE K S Z BT BRI . RBAE I )
A Lt I IMU RZEHE 50 Ay, WO I8 K
ZBAE NP OEAE B AR fe/ MR 22 e %, BI

Z= Y UNPL -fA) 1P (4

Aot Ay ——H1 IMU BB H 5 £ 55 1 1 HL
Nl EARVA"S
Py —— ORI 1 AH ]I 20 BRI 0 2 R

i o R /B TR 25 PR, T AR L AR S PLAR A
WA R Em R AR
1.3.2 LT Hsh O EcA RS T ekt

AT —BREEMNREERES BTN
R R E AL 7 2 by I L IMU
WO TR B S A, I o R/ bR 2= AU L &
GefiAlTt . EIREIRSE T Y P R Ay
SRR R, O TR IR B HE DT BE AT BB A7 B R K T .
IMU W RERS hy R e 4 i 7% 2 h B A Ak {5 B, L H A
WOLE IR Z AT, IMU 808 34t 5 22 494z sh Al i1 .

B AL T i 38 o e Ak 1 s (LA AL & B
M) 53 (IMU O 5 ik 80 2 18 29 30 1
KR IR E A R R RS IMU $ods $2 418 7 1
IRNTE S IAEE A RS Y3, 1 0O B 38 38 1o
XA BE R AE (A = A Y AR A N ) E AT DCE, 42
PSR 290, G565 3K W, 22 50 RE W6 RS 1 b 4 AL L
INALLE I A RO BRI 22 Rl 2 R A K% 4
HAJREZXAMEZE T, IMU 580 F A0 %4
B T B R B RS B . R MLER NOIRAS x, FE B
Z kIS EP, HEEe, LI RESR, ., FIL, HLEA
R WA LIRR R

(5)

Xb T — A 2R Sl E SR 25 PR R B T
ARZSAG T 55 1% AR B 69 0 22 o IMU 2 50R 2 R 50



%5 10 3 WK G PR o T S REZG AL AR RS E L I R 5
I LLR R N ME,
ey =Xy %, — Axyyy (6) L4 HBEHR
WO T Tk 2 TR AR 25 R R A FA47E RGMERE VAN 48 br & 2L HE NG B
e =f(x,.) ~ P (1) RUSAURERE. R GOR I R R AR (5
S ) PR, b A TSR 2 R B AR B BT i
B o R T RS DB R W B (T

TG B ALHLEE N AL ZAG T, & /MU T A
LR 25 PRRCT O M, R AR A pR BT 7R

L(x) = 2 e/Ci'e, (8)

Krp e —5 i PARRE
C, — SARM KR Y I ZH I, Fom 2R
AN E

il 1 fRe /M TR 22 PR, R ST RE G DL AL L AR AR
A e, NS B R AL AL 2 Al T

TR T RACR SR Sh B0 A SR
A 2o S A PR P [8] 70 BT P 2% 2 g s g, DA i ek /b
AT B I P S . ARSI Zley,, , T Bh A
1 A0 S HLAR AL 2l ey ST NV A B 20 9 IR 25
a0 DU H AR R KK

N
L%y any) = Z e'ilvcijlei (9)
i=0

i 3 3 A 7 3 DA A R A K 24 i 2 R
B N A I 20 B 8Cs , T b TR R AR (R
I, X AR5 B R T AR G RE A8 7 AL 1b R 55 bR
IO, I A R 5 v B LR L o e IMU B 23 5
s &, mill= AR h R FRIT
Cartographer3D 5372 & 5 11 F1 G A K5 B2 o i i B4
& IMU FEOG TR BB | BE A8 A 80 e il 25 3R 358
E LIRS R, B AR LA AAE S 28 3 P AR E 18 1T o
1.3.3 LiDAR R4 5 A AR2E il &

KT HA SRR, 2 k(25 ], R
BT A SRAE ISR (SVD) B335 (VRS 40 e i J7 3k,
PR S RO T A KO BEAT L AL VEBE . BT
BT o 0 A 2 Ml PR R AR b 4% S B AL AR N E A
Je , folE T 75 4 0 2 B s OB AR 1 O 50, BT
AL (1 326 AR B 4B 3 5 AN SVD B3k HE AT RS 4N I I S
fiio teoh, fe XA BE WA AR & RS, i
o S IR figp B0 Jmy 07 5 2 A AL ) A RS
— AR TR M R G E . Lt
B e 0 M bR R A AR P O 25 RE I BE AT SVD
fift , SR i 7R AR 2S5 48 S LR T AR AR R T 10 e e
W R A% o) 8 i 20 58 A 2R Hhe o 7 A A 4R I
(4057 B A5 BRI SLAM A= Bl 1) 4 2= b A 45 4
0 2o X PP A AR T o R SR, 1 HIL AR A BE 8BRS
o5 7 I HL S T Y BRI R G 1R 22

IR ZE M T R B AR K A 7 AR B e 5 H O IR
LK 4 Frn o SRR, 7 b AR 2
200 m*, [ b 7 Rh AL 4 22 95, 2B K 38 m, B
0.3m, 2% 0. 15 m, f7/EE 1.2 m, P4 E 4 1.2 m,
b TET A HE SRR AN R

B4 s
Fig.4 Experimental scene

4.1 P SR 3 K T8 E R B 0

Ry 36 A SR Y 5 VA AE R [R) 3R GE LA
JE B EALAE NGB B 0.2.0.4.0.6 m/s, 5l HL
e NIAEY) 1732 30, 38 i ROSBag - H i s % 4%
S A BRI R S A i e 4 R SR ICE A 5 v L
L oAb R Cartographer 4l f3 458 X007 ¥k
E L AR X IR 2 ISR [ 20 ] BT 3 1 o 4 1
TR E PEAG AL AR A0 28 RS B, A 7 8 A 1 5 b5 25
I AF 3 B bR A L A58 7 il , 308 F 3RS
JERTGE =2 ~2 em, GNEE S fiT7R 76056 3 b v i B
— NI XEUICE 8 A AR A, B 2 BRI
[E) B 8 m, [ 2 AE PR TAT 1.6 m P SZ S |

KSR g R
Fig.5 Schematic of experimental scenario
1.4.2 MRS SRR
R 55 UEAS SCHE B 5 1 AR R R R S Ak
fe, B NIZB M 0.2.0.4.0.6 m/s, 75X
Sy b v B AT 6] T8 O O R G bR S



6 Y S ]}

Moo 2026 4

1, TR AR GRS B i IR TR A ﬁlﬁﬂ‘ﬂli‘é‘
B HEARA, e A AL, T '/Iﬁ"ﬂﬂﬁﬁﬁ
ﬁ@ﬂii%ﬁl@ﬂ%,ﬁ%ﬁf{’/’f“'ﬁ?ﬁu%%ﬁiﬂﬁ
SO 2206 AU REREAT A

2 RRERSHH

2.1 EAMRE

AR SCHE LM Cartographer 53 75 A [l B2 F &
PN 6 frzs . w18 6 1,3 A B2 R 2 Fib
SRR AT ST S A N AT ) E . SR,
1 0.2.0.4 m/s F, Cartographer 5. 7% 78 33 25 4tk
SE LB AR B 7 A T 22 TE G EE 0.6 m/s
A bL g Az 3h B4R 17 Beird, Cartographer 57
B T RS, RO IR DL A DR 2, T
AR SR A B AR 6 B8 5 B R G LT
B B T 1 R L B R

7T RS G B Z MR 2, H RPE
BIE P AR O iR 25 DL bR ME 22 IR 1 PR
FE 7 FfZe L Al EUE 0.2 m/s T, R S0 i 55
P EALRZE N 0. 249 m, B RE (i 220 1.223 m,,
M Cartographer 55 ¥ fx K BV 1% 2 R 4. 054 m; 7F
0.4.0.6 m/s M T, KAXHIE LY EAMIREN
0.324.0.408 m, 5 Cartographer 2 ¥ AH H. 58 3/ 1% 22
Y18 43 9 B4 34. 5% 1 30. 6% , Cartographer .3k
ﬁ?%ﬁ()‘ﬁﬁ@ﬂﬁ%ﬂ’]ﬂih FAAE R 22 R ﬁ%{ﬁﬁ%

7 ) 5, 7EHEE 0. 6 m/'s P45 (612 22 35 0. 588 m,
O T 0 1 2 SR RRURIT BR B O BOURK, TR I H AT
(R 5E F A . 7R 0.2.0.4.0.6 m/s T, A XH
AR ZEYE. O R bR
Cartographer 5.3 | BE % S0 25 947 (A1 47 38 &0 RS JE
fF, RENRERE B A BT E ARG S MER,
2.2 BmidE

& 8 S HLgs AMEML#E E 0.2.0.4.0.6 m/s Fji
MR 2. % 2.3 PRz, d & 8 nl s, Mg
NAE TR — H AR L 04 55 e 22 Bt o0 32 38 m ii 3 m . 76
A 0.2.0.4.0.6 m/s F,HLa8 AFE X 45 ) 1
MR 2N T 5 om, Bl A HE AT SR, E
1715 22 LIRRAR R R G i/ o M BA 3% H AR
SR 3 PP T R R 2E BN T 6 em, [ 8d S AL
i NAT (B ) i 22 , A7 ) 8 1] Al 22 DA AR 35 19 TE X 34
IERERE, AEHEE 0.2.0.4 m/s T, &% 2%
22 SEARH RN B A R B AR 2E BN T 4 em,
ML AN R 0.6 m/s BF, HLAF A 1] f 25 1 ok
W ZERSBIIE R O 5 m Ik B B K E I TR S 2
AP RS . BEAN BRI A o Y HLAR
NEE R 0.2.0.4 m/s B, HLEF A IR 287 £ i 31 5K
ST B bR s o SR, 4 HLEE NS B R 0.6 m/s I, B
CESEE SR W (EW NGk SR T (B NS
A HFNE A EARL S, EHE 0.2,0.4.0.6 m/s
@dJ—Fi’JTmﬁJZEIEEF LA BIIR A S AT R )

- B r“i ---- HSfH M- B
oF a yes or | —tem or ’ — i EH
s | st | ’ -5t ,
—10} ’ | “10f | —10f !f\
£ -15F '( £ 15 l g -5 b =
= ' = 11 N/
20} | U 20} i f -20} | T
st ’ f ‘ st l f a5t ‘ |'
| N
301 At / -30F AT S -30F Li
. i
-35¢ LU | 351 W 35 J
1 1 L 1 J 1 1 Prork 1 ] 1 L 1 L I
20  -10 0 10 20 20  -10 0 10 20 20  -10 0 10 20
x/m x/m x/m
0.2 m/s 0.4 m/s 0.6 m/s
(a) <3
5t i 5k . 51 ik
---- HUSEE M HAAH ) HA
o — i Us { — Us b — it
=Hi [ -5t | st ' Ii
_10F | } _10F l _1of A
| [ 1 (=
£ -15F £ -I5¢ | £ -15F J
= 1 = 8 &
20+ J f ; I 20 | 20
-5t | 251 | -5t
L At /
—30r A [/ =301 : ’. f ) =301
35t ¢ ) 35t NI 35t (
1 1 L z 1 J 1 1 1 1 ] 1 L 1 L I
20  -10 0 10 20 20 -10 0 10 20 20 -10 0 10 20
x/m x/m x/m
0.2 m/; 0.4 m/s 0.6 m/s

(b) Cartographer 8%
K6 2 ALk i £

Fig.6 Positioning trajectory curves



% 10 1) TR AF . R & R R Y LA AT RE A iR 5T 7

sk . 1223 - o 1.139 sk g 1.408
ﬂ—"ﬁiﬁ ) - A I’ 7} - A I
or - , ol |
s , n st '
-10+ | - ~-10+
g I ‘ 0625 & T1OF 0621 £ TOF -0.749
= = =
=20 =20 =20
=251 =251 =251
=301 =301 =30
-35F ’ =351 (@ =351
T R T R T B B | 0.026 0.104 0.091
-15-10-5 0 5 10 15 20 —15 10 —5 0 5 10 15 20 —15 10 —5 0 5 10 15 20
x/m x/m x/m
0.2 m/s 0.4 m/s 0.6 m/s
(a) A SCH
St o 4.054 it = 2.699 S = 4.097
--- AIH --- AIH () - AZE
oF of , of
s -5t s
-10 -10 -10F
£ =18 2040 £ 15 L1384 € -I5F 2111
=20 =20 =20
-5t -5t 25t
=301 =30 1 =30
=35 L =351 =351 L
| 1 ] | | ] 1 ] 0027 1 1 1 | 1 ] | ] 04069 1 Il 1 1 /| 1 1 ] 0.125
-15-10-5 0 5 10 15 20 -15-10-5 0 5 10 15 20 -15-10-5 0 5 10 15 20
x/m x/m x/m
0.2 m/s 0.4 m/s 0.6 m/s
(b) Cartographer .3
BT AR AR BT
Fig.7  Error trajectory of proposed algorithm
®1 EMRE i 22 - Y9 25 Aot 3 em, Bl 4 88 75 bR 25 0 I ST
Tab.1_Position errors M FUEAFER2E BEURISR B R 0 S ILR A T
T/ ] o e TTH = 1] 4
(meay RO g T R Fria AT EAE L
m-*s
0.2 Cartographer 4.054 0.269 0.177 0.502 0.423 NN
) ('S 1.223  0.249 0.187 0.329 0.214 3 -LTJ- TE
0.4 Cartographer 2.699 0.495 0.402 0.657 0.431
) e 1.139 0.324 0.281 0.361 0.158 E% E EE ﬁﬂ:iﬂ‘ﬂ
0.6 Cartographer 4.097 0.588 0.532 0.671 0.324 EB T ’ﬁf % /J %F = ﬁ%ﬁ EJ& ﬁ i e
‘ A3 1.408  0.408  0.381 0.451 0.193 ﬁ%ﬁﬁﬁiﬁ 1 iEJ?iZJ% A AR 7]

(a) AT SATELE (b) 77190 S

—=— 0.2 m/s 67 —=02mis
6 0.4 m/s A\ 0.4 m/s
—0.6m/ls - \ - /n 4+ 0.6 m/s

4 /

A7 B4 ] 2 /m
= [}8]
A\
y x
—
<—-—/'.k ’
=3

AT S 25 /m
(=4

2k
AL
_4_
_6F
0 05 Lo 158 20 25 3D =5 0 05 1o 15 20 25 340
BE S /m L /m
(€) AFT M2 (d) 17 [ o] i 2

K8 AR ELR

Fig. 8 Navigation error results



8 | 1 R = 2026 4
®2 NTRARE (077 8 I RO R 5 T AT T ERE SR,
Tab.2  Entry positioning error em R BEes (L 7 T (5 & NS
}Ml FHIRE  RAM RME PRDEC bR JEF Cartographer HEZE SN A IMU il B3 5 5h 25 W8
(s i TE 7 3 1o i 8 7 R DL T8 ST B B b PR
S AL % T i B K RS0 SLAM S {3 Bk
LN e A oA ok
P 4 R AR A (S M B E , A SC
%£3 FEABRRE B T LA o e A ) S o R
Tab.3 Interline positioning error cm R T IR E 2B E Y f g fE 0] 5, AT 4R

T - BT S OORG HE HeE
(nesy BRI MR e 3 00 5 R AR D 1 8 A B e
0.2 l4gs 380 Lo 0998 Br5 2% SRR 2 2 HL 28 B8 3 3% 00 B 1, 58 7
D S ) SR R R T (5 B Rk, APE

SLAM 77 i it 1) SC 8 A) el 2 — oy T HOL # 8 4R
235 SRA AR, TGk S WA T 2 D7 1 1) S5 P (82 8% 3K T i
Xt SLAM J7 3k K i 2 77 18] #9573
BRL25 T4 ) T — Fh O 75 15 15 18 745 bR 45 Al & 19 2

TR SE R AR B, DRI 7™ A T e R Air
W2, M EVO T H A pl B i 8] 22 1k B 72 A B ik
APE B {E 0 8 (RMSE Kb i 22, A 9 Fiv 7w o
3 Fhod g 5 R 2 B fE 230, 170, 130 s B T
A B T RORGE LR 22, X — SRS R 9 BN

40F — APE , — APE n 40 —APE |
a5l i 251 —syE \}f — 3l \
SE—fi , ( — V 35F — Pl
3.0 —RMSE , 20l — RMSE 30l — RMSE \
S| = | R O = e \
£ " st g 25 |
? 20} \ =] A 20 I
2y & )
15f N Lot | st v
10k ’ ] i ’ 1 Lok A [ \
o ) O] — L — PR—4Y .
: T 0.5 =
0 1 1 1 1 1 1 0 = | 1 1 1 0 = 1 1 1 1 1 1 1 1
0 50 100 150 200 250 0 50 100 150 200 0 20 40 60 80 100 120 140 160
s s s
(a) 0.2 m/s (b) 0.4 m/s () 0.6 m/s

B9 ENPLUE APE B IME A8 RMSE J i ifi: 22

Fig.9 Mean, median, RMSE, and standard deviation of APE trajectory positioning

e KR 2ZHLE AW E .

#£RiIE

P T —Fp gk Cartographer 2y Fl#E 5 b 2
Al SLAM $7 AR i 3 it 25 A ms 25 WA AN A 3 05
o TELPR A PR E b AT T SR 2 o7 B 5 B3 A
FWAEN B E, EH)E 0.2,.0.4,0.6 m/s T 5

4

&

Cartographer 575 A1 Lt , V- 34 5 il 1= 22 BRI 7. 4% |
34.5% F130.6% ., 7EH)F 0.2.0.4.0.6 m/s 534
FEM  AILAR N S5 KA 1] i 2554 5.3 em, 7€ 0.6 m/s
JE TSR AR 22 R 2. 504 cm |, 32 B 7E P S0 2
RS A S A SRR R AR HLES A
H B ARG RO 5, WIS R RE AP & 1 R 8L
PR A A THR AL T 5 AR A A

£ x o
BRI, B, £5, 5. RUESERMNESRFRIDR S RELT]. L HUMR, 2022, 53(4): 1 -20.

ZHAI Changyuan, YANG Shuo, WANG Xiu, et al. Status and prospect of intelligent measurement and control technology for

agricultural equipment [ J]. Transactions of the Chinese Society for Agricultural Machinery, 2022, 53 (4). 1 - 20.

(in

QIAO Y, VALENTE J, SU D, et al. Editorial; AI, sensors and robotics in plant phenotyping and precision agriculture[ J].

ZEMW, F, EEE, F BRSNS R IR S B [T]. Rl TR, 2022, 38(20) : 30 -40.

LAN Yubin, YAN Yu, WANG Baoju, et al. Current status and future development of the key technologies for intelligent

Chinese)
[2]

Frontiers in Plant Science, 2022, 13.:1064219.
[3]

pesticide spraying robots[ J].
[4]

Transactions of the CSAE, 2022, 38(20) : 30 —40. (in Chinese)
SR, BRRT, BRKE, & REFERMAMEVES D ESAMEARPRIERLT]. LU, 2024, 55(4): 1 -22.

DOU Hanjie, CHEN Zhenyu, ZHAI Changyuan, et al. Research progress on autonomous navigation technology for orchard



£ 10 1) TR AF . R & R R Y LA AT RE A iR 5T 9

[5]

[7]

[8]

[10]

[(11]

[12]

[13]

[14]
[15]
[16]

(17]

[18]

[19]

[20]

intelligent equipment[ J]. Transactions of the Chinese Society for Agricultural Machinery, 2024, 55(4) : 1 =22. (in Chinese)
XIE B, JIN Y, FAHEEM M, et al. Research progress of autonomous navigation technology for multi-agricultural scenes[ J].
Computers and Electronics in Agriculture, 2023, 211; 107963.
FRETDr, BRI, EH, . BIIPLHEAME BRI RARNIRGRIT]. RUHMEHR, 2024, 55(3) : 1 -20.
CHEN Mingfang, HUANG Liang’en, WANG Sen, et al. Survey of research on visual odometry technology for mobile robots[ J].
Transactions of the Chinese Society for Agricultural Machinery, 2024, 55(3) . 1 —20. (in Chinese)
TR, TR K, XUER, . R A A SR BRI LR [T]. R LA, 2023, 54(8): 1 -18.
SHEN Yue, ZHANG Yafei, LIU Hui, et al. Research review of agricultural equipment automatic control technology [ J].
Transactions of the Chinese Society for Agricultural Machinery, 2023, 54(8): 1 —18. (in Chinese)
CHEN X, WANG S, ZHANG B, et al. Multi-feature fusion tree trunk detection and orchard mobile robot localization using
camera/ultrasonic sensors[ J]. Computers and Electronics in Agriculture, 2018, 147 91 - 108.
fEMAME , XVAKJR, 2L, &5, /DR RYL UWB S R G ie it e HOkulfi A &[], Rl TR =4z, 2022, 38(7):
48 - 58.
XIE Binbin, LIU Jizhan, CAI Lianjiang, et al. Design of the UWB navigation system for tracked agricultural machinery in small
land and analysis of base station layout[ J|. Transactions of the CSAE, 2022,38(7) : 48 —58. (in Chinese)
KRR, Beigwl, 2, . JETHOE SLAM 4 B e Bl ss AN A ERAMRRLT]. R AU, 2023,
54(2): 293 -301.
SONG Huaibo, DUAN Yuanchao, LI Rong, et al. Autonomous navigation system for pasture intelligent overthrowing grass
robot based on laser SLAM[ J]. Transactions of the Chinese Society for Agricultural Machinery, 2023, 54(2): 293 -301. (in
Chinese)
X, B, IR, 5. B T Ik YOLOvVSs iy i Ml oy B B B 5 i 4 B AR A I 5 ik (1] Al TR 4% 4R, 2024,
40(22) . 1-9.
LIU Hui, ZHENG Xinpeng, SHEN Yue, et al. Method for the target detection of seedlings and obstacles in nurseries using
improved YOLOv5s[ J]. Transactions of the CSAE, 2024 ,40(22): 136 - 144. (in Chinese)
B, W/ANG, AT, . ST o YOLOVS iy w5 R 5 R A SR M OCBE AR DU [ T]. Rk TAR % e, 2024,
40(18) . 167 - 175.
YANG Zhenyu, WANG Xiaochan, QI Zihan, et al. Recognizing strawberry to detect the key points for peduncle picking using
improved YOLOv8 model[ J]. Transactions of the CSAE, 2024 ,40(18): 167 —175. (in Chinese)
WSz 4d, PITLA S K, 45 H A%, 5. 2T H W CL e R Bt A& RRENRIT]. Rl TR0,
2019, 35(2): 17 - 24.
YAO Lijian, PITLA S K, YANG Zidong, et al. Path tracking of mobile platform in agricultural facilities based on ultra
wideband wireless positioning[ J]. Transactions of the CSAE, 2019, 35(2): 17 =24. (in Chinese)
SUN S, LI C, PATERSON A H, et al. In-field high throughput phenotyping and cotton plant growth analysis using LiDAR
[J]. Frontiers in Plant Science, 2018, 9.16.
HUANG Z, SHIIGI T, TSAY L W ], et al. A sound-based positioning system with centimeter accuracy for mobile robots in a
greenhouse using frequency shift compensation[ J]. Computers and Electronics in Agriculture, 2021, 187 106235.
ZHANG W, GONG L, HUANG S, et al. Factor graph-based high-precision visual positioning for agricultural robots with
fiducial markers[ J]. Computers and Electronics in Agriculture, 2022, 201 107295.
YAN Y, ZHANG B, ZHOU ], et al. Real-time localization and mapping utilizing multi-sensor fusion and visual-IMU-wheel
odometry for agricultural robots in unstructured, dynamic and GPS-denied greenhouse environments[J]. Agronomy, 2022,
12(8) : 1740.
SKRICH, R, IRITEE , % LT RO SLAM A AprilTag & IR Z R SPLE A B ESAT % LT]. RAHIMER,
2025,56(1) : 123 - 132.
ZHANG Wenxiang, LU Xinyu, ZHANG Bingyuan, et al. Autonomous navigation method of greenhouse mobile robot based on
laser SLAM and AprilTag[ J]. Transactions of the Chinese Society for Agricultural Machinery, 2025,56(1): 123 —132. (in
Chinese)
JIANG S, QI P, HAN L, et al. Navigation system for orchard spraying robot based on 3D LiDAR SLAM with NDT_ICP point
cloud registration[ J]. Computers and Electronics in Agriculture, 2024, 220, 108870.
ZRA, 2R, Kk, 5. G BETHE R AL EM SR E L] Rl TR, 2021, 37(21)
16 - 23.
LI Chenyang, PENG Cheng, ZHANG Zhenqian, et al. Positioning and map construction for agricultural robots integrating
odometer information[ J]. Transactions of the CSAE, 2021, 37(21): 16 —23. (in Chinese)
HONG Y, MA R, LI C, et al. Three-dimensional localization and mapping of multiagricultural scenes via hierarchically-
coupled LiDAR-inertial odometry[ J]. Computers and Electronics in Agriculture, 2024, 227 109487.
ABANAY A, MASMOUDI L, EL. ANSARI M, et al. LiDAR-based autonomous navigation method for an agricultural mobile
robot in strawberry greenhouse: AgriEco robot[ J]. AIMS Electronics and Electrical Engineering, 2022, 6(3) : 317 - 328.
AGUIAR A S, NEVES DOS SANTOS F, SOBREIRA H, et al. Localization and mapping on agriculture based on point-feature
extraction and semiplanes segmentation from 3D LiDAR data[ J]. Frontiers in Robotics and AI, 2022, 9. 832165.
LONG Z, XIANG Y, LEI X, et al. Integrated indoor positioning system of greenhouse robot based on UWB/IMU/ODOM/
LiDAR[J]. Sensors, 2022, 22(13); 4819.
TAN H, ZHAO X, FU H, et al. A novel fusion positioning navigation system for greenhouse strawberry spraying robot using
LiDAR and ultrasonic tags[ J]. Agriculture Communications, 2025, 3(2): 100087.



