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Abstract; High-throughput 3D crop phenotyping is one of the core methodologies in modern crop
phenomics research, providing crucial data support for holistic morphological structure analysis, precise
evaluation of plant architectural traits, and genotype-phenotype association analysis. Aiming to address
the challenges of low efficiency and limited data accuracy inherent in traditional manual measurements, a
high-throughput 3D crop phenotyping data acquisition platform was developed based on an unmanned
ground vehicle (UGV). The performance of four mainstream sensors ( FLIR visible light camera, Kinect
DK, Velodyne VLP — 16, and Livox Avia) and their corresponding 3D reconstruction algorithms for crop
phenotyping were systematically investigated. Specifically, it was compared the 3D reconstruction from
visible light images based on structure-from-motion ( SfM ) and multi-view stereo ( MVS), 3D
reconstruction from RGB-depth images based on iterative closest point (1CP) , point cloud reconstruction
from solid-state LiDAR leveraging LiDAR-inertial odometry ( LIO ) and point cloud stitching from
mechanical rotating LIDAR by using uniform velocity frame superposition. Experiments were conducted

on potted lettuce plants in a greenhouse, where point cloud data acquired by the four methods underwent
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standardized processing. An automated processing pipeline was developed, enabling precise extraction

and analysis of key phenotypic parameters, such as plant height and maximum canopy width. This

research thoroughly explored and analyzed the characteristics, advantages, and disadvantages of each

method. Their applicability was comprehensively evaluated based on point cloud quality, reconstruction

efficiency, phenotypic trait accuracy and system cost. The findings can not only provide experimental

basis for sensor selection and algorithm development of 3D phenotyping UGVs but also can offer valuable

references for breeders and agronomists in selecting efficient and accurate phenotyping data acquisition

approaches.
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Fig.1 Planting layout of lettuce strips in greenhouse
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Fig.4 Schematic of lettuce crown measurement

2 HBREHH

2.1 SEEZHFTIHIFEHRIN

F T RGB A HLIY SIM — MVS J k4K i T 2 M
F MG G FRAEDE 5 LA 29 SRS — 4 & L (1
FO G 7E T = B4 0 ORI i e ), S B A
TRAb TAE B R B ZS (6], B A 2 b DY 5 52 B 4 34
ROPA—%, K, 7858 Br i /& 51 A 2 JT RS
12 YT ROBERCUE, Do i = e 4 &2 | sc i 7
MFRZE ., H52Z A, RGB - D A HL (LI Kinect — DK
UG BE AR B ) 2 T AT B () 55 285 44 't i P B 42
RBGRBEGE e bl gl & E'HIR
FERY 2 B s, W A 46 AL B, T Velodyne
VLP — 16 A 5 Livox Avia BO6 R i5 34 35T KiTH
(i) Jsrt B, 3 3 A 0 YOG AR 5 A0 AR I TR B 4 4R B
H s 0y ELSE IR B A = B B L 10 1
Yy E ROEERS BE , JC R AT AT AT RO A i

BEXF SIM — MVS i &t 25 J i RO A — Bk 1R
AT R R bR i R 2 IRk AT e . 3 A —
A 10 em x 10 em By R4 5 ARAE Ry 2 B8, 75 [F] —
B 554 4 5K F RGB AR AL 5 ¥ BE AR ML K B
HuBdE (K 5) . il CloudCompare B4 Xf SIM —
MVS A: i 2 B 2 SEAT RS B0 I &, 45 2R 7R s
TR YK 0.33 em, i 52 BR RSF 2 10 em, 355
BNk e 29k 1:30, Bk, 75 SIM — MVS 4=
B = #2430 A% LT R DA 52 LS R . A
W2 T TR EEARPL S 2= A5 1 ih K 4238 10 em , B iE



%13

il % BT UGV R A G MR = 4k R AR5 1 5 PEREXS LT 5 47

T A5 R S B RS — B, T AL v

o

" BRI
K5 SEYNE
Fig.5 Point cloud of reference
2838 M B RO MUE TS, 2% 7 R U R s 2
AE VR S WA 1 00 B S LA 454 . 1 6 o 1 1EAH

(a) ROBAIHL

] I 28 R BE AR AE T, M 4 b A S X [R] — 2% AR
SR = 8520 o 7T LA UL B, A [ 4%

TE i 25 B WP P S M e 3R T AR Y I S RE ) O
VA7 035 22 57, X R J 0 38 B 25 JAR I B A% I
P REXT EE AT $R AL T AT R A S0 Al

b6 480000000600 00000dses
ob FaEDeITeeed SeSCQewo

(a) Velodyne VLP-1684 %55 1k

(d) Kinect DK?F'JJ*J:E‘%EHL
K6 4FfERBSHEBMWREARNS

Fig.6  Greenhouse lettuce point cloud obtained by

four sensors

2.2 ZHRBEDEETML

N B GEVEAG A [ A% AR AR A ) = 4 R R S 4R
W7 T A PERE R B, AS AT 58 45 T 4 1 B0 A S AR
ZALBR R, S BRI T 4 AR R AR AR lﬁ?:ﬁ’ﬂ*ﬁk
1o 5 f KO R 2 L 2, O 5 N T S RO R A T
Lk 13 43 A 38 3o 5 e R A (R )Ei@ﬁffﬁm
22 (RMSE ) >f 1 4k 4% 7512 ) 00 0 2 45 AT 54

B e I 25 R SR M A Ta BT R
HTF Velodyne VLP — 16 BB & ik 5 L 3 i Bl 4
£ I R 2R e T B v A O TR B AR O I L R 3
F 0.968 8, RMSE 4 1. 047 cm, X 3 I 76§ S 8K

WA 25N OG T IS AR 08 S RS B L R
R A e O ZERSADL D[] A 32 SR B 1% S PR I FH 3 5
1T FLIR RGB HIHLZ: SIM — MVS T 4 () 5 2
PRk O RORE B B S T A0, R O 0.959 1, RMSE
1215 em, RUITE R B R 45 B 208 R AE 58 2

AT, ?ﬂﬁﬁ%%ﬁ%%ifﬂﬁ%%?ﬂﬂﬁﬁfﬁo
Livox Avia SO E 35 7847 HE AL 0N 19 Ak 5 46 F0kS
BERZ, R* >4 0.940 2, RMSE Jy 2.294 cm, T
Kinect — DK 7 7% 2 A1 AL 7 11 100 2 Ad7 o 2% AR X6 3¢

% ,R* 25 0.919 6 ,RMSE Jy 2. 435 c¢m,

Kinect — DK %I %

TR AR AL A Ak g 0 2 B A

9 Dt PR A - (D I G/ e it 3 XA 20 A0 i R 5
5/ 1o S5 BB RO B A A AN B R E IR T

TR AE ARG AT o @ TR 4l 5 Ab T BE i e
35120.9576:+1.0353 351 120.9096:-0.159
30F  R*=0.9688 30F° R=0.9402
= 25F RSME #71.047 c;n;( s 25F RSME42.294 ¢m ;
@ 207 . a5 20F
=15+ - =15t
X =
of A = 10f
sk sk

T T T T T
0 5 10 15 20 25 30 35
A/ em
Velodyne VLP-16103#0 iR ik

351 y=0.9562x+0.4312

1 1 1 Il Il 1 1
0 5 10 15 20 25 30 35
I EH{E/cm
Livox Avia—165#0% 1A

35 1 y=0.9317x-0.5665

30 R=0.9591 ,..’/' 30 R®=0.9196 A
| RSME1.215 em.~ | RSME #2435 cm %
g 25 .;/ z g 25 o
Sl .4 L 50l Ht
22 A =2 P
= 15 o2 P 25
o & o
5+ sk 00
0 1 1 1 1 1 ] 1 1 1 Il Il 1 1
5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
AR /em AR/ em
FLIREUHAHL Kinect DKFIZREEFAHL
(a) the
651 651
60} 60|
55 551
£ 50F g 50F
@ 45+ @ 451
 40F o 40t :
|35 Y=1.01016+0.1311  E35F y=1.084x-0.0094
£l R2=0.9583 30 a R?=0.9051
251 RSME}1.855 cm 25 RSME }74.626 cm

20 25 30 35 40 45 50 55 60 65

M {E/em
Velodyne VLP-167 #5551k

651,21.0675:-2.055
60" R2=0.9705

20 2530354045 50 55 60 65
5 {E/em
Livox Avia—16TI G 1A

651 y=1.0169x-0.2522

55F y
£ 30 [ RSME}1.826 ciips
m 45+
% 40+
|35k
30+
251
20 253035 40 45 50 55 60 65 20 253035404550 55 60 65
TEAE/cm & {E/cm
FLIRZSARHL Kinect DKFIVREEARHL
(b) K E
Bl 7 4 PG IRES RS 2 AT R B S 405 A T
(ERSEE R e

Fig.7 Linear fitting of phenotypic parameters estimated by

point clouds and manual measurements for four sensors



48 &k L

W% 2026 4

1, IE R BRI TR A S T ol 2R THU g oL, BOf e R g
FEGE TR AR . QI BE S T ik o6 A0 5 PR R 2140 T4
(BRI ANG) B4 mT AR R A AR 43 16 1], 32 1000 6
LIRS . @FT AR RN, AR AL IR B IR
Ao Al 2 23 R M T A T 5 v BEARAEL A BEPIL 1% 22

o K ek W DU i 25 SR 0 PR BL A A A A L 7D BT
7~o FLIR RGB MI#LZ: MVS #1415 = 78 1% S Bt
P R B 5 R B L R 35 1] 0. 970 6, RMSE Sy
1. 826 cm, iX Al GB4F 5 T MVS J7 ik A H g il &
5 R AN T Oy T A SR AR . Kineet — DK B i
HIHLTE MG 000 4 vp 3R K 2, R 2 0. 963 8, RMSE
1719 em , K HIHAE R IBOGE 2 KV #5515 207
ABA MRS MILZT,2 3BEOE &Ik
e 1 ) e ARG B AH X AR, He b Velodyne VP —
16 BUBOE T 3k + 51 B Wi PF4E ik R
0.958 2,RMSE A 1. 855 cm; [fii Livox Avia B GE
IKZE A SLAM HE Y A5 208G BE A%, R® N 0.905 1,
RMSE 4%l 4. 626 c¢m,

Livox Avia B0 78 7K 76 Jed i W) & rpows B Je ik
MR IR AT R AT, 2 Bl 1B b (B ) 5 /2
PR k) 5 [n] R 24 RO A2 /0N R AL 2 RS A KT R
LR RN/ N, QESFIRWAEER
FARTE I ZAb RAE i B, 5 R AT A AR S 5 1n] 35
I [ et b s S T A SR ARG o AT HE T I AR B
SR ) I 20 09 320 5 R 28 A A7, SLAM Fil 5 5
TE R S 5/ e 527, R B KAMETE R, @R ZE
H 4 AL 35 A 1T 98¢ e k23 HIC, o i AL BEOR AR R/ Be it
DB, A0 % 5 B B A S SR

LR R 5 e R S B R DA 2 2R L4 ROy
YRR —E P BB AL N T, T A
P 1R 5 Je R el W 1) A RO B o AE S B L, B
1 B i (Y L N 245 B L 3 B0 RS BE LA S B e
Ab BRI % B 45 5 R EAT AU . JE T Velodyne
VLP =16 BUSOGE A + 513 S il 9F 3 07 i 7E R s
M 7 TR B B 5y, i FLIR BUAHAL + SIM —MVS J5
%45 Kinect DK BIVREEAHHL + 1CP P o J5 12 75 i iR
N8 75 T R 3 B R A SE A
2.3 ZEMBESHMASHT

TE S BRI FH 5 vh B T DU RS 2 A, = 4k
FARIOT E R SR 5 H s b HEE ) TR A 2
BEREEME R R, AV KL
A B R R AL B E] 4 SRS X 4 Fp AL R
T RIEAT T RGBS

TE R AL R TJ5 T, Velodyne VLP — 16 BB TR
IR A B B AT E U BOR R RS R
(B35 4 9, 5] 54 @AEY) 1Y R w8 29

16 min, i@ 2K 810 ¥k/h, H 4 3 L& 2% ( Livox
Avia % F7 ik (FLIR A AL  Kinect — DK 7Y 8 Ji
FHAL) ¥ T UGV RAF- &, LLHE 18 em/s iF
TS AT i R 4, AN Z5al 19 R 4R i) T (A5 24
90 s, il 5 ik 8 640 £k/h, Z) Ky Velodyne VLP — 16
RUBOCTR IR I B0 5 A%, X 584 e i 1 47 i 0k 2R
J5 AR T Y S

FERE A WA J5 18, Velodyne VLP — 16 AU
NS HA G WA & &, 2928 42 000 JT; Livox
Avia BIEOEE K Z , 8 19 999 JT; FLIR #AH AL &
BeE s Sk 4150 7 555 JT; Kinect — DK B 75 B 4H #1
() AR e I, AN 2 988 JG., 3% — i AR 43 A 3 B
J BT O TR TR AL A A Ok A v I R R AR T
PR 25 5 TR B AR AILAE WA 9 1) 1 B A ) Sl A 34

TE 2 % EJ5 T, Velodyne VLP — 16 B UG
IRAR U 0 B B S B ARE 0 38 T
A 45 s Kinect — DK AU VR B2 AHAIL 1Y) 0 = F- 24 B bR AL 3
14 J5 4 5 FLIR BUAHALZ MVS 5210 5 = 1 4
23 9 JTAN 5 Livox Avia BIOGE k454 SLAM
AR BRI, EBHRNY 6 TR, e
FIEHESE W T e S A B TAER AT

TEE 8 Ak B[] J7 18, Velodyne VLP — 16 %1
JETR IR AR IR A 2 b B AR B B K, OF 3 B bR T
12 628 ms; HoARAT #E 2 R 4R A% Jak i 1) Ak B BsF 8] AF X
B MR N Livox Avia U TR 1K (4 652 ms/#k) |
FLIR BYAHHL (2 990 ms/ ) F1 Kinect — DK B 5 & #H
BL(1994 ms/ k) o Bl KW, = % 5 b8
R[] 22 [) 7 7 B S %) 1E AH 5G 56 R [R] ) Ak B A0SR 38
ZRREERES S sHE N EZHHE RN
M, 4 Pl JER 2% AR O A P BB 5 BUAS XS LE L3R 1,

F1 4 FhE BB IRENT X M a8 B AL AR L

Tab.1 Performance and cost comparison of

four sensor acquisition methods

Velodyne Livox Kinect —
FLIR %4 .
Xt b 35 VLP — 16 %1 Avia 738 DK 7%
WotHEik  ObtFE JE FHAL
W/ (Bk-h) 810 8 640 8 640 8 640
A/ It 19999 9999 7555 2988
HEmEE/ (&Y 380000 140000 90 000 6 000
T8 b b B ]/
12 628 4 652 2990 1994

(ms- k")

2.4 BERXREETHAREWNBENF I

Sk DX 43 SR B ABE 2R RG FE 119 5 ) 5 0 £ 4L ) ) R
O ME AR OB AT E OR 4 (FLIR AU AH AL | Kinect
DK VR BE M ML Livox Avia 738 3% 8 ik [\ 45 % 42 3K
) 5 7€ FCR 4 (Velodyne VLP — 16 B3GR 15 &



%14

Wl & BT UGV KRBV & WY =48R BRI 5 S YEREXT L5 49

(A5 B ) 20 T S0, 2 AT E B AR RS
P S BR R — B fr A UR AR BRI AR e p i
i Z Bk 538 5 (7 RGB %) 5238 sh Bk 15 M 22 R
—EUR N (LiDAR 5 2 2% W 5 7R I b R 45 5 5 SR
0 3 e A 0z B ey AR 5 AR Bl A A T AR (E L
i Cankk i ) 2 il it o &5 5 2.2 19 RORS B2 45 R ]
L, Velodyne VLP — 16 B35t 7 ik 5 kiR B AE bR
bR A, M7 N2 WA B FLIR (SEM — MVS)
55 Kinect — DK 7 % 8 AH AL AE 76 15 25 7K F 48 B 45 b
AR S Livox Avia RSO TR 1547 2 2OR2E 1 7
AT 1 52 (01 48 SRR 22 5 T G A A R B 2 R S0 o

3 it

(D) AR RGITAL T 4 Fhsg i i = 4k 25k
By = (Al WO (FLIR B4AHAL) + SIM —MVS RGB —
D(Kinect DK BIFRFEAHML) + ICP PFCH#E ([HZ5 LIDAR
(Livox Avia ) + LIO ML= LiDAR ( Velodyne VLP —
16 A1) + 5 3 E M DF 422 ) 76 % A S R AR i
&5 5 PERE .

(2) fE#k & I & J7 18 , Velodyne VLP — 16 #43#
TIN5 AL A A RS R e, 38 TR
SR R 5 AR AT R £ 7 b FLIR
RUAHAL (SEM — MVS) B B i 0 206 B e ft o 7R e K
56 WU &2 5 T, FLIR BYAHAL (SIM — MVS) & 9 5 £,
W& AL F Kinect — DK BUIVRBEAHML . (EAS 1 B W2,
DG A AR BRARTEAT HE B X 109 7 Rl 0 205 B 3L
T 2 AL R4S, Horp Livox Avia BB 5 18 45
4 SLAM Bk 0 oKS B2 e fIk, iX 5 SLAM S5k 78 & ¢
YE A5 v i) BRI 25 DA RO S s e i i 4R
S 5 T A Jeg B % DDA OGS

(3) 1ERERZR I , Velodyne VLP — 16 B
TIRIT R IR T AR AR A, Hol & (810 #k/h) 12
AR T AT 07 2 (8 640 #k/h) o AE B 4 B AS Iy
[l , Velodyne VLP — 16 %I 3% 5% 7 ik 77 & WA i,
Kinect — DK 71 7 B2 A HL BUAS B A%, Ay 58 A B 1 1
FUREE T AT R B, 7R A = % E U7 1, Velodyne
VLP — 16 B3O ik fic s , Livox Avia BUHOL TR 5 B
AR T 12 1 2 0 B 0 SR B B 1% 5 i Ak I ]

2 £ x #

[1] DHONDT S, WUYTS N, INZE D. Cell to whole-plant phenotyping: the best is yet to come[J]. Trends in Plant Science,

2013,18(8) :428 —439.

[2] WATT M, FIORANI F, USADEL B, et al. Phenotyping: new windows into the plant for breeders[ J]. Annual Review of Plant

Biology, 2020,71(1) ;689 —712.

[3] BAFIT. AR A 2 REE RO FE [ T]. ARl KREHR -~ 4% , 2019,1(2) :5 - 18.

ZHAO Chunjiang. Big data of plant phenomics and its research progress[J].

5 - 18. (in Chinese)

Journal of Agricultural Big Data, 2019,1(2) .

(4] W4z, 08T, KA, %, MR R BRI HOR Bk s AT SE ()] E TR, 2023,25(4) 227 -238.

WHEN Weiliang, GUO Xinyu, ZHANG Ying, et al. Technology and equipment of big data on crop phenomics|[]].

Study of CAE,2023,25(4) :227 -238. (in Chinese)

Strategic

[5] GROBKINSKY D K, SVENSGAARD J, CHRISTENSEN S, et al. Plant phenomics and the need for physiological phenotyping
across scales to narrow the genotype-to-phenotype knowledge gap[J]. Journal of Experimental Botany, 2015,66(18) :5429 —

5440.

[6] KIM S, SOLEHATI N, CHOI I, et al. Data management for plant phenomics[ J].

285 -297.

Journal of Plant Biology, 2017,60(4) .

(7] ZEft. BT 2B MBI Y T SRR SRR I L[ D). KB E MR R, 2021.

LI Yinglun. Morphological and structural phenotypes extraction of maize using multi-source data and deep learning [ D ].
Changchun; Jilin Agricultural University, 2021. (in Chinese)
LATI R N, FILIN S, EIZENBERG H. Estimation of plants’ growth parameters via image-based reconstruction of their three-

YANG S, ZHENG L, CHEN X, et al. Transfer learning from synthetic in-vitro soybean pods dataset for in-situ segmentation of
on-branch soybean pods[ C] // Proceedings of the IEEE/CVF Conference on Computer Vision and Pattern Recognition,2022;

B, mTbk, KRS, 4. T RGB — D ALY BE 3 B REACvR S 4y ik [T ] R HUAR 242, 2019,50 (447 1) -
YANG Si, GAO Wanlin, MI Jiaqi, et al. Method for measurement of vegetable seedlings height based on RGB — D camera

[J]. Transactions of the Chinese Society for Agricultural Machinery, 2019 ,50( Supp. 1) :128 —135. (iin Chinese)
YANG S, ZHENG L, GAO W, et al. An efficient processing approach for colored point cloud-based high-throughput seedling

[8]
dimensional shape[ J]. Agronomy Journal, 2013,105(1) :191 - 198.
[9]
1666 - 1675.
[10]
128 - 135.
[11]
phenotyping[ J]. Remote Sensing, 2020,12(10) :1540.
[12]

JIN S, LID, YUN T, et al. Deep learning for three-dimensional (3D) plant phenomics[ J]. Plant Phenomics, 2025,7(4) :



50 g Ak B M ¥ R 2026 4
100107.

[13] ZHAO C, ZHANG Y, DU J, et al. Crop phenomics: current status and perspectives[ J]. Frontiers in Plant Science, 2019,
10.714.

[14] MCCARTHY C L, HANCOCK N H, RAINE S R. Applied machine vision of plants: a review with implications for field
deployment in automated farming operations[ J]. Intelligent Service Robotics, 2010,3(4) :209 -217.

[15] JINS, SUY, WU F, et al. Stem-leaf segmentation and phenotypic trait extraction of individual maize using terrestrial LiDAR
data[ J]. IEEE Transactions on Geoscience and Remote Sensing, 2018 ,57(3) :1336 - 1346.

[16] CAIS, GOU W, WEN W, et al. Design and development of a low-cost UGV 3D phenotyping platform with integrated LiDAR
and electric slide rail[ J]. Plants, 2023,12(3) :483.

[17] PIRE T, MUJICA M, CIVERA J, et al. The Rosario dataset: multisensor data for localization and mapping in agricultural
environments[ J ]. The International Journal of Robotics Research, 2019 ,38(6) :633 —641.

[18] TENG H, WANG Y, SONG X, et al. Multimodal dataset for localization, mapping and crop monitoring in citrus tree farms
[ C] // International Symposium on Visual Computing. Cham: Springer Nature Switzerland, 2023 571 - 582.

[19] EITEL J U, VIERLING L A, LONG D S, et al. Early season remote sensing of wheat nitrogen status using a green scanning
laser[ J]. Agricultural and Forest Meteorology, 2011,151(10) :1338 - 1345.

[20] NGUYEN P, BADENHORST P E, SHI F, et al. Design of an unmanned ground vehicle and LiDAR pipeline for the high-
throughput phenotyping of biomass in perennial ryegrass[ J]. Remote Sensing, 2020,13(1) :20.

[21] SANZ R, ROSELL J R, LLORENS J, et al. Relationship between tree row LiDAR-volume and leaf area density for fruit
orchards and vineyards obtained with a LiDAR 3D dynamic measurement system[ J]. Agricultural and Forest Meteorology,
2013,171:153 - 162.

[22] SMITT C, HALSTEAD M, ZIMMER P, et al. PAg— NeRF: towards fast and efficient end-to-end panoptic 3D representations
for agricultural robotics[ J]. TEEE Robotics and Automation Letters, 2023,9(1) :907 - 914.

[23] YUAN J, HONG J, SATTAR J, et al. ROW — SLAM: under-canopy cornfield semantic SLAM [ C] // 2022 International
Conference on Robotics and Automation (ICRA). IEEE, 2022 2244 -2250.

[24] KIM K, DEB A, CAPPELLERI D J. P~ AgSLAM: in-row and under-canopy SLAM for agricultural monitoring in cornfields
[J]. IEEE Robotics and Automation Letters, 2024 ,9(6) :4982 —4989.

[25] PANY, HUK, LIUT, et al. Pheno-robot; an auto-digital modelling system for in-situ phenotyping in the field[ J]. arXiv
Preprint, arXiv:2402.09685, 2024.

[26] XU W, CAI Y, HE D, et al. Fast — lio2: fast direct lidar-inertial odometry[ J]. TEEE Transactions on Robotics, 2022,

38(4) :2053 - 2073.



