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1.Pipeline robot 2.Data base station 3.PVC transparent pipe 4.Base station
protection box 5.Large capacity lithium battery 6.Control box 7.Battery
management section 8.Root shooting section 9.LED flash group 10.Macro
camera 11.Soil moisture monitoring section 12.Moisture sensing electrode
copper rings 13.Distance range wheel 14.Motor drive section 15.Spiral walking
wheel group
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Fig.1 Structure diagram of pipeline robot system
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Fig.2 Circuit for measuring soil water content
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Fig.3 Information extraction process of root image
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Imaging effect of the calibration plate
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Fig.4 Schematic diagram of image surface distortion error
formation
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Fig.5 Diagram of pipe robot measurement and control
system unit function

WU 55 56 5 11 LA 2 Bl 3t [ 1 e 1) se B2 e B
RERC IR 25 50 5 LB S 15 DUR SR & HIE . B TENLE

NTERFUE R, FHIES: 3 IRPAT ALK e 16 2 5
HFRES S A EE AR A AR, ) 5 e TE LA B
IR R BUB B RS, FALHAT A R R HE A A TE
HLAS IR (5] 3355 0
2.2 ITRELMIET

ETENLEE NI4T 7E S5 AL a8 N TR 18 N KT 0 2
fhEE A, L HLEREN SRR e AT B FE A B, T 2 )
W TR, e T TE LA N T

LIRS T B T — G bl B 3Ky
AT s 10N s ) B T ), AMERAC A BT —
REFRE, MBS NRMENEE T ae. WK 6 Frx,
IEEAT AR I Fe AR 3 AR AR A M AC AT P4 1M AR
ECAFIRIE A 1200, AR HE Hh00 5 58 7 N 150,

TEATE FE A, AL S e 4T & Fe 4% i 7 iR
VR A e, TS LA N ATAE . BREAT
A He A e i — BN B A TE M LA AN AT REFE SN 46.30 mm.

a. IERLE

a. Front view

b. ML
b. Side view

B6 FaATARMEMTER

Fig.6  Structure diagram of spiral walking wheel group
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Fig.9 Installation plan of pipeline robot in test field
LS NPT TG A, Bt 5l b P
HEARIE R G VGE IS (1], BEFRE 48 hillid Lora Jo 2k 15 1
BRR T I 54, B ENLES A UREAT BRI B i
T, SR R R AR X 3K 00
PaArfit, FHAE S8 ST fE IR [0 228 T8 Rl i AT 78 L

3.2.3  ZLWIRGAUN K

FE MBI AR RS il R R OL T, 20 A B i
HLER N ZR 58 AR R IR AR E S LN G, BLREE
PLEF A B IR GRS T i AR E o K36
HERES NHEENS ARG ZRERRHS, WEH
YR A BRI B 24 h, GEit T B IALER AR
GiAsEIBATIN K. [FIN U B r B oL T E LR A B
TR I K FE B, IFAR BB BN & A FOR
VCIES SN

4 FEREDMH

4.1 HEEMIRER
4.1.1 ARZBBRIEEICR

s Il T AL B8 A\ AE T2 00 = 5 2 10 4 P AT AR &
EUEHERAT S5, AR BUE I BB AT ML SR B N
BN IN AT SRR, BRI 10 FTos i NG
BT IR 2R M8 . AR BAOR T e R #% 308 RGBSSS,
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Fig.10 Test image of root shooting effect
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(E 11a) FI 5K Kbr g kAT b, REAELA . A
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TE A 8 S T B R AR TE AR A, 3 T 7 R R i T
WA AR A B 4 oy P T O R . B 12 B AR R R
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T DX I A Rk R R, DA IE 3 % X 45k g 7T PR AR R
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2.18, W] WL THI O AE RS IE R5CR B AR

R 5 A5 A% 1F 5 1 i e A S P R R s B S
FER B P U B S RS RO R, AT BATH AR B4 TE ML
BN B A R ST R LK N 44 pm, XN
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Fig.11 Camera distortion correction test
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a. Surface distorted original image
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Fig.12 Surface distortion correction of root image
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R PR ARAES A, AR5 2R 2R 0% X
WRAERAE, HMERRFHFIESH, [BE 1 FosE
ARG B S IZ0E I AR RS R o X B 20
ENRARIESHL AR EERA 2 FRE PR R K
& WS BARRLE SR DU XTR Z 73 08 12.29%.
3.40% 1 12.50%.

B 13 RERASHLER
Fig.13 Result of root recognition and segmentation
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Table 2 Calibration of distance range wheel cm
W75 bR s/ B Positioning distance at the cruise ranging point
Test No. 50 100 150 200 500
1 50.84 101.42 152.25 203.05 507.44
2 50.96 101.77 152.65 203.52 508.43
3 50.53 101.19 151.66 202.28 505.86
4 50.79 101.57 152.10 202.68 506.75
5
ek 50.78 101.49 152.16 202.89 507.12
Mean value

Table 1 Comparison of root image recognition and root
excavation
% SZ A 1A
Method of root measurement Root Root Mean root
length/mm  area/mm’ diameter/mm
FI I ]
Image recognition and 32.53 17.62 0.54
segmentation
sasmA 37.09 18.24 0.48

Excavation method
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BARFREKER 0, 5 LKL R 5 LR U, % 5
XN 0=0.81U,-0.35, HhiERZER* 2~ 0.990.
L, EHOKO R

Soil moisture sensor monitoring values

b AR AL I AR R
—— Soil moisture content-sensor voltage
0.30 - output fitted curve 2

6,=0.81U,-0.35
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T HIRE
Soil moisture content #,/(cm? cm ™)
(=]
O
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Voltage output U,/V
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Fig.14 Soil moisture calibration curve
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a. Monitoring image of b. Result of image recognition
root and segmentation
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Fig.15 Dynamic monitoring, identification and segmentation
of roots
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AR, MXMEREE 8 H 8HZE 8 H 16 HIE 8d,
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KN 040 mm® 5 1.27 mm; 1 B 35 A8 bk
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X HE AR 2 B K e A SRERE 77, R ATk — Al il
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Table 3 Characteristics information extraction of plant roots

18R fiF
X E L OREKE  THRREe OB
- RARMH Root area
Observation 2 Root Mean root X
Root area/mm . density
date length/mm  diameter/mm > o
/(mm*-mm °)
8 H8H 3.14 5.10 0.66 0.02
8H 16 H 6.30 15.22 0.41 0.04
9H12H 7.20 25.31 0.27 0.05

4.2.3  E3ERH UM

Iy AEANF] LK 7 AR EE R, SR RANELE IR
56 FH A R T PR A B, B JE R R BRI 2 R AR
WRIE K (0, EIEN A NAE A7 B f il S I
M3 AR S K (0,), 18/ Origin £:H40E 16
Rl &, a8 0,~1.0300,-0.006, Wi REL
R* N 0.994, “FYJMINHEZE N 2.23%, Waillss R 54Tk
ML RIEA -, W ECY A,

030 o 45 /K ZSoil moisture content

—— W& M ZEFitted curve

s 1:1Z%251:1 reference line_,

=)
%= § 0as) /
$ 5.
<E § g/ /
232 o020
H32 "0 g
HZ 2
L) ,
H= £ 0I5} y=1.030x—0.006

3£ R=0.99

0.10 L . L !
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Soil moisture content by robot monitoring/(cm?*-cm)
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Fig.16 The fitting curve of soil moisture measurement by robot
monitoring and drying method
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Development of a pipeline robot for high-throughput monitoring plant
root characteristics and soil moisture in root zone

YAN Xiaofei' , WANG Yunbo' , SONG Xiaobo® , XIANG Ziwei' , DU Taisheng® , CHENG Qiang®*

(1. School of Technology, Beijing Forestry University, Beijing 100083, China; 2. College of Information and Electrical Engineering, China
Agricultural University, Beijing 100083, China; 3. Center for Agricultural Water Research in China,
China Agricultural University, Beijing 100083, China)

Abstract: A root is one of the most important vegetative organs of plants. It is of great significance to explore the growth status
of root under different water stress in modern agriculture. However, the existing observation of plant root are cumbersome,
laborious and time-consuming. It is the high demand to meet the requirements of precision irrigation and water-saving under
field conditions. In this study, a pipeline robot system was developed for the synchronous, in-situ and the high-throughput
monitoring of plant root and root soil water using STM32. The system consisted of pipeline robot, data base station and PVC
transparent pipeline. The pipeline robot system was embedded in the soil, where the macro camera and soil moisture sensor
were carried by the robot. The root images were captured to obtain the soil moisture data while the robot cruising. Meanwhile,
the robot shared the functions of autonomous timing cruise, wireless communication using command data and active return
after encountering obstacles. The distorted correction, registered on plane, identified and segmented images were obtained for
the parameters of the root area, length and density of the plants in the direction of the pipeline. The results of laboratory test
show that: 1) The pipeline robot was clearly captured the root images, indicating the excellent performance on distortion
correction and plane registration. The true length and area corresponding to a single pixel were 44 pm and 0.002 mm’
respectively, whereas, the shooting range of a single root image was 14.17x10.60 mm. The characteristic information of root
was obtained using MATLAB, where the images taken by the automatic cruise of pipeline robot. The image processing
operations included the image distortion correction, image preprocessing, root region recognition and segmentation, and root
feature extraction. Compared with the root characteristic parameters measured by the excavation , the relative errors of the root
image processing program were 12.29%, 3.40% and 12.50%, respectively; 2) There was an excellent linear relationship
between the output voltage of the soil moisture sensor that carried by the pipeline robot and the soil volumetric moisture
content, where the coefficient of determination was 0.990; 3) The pipeline robot presented a high accuracy of autonomous
cruise positioning, with a mean relative error of 1.47%. The field experiment show that: 1) The pipeline robot system was
captured the plant root images with high-throughput in the field environment. Root growth dynamics was obtained to further
extract the parameters of root length, area, average diameter and density from the images; 2) The pipeline robot was accurately
monitor the soil moisture in the root zone, where the mean relative error of the measured was 2.23%, compared with the drying
measurement; 3) Once the system was initially fully charged, the pipeline robot system operated independently for no less than
7 days, where the maximum cruise monitoring distance was about 48m. The pipeline robot system can be expected to realize in-
situ and high-throughput measurement of plant root and soil moisture in the root zone under field environment. The growth of
root can be extracted after image recognition and segmentation. The finding can also provide the technical support to monitor
the growth status of root in water-saving irrigation.

Keywords: robot; water content; image recognition; root characteristics; high throughput
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