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Fig. 2-2 Double wheel structure of greenhouse robot
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Fig. 2—-3 Moving direction of mecanum wheeled mobile robot
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Fig. 2-4 How to enter the next working path according to wheel:
(a) general robot wheels (b) mecanum wheels
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Table. 2-1 Specifications of the depth camera

Items Specification
Depth Technology Active IR Stereo
Depth Stream Output Resolution 1920 x 1080
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Max Frame Rate 90fps

Field of View (H*V) 86° x 57°
Shutter Type Global Shutter
Minimum Depth Distance (Min-2) 0.1 m
Mechanical (L*D*H) 90 x 25 x 25 mm
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Table. 2-2 Specifications of the proximity sensor

Items Specification

Sensing Distance 30 mm

Standard Sensing Target 90 x 90 x 10 mm (iron)
Response Frequency 50 Hz

Control Output NPN Normally Open
Hysteresis (Distance) Max 10%

25o] 2Q] A=of IRt o]Fof= 1D LiDAR(Light Detection and
Ranging)e 43 & A2 Eol sle 24 97x9 A=g SHsty

2R A 9AE motstth. 1D LIDARZ Benewakeiite] TF-03&
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Table. 2—-3 Specifications of the 1D LiDAR

Items Specification
Operating Range 0.1 ~180 m
Frame Rate 1~ 1,000 Hz
Distance Resolution I cm

Field of View 0.5°
Communication UART / CAN
Mechanical (L*D*H) 44 x 43 x 32mm

2% AAHe Q1] A4k AlolE "dsteE SBC(Single Board
Computer) 2+ Inteliit 2] NUCIITNKISE A5t o, AQtot= ity
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Table. 2—4 Specifications of the main controller (SBC)

Items Specification

CPU i5-1135G7 (up to 4.2GHz)
(4-core / 8—threads)

GPU Internal

Memory 16GB DDR4

Storage 256GB M.2 SSD

Power 12 ~ 24VDC (Max 120W)

Mechanical (L*D*H) 117 x 112 x 37mm
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| Realsense D435i

1D LiDAR

Fig. 2-5 View of autonomous greenhouse robot

Table. 2—-5 Specifications of autonomous greenhouse robot

Items Specification
Mass 312 kg
Size (L*D*H) 1,830 x 880 x 465 mm
Diameter of the outer wheel 254 mm
Diameter of the inner wheel 141 mm
Length between outer wheels 0.752 m
Length between inner wheels 0.550 m
Max velocity on ground 1.45 m/s
Max velocity on rail 1.20 m/s
Driving Type Holonomic Drive
13 i f‘:r]
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Fig. 2-8 Problems with RGB-based rail detection: (a) Fallen leaves or
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Fig. 2-10 Rail detection algorithm for Y-Correction
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depth_image.width
CXerror = P 29 — CX (28)

speedy, if CXgrpor > T
velocityy = { —speedy, if CXprror < —T (2.9)

0, otherwise

Fig. 2-11 Correction information for Y-Correction algorithm
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Fig. 2-13 Vanishing point detection algorithm for Yaw—Correction
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(a) (b)

Fig. 2-14 Correlation between vanishing point and robot posture: (a) When
the rail and the robot are parallel (b) When the robot rotates to the left
relative to the rail
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Fig. 2-15 Correction information for Yaw—Correction algorithm

2.2.3 X—Correction
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(b)

Fig. 2-17 Problems with RGB-based ground boundary detection: (a) When
the boundary is covered by plants (b) When the boundary is invisible

Fig. 2-18 Depth difference between working path area and ground area
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Fig. 2-19 Correction information for X-Correction algorithm
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Fig. 2-20 Full path for greenhouse environment driving

50| 24 AA Fdol disi Fastr] fIF ROS 2 7|6te] L&
TA X Fig. 2-213F 2t} W#] Depth Camera Handler Node, Proximity
Sensor Handler Node ¥ 1D LiDAR Handler Node®] 8 g2 25
F2E Depth 7Hl2h, &4 AlA Z12]1 1D LiDARCIA HlolHE 435t=
dojth. ERF HlolH ] #3e 9%t 7] Ak 24, 54 He ¥1F 9
A AR S "o, AlA dlolEo tigt @F B AE AYsh=
< oot " YAl HolE(raw data)= HHE EOA ARES
FA(forman) 0= AF 75 S AA g ?F =M thE

2 AEEE= dolg= ROS 29 Ef(topic) FEHI= Ty WA
Depth Camera Handler Nodeol|A #&Esh= E™Ql /camera_info= Depth

ZHdgte]l = (distortion) Al4=, WA mteta]E (intrinsic parameter) Zqi——
29 28 A =1 5]

P,

—

r

f

N

b
o

B
-

¥ 18
-l> r

[n rr met

H



Z3tstH, /depth_imaget= STt Depth o]m|x
Sensor Handler Nodeol|Al= 252 AH 9
Hig o g 230 #d gl A==
o] =9 Jon_rail EX2 2Xo] A ol US B¢ H(True), TEA]
A% ARl (False)o] Hth. gH 1D LiDAR Handler Nodeol|lA] H&5k=
/front_rangeoll= =25 Hdro HEZHE 1D LIDARYA Ad FoE =
H7EA] 5745 A9l FH7F 2tE .

24 34 F9 T2AAE Driving Nodeo|A AHE|=H, 4 4 F
S 25 A BAE 919t 83 <1 /correction_requestE X-

28 WA 54 e

OF O
o =

24 A= A
Y-Yaw Correction NodeZ ZHE2te}, /correction_requesti= X—Correction,
Y-Correction Z12]31 Yaw—Correction & ©H g7<1z]o] it HE7}
ZElo] glem X-Y-Yaw Correction Nodeo|Al= g7l oIt 7|5 3

% ™Al Driving Nodeol| 235 AEsict. A3 JHQI /correction_results=

Al HA

st Az
FAlst7] 742 Driving Nodes=
ool thg E4L g WL
Driving NodeollA] g3+ Ao
Controller NodeZ

Agsn] of

Ag

RPMO2 gHtslo] me Eajolulz Ag

/camera_info

Aotolal

Depth Camera

Aom, 23
F5Gdle) ez th7|stH 2t 4=
2345ttt X-Y-Yaw Calibration Node%}

_5'1__1_1_

e AnE

AL A

He EX /velocity_command+ Motor
LofA g3 2
Ciasg

A~ (e}
£ s

W /velocity_command

Handler Node /depth_image X-Y-Yaw Correction Node
&
/correction_request /correction_result
Proximity Sensor /on_rail
Handler Node
/velocity_command
Driving Node Motor Controller Node
1D LiDAR /front_range
Handler Node

Fig. 2-21 System node diagram based on ROS 2

30



Fig. 2-22+= Driving NodeolA AP EH+= F94 ZAAE E29
ZAEZ Yehd Zolth, 2R 24 AW x7] A Al fAeA Y&
Weo g  o]Fsty  Y-Corrections 3Rttt 9 HE%  FAlf
P=E =R AFSH #Hge

HAG, olF 2ol

OFAZ o0 7 7(1-%1 7§§oﬂ Z1elsk

=

i
i
4

ABFL. olgh FAS| 9R vt AW FAS WALS wf, HAe)
FA3 el ek 22 Ao Bolze
e SEo 10%2 ANFATE F4 BgelH 2RS AW HARTH

P LA Al ZAAZIZ]T s X-Corrections 489ttt o] %

22Ol AAE AW AA} £For TEY] Y Ly 2Eo] A=
HofolA AEE TS Yaw-Corrections 3t o] & 712 28 Z}A|
B d3EE YS9 o2 A HAZRZ olFT o A€ (gutter)ol
F2d 7tede EE fd Asol dig AR Aese EAE &
AT wreF A A A=ZF wpAed AS Fe =l 1%7
ke AL Y-Correction ZJHE HEESH}E o] F3 ZRAAS £
B2 24 U 2E A9 A= s tAecw FES 5 AU

31 -':lx_i 'kl-.:'.l.i: =1



——————— e e e i

Y-Correction

Y-Axis driving for rail detection

»  (holonomic driving / outer wheels) Stop the robot

velocityx = 0

.

X-Axis driving for rail escape
(backward driving / inner wheels)

velocityy = speedy

Check
Y-Correction condition

velocityy = —speedy

=T < cXerror <T

Robot on the rail?
(proximity sensor)

Stop the robot

velocityy = 0

e i_ _____________ |

X-Axis driving for rail entry
(forward driving / outer wheels)

Change robot kinematics
for the outer wheels

velocityy = 0.1 X speedy

X-Axis driving for X-Correction
(backward driving / outer wheels)

Robot on the rail?
(proximity sensor)

velocityx = —0.1 X speedx

Check
X-Correction condition

for the inner wheels

.

X-Axis driving on the rail
(forward driving / inner wheels)

roi_depth < Tyyeq

Stop the robot

velocityy = 0

|
|
|
|
|
|
|
|
|
Change robot kinematics |
|
|
|
|
|
|
|
velocityy = speedy :

Reaching the end of
the rail? (1D LiDAR) Check

Yaw-Correction condition

Yes

=T < VXerror <T

Rotate the robot
(rotating / outer wheels)

velocityyqy, = tspeedyqy

A 4

Stop the robot

velocityyqy = 0

No

Is it the last rail?

Fig. 2-22 Flowchart of full path driving algorithm for greenhouse robot
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Table. 3—-1 RMSE of robot position error for rail
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Table. 3—2 RMSE of robot stop position error for ground boundary

Testl Test2 Test3 Test4
(Daytime) (Daytime) (Nighttime) | (Nighttime)
RMSE (mm) 20.24 21.21 17.13 20.48
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Fig. 3—4 Results for X-Correction
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Table. 3—-3 RMSE of robot rotation error for rail

RMSE RMSE
before Yaw—Correction (° ) after Yaw—Correction (° )
Test 1
2.35 1.28
(Daytime)
Test 2
2.67 1.39
(Daytime)
Test 3
2.46 1.10
(Nighttime)
Test 4
2.54 1.27
(Nightime)

Robot rotation error for rail

0
o

2.00 . 2.00

0.00 E 0.00

Rotation error (degree)
Rotation error (degree)

M Test 1 (Day) [ Test2 (Day) [ Test 3 (Night) Test 4 (Night) [l Test 1 (Day) [ Test2(Day) [ Test 3 (Night) Test 4 (Night)
(a) (b)
Fig. 3-6 Results for Yaw—Correction: (a) Before (b) After
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Abstract

Development of Camera—based
Rail Detection and Robot Posture
Control Technology for an
Autonomous Greenhouse Robot

Seung-ryeol Shin
Biosystems Engineering

The Graduate School

Seoul National University

The necessity of automating agricultural work in greenhouses has
arisen as a solution to the decreasing labor force and minimizing
human losses. The variable conditions of greenhouses are a constraint
for automation, and a driving method that considers the conditions of
the greenhouse environment is necessary for greenhouse robots to
perform unmanned agricultural tasks. In this paper, the rail detection
and robot posture control technology for autonomous agricultural
tasks in greenhouses is proposed, aiming to overcome the limitations
of existing greenhouse robots that rely on simple commands for
navigation. To validate this, the performance of the rail detection
algorithm and the robot posture correction algorithm for entering the
next working path is analyzed, and the autonomous driving scenarios
for agricultural tasks in the greenhouse are evaluated to confirm their
practical applicability. As a result, the developed system enables
robots to perform stable and autonomous agricultural tasks in the
greenhouse, without being significantly affected by changes in
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illumination or the angle of incidence of sunlight. Using low-cost
sensors, the system spatially differentiates the ground area from the
working path area densely covered with crops and navigates
autonomously. The stable rail detection, robot posture correction, and
driving algorithms developed in this study are expected to serve as
fundamental autonomous driving technologies for a multi—-purpose

greenhouse robot platform.

Keywords : greenhouse robot, machine vision, autonomous driving
agricultural machinery, mecanum wheel, depth camera
Student Number : 2021-22355
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