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Note: O’ is the vehicle’s physical center; O is the vehicle’s theoretical steering
center; V; and V; are the speeds of the two sides of the crawler, m‘s‘l; R is the
turning radius of the rape combine harvester, m. The same below.
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Fig.1 Steering principle of a tracked vehicle
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Fig.2 Flow chart of operation path planning algorithm for rape
combine harvester
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1.Field 2.Working area for parallel contours 3.Working area for parallel
directions ~ 4.Path of parallel contours 5.Linking path between rings
6.Connection path at corners 7.Path of parallel directions 8.Connection path
for parallel directions 9.Exit path
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Note: The dotted line represents the forward path, the solid line represents the
reverse path, and the arrow represents the path direction; the picture shows a
mixed path, aiming at a rape combine harvester with double-sided vertical
cutters.
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Fig.3 Schematic diagram of mixed path
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Note: W is the working width of the rape combine harvester, m; P, P,and P,P3
are the contour lines; AB and BC are the isometric lines with the offset.
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Note: O, O, and O; represent the centers of the auxiliary circles; the solid black
line represents the boundary of the field, the solid red line represents the path
line, and the solid blue line represents the boundary line of the path; arrows
represent the direction of the path. The same below.
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b. Entrance in the middle of the path
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Fig.6 Corner connection strategies of contour parallel paths
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W& 1 OR-Tools i[5 SEMS X 4 Besi s B H k4705 A5,
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Table 2  Test results comparison of circular parallel path and mixture path for different fields

M I IE#EAE Circular path VR A 4% Mixture path (K€
s . J EES0e . v 4% b 4% L EER)e . etk
gﬁ% :':1;76 E“;:j\/ﬁ/ 'ﬂfﬂ_k%'f;;é ‘rvi&)# 1&JZEU\§S[ ﬁfzﬁﬁﬂ‘ 3“5'”5/ ﬂ%’f:l: 'ﬂE ” %11 EF[KE: 1&JZEU\§SI ﬁ/i%%ﬁﬂ“ Optimization
No. Turning MRKE ” SKE Number . K K Number ;
: ! ) KJE Total ¢ Algorithm g . . Total ¢ Algorithm  5¢e of number
of radius  Non-oper . ota o . Non-operati ~ Operation 1 h o :
. Operation time engt time of reverses
fields R/m ation path ath length/m length/m  reverses /s on path path length /m reverses /s N
length/m P2 ¢ M length/m /m M n'%
1 1.50 102.74 1 004.82 1107.56 33 0.17 121.93 983.34 1105.27 21 0.38 36.36
2.00 113.62 1 007.39 1121.01 33 0.17 142.51 989.02 1131.53 21 0.38 36.36
’ 1.50 103.02 1251.67 1354.69 37 0.21 110.10 1237.52 1347.62 23 0.57 37.84
2.00 11591 1256.54 1372.45 37 0.21 133.94 1243.87 1377.81 23 0.56 37.84
3 1.50 124.63 1356.45 1481.08 45 0.25 148.14 1318.35 1 466.49 27 0.57 40.00
2.00 134.36 1364.04 1498.41 45 0.25 178.48 1324.60 1503.09 27 0.59 40.00
4 1.50 102.46 1 605.16 1707.62 37 0.20 110.67 1583.91 1694.58 23 0.60 37.84
2.00 113.13 1608.31 1721.44 37 0.22 134.64 1589.93 1724.57 23 0.61 37.84

1
Field 1

H 2
Field 2

fHyk 3
Field 3

Hik 4
Field 4

a. i F I B b. BRI c. IRGBARRAIZATIHE
a. Fields for simulation tests b. Circular path c. Mixed path with progressive scheduling
T AGSREONHI R, REOARITL, SEEAMRRILRE: §EkFORBETTA . R
Note: The solid white line is the boundary line of the field, the dashed line is the path line, and the solid line is the boundary line of the path; the arrow indicates the path

direction. The same below.
B8RRI E S T IR 35 235 (R R R LE R
Fig.8 Results of circular parallel path and mixture path for different actual fields

x3 FRIAERBTRASBEAREZHMRER
Table 3 Testing results of mixed path planning algorithms under different scheduling strategies
TR A BRATIEAT R4 ##4% OR-Tools 1% 7 Vi p
B Mixed path with traverse line by line Mixed path with OR-Tools scheduling h%ﬁékiﬁ jkgéﬁié
o gl e e[ Rl - ; IR (4 s ; i e
I ; ; il JA I (e % r 1 BIZERE A7 Optimization ~Optimization
No.of Tumingradius gl KR (Sl BRKE BRI gL 8 ateofnumber  rateof

field R/m Non-operation Operation Non-operation Operation
path length  path length path length  path length

reverses Algorithm reverses Algorithm of reverses  non-operation

Tym /m N3 time/s Tym m Ny time/s 72/% path &/%
, 1.70 130.16 985.38 21 0.38 116.48 986.33 14 4.42 33.33 10.51
2.20 150.74 991.48 21 0.39 132.99 992.48 11 445 47.62 11.78
) 1.70 119.63 1239.94 23 0.57 103.16 1239.94 9 4.67 60.87 13.77
2.20 143.47 1246.42 23 0.56 114.44 1246.42 9 4.70 60.87 20.23
3 1.70 160.27 1320.94 27 0.58 148.73 1320.94 12 4.70 55.56 7.20
2.20 190.64 1327.23 27 0.59 173.87 1327.23 11 4.73 59.26 8.80
4 1.70 120.23 1586.10 23 0.61 108.78 1586.10 9 4.64 60.87 9.52

2.20 144.20 1592.55 23 0.61 126.95 1592.55 9 4.65 60.87 11.96
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a. M1
a. Field 1

b. M2
b. Field 2
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1 425
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W 1375
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Eg132s
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14 15 16 1.7 18 19 20 21 22 23
A% 4% Turning radii R/m
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Fig.10 Comparison of total path lengths of field 2 under different
turning radii
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Fig.9 Results of hybrid path planning algorithm after scheduling optimization by OR-Tools
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Coverage operation path planning algorithms for the rape combine
harvester in quadrilateral fields

1,2

Luo Chengming?, Xiong Chenwen!, Huang Xiaomao®**, Ding Youchun®?, Wang Shaoshuai

(1. College of Engineering, Huazhong Agricultural University, Wuhan 430070, China; 2. Key Laboratory of Agricultural Equipment in
Mid-lower Yangtze River, Ministry of Agriculture and Rural Affairs, Wuhan 430070, China)

Abstract: To realize automatic planning and optimization of operation paths for the autonomous navigation of rape combine
harvesters during the harvesting operation in unmanned farms, two sets of coverage path planning algorithms for arbitrary
quadrilateral fields were proposed in this study through procedures including theoretical analysis, design of algorithms,
programming, and simulation and evaluation using examples. First, the fundamental requirements of the coverage path
planning problem for the unmanned operation process of the rape combine harvest were defined after analyzing the
characteristics of the harvesting process (plant branches intertwined and required to be separated by vertical cutters to reduce
harvest loss, and field boundaries generally not crossable in rice/rape rotation regions) and of the combine harvesters (small
turning radii and strong mobility of crawler-type machines). Then, full coverage operation paths were generated based on an
isometric offsetting process and the scanline filling algorithm, and scheduling optimization was performed using the OR-Tools.
The two sets of global operation coverage path planning algorithms for rape harvesting in arbitrary quadrilateral fields included
one for the “contour parallel” circular operation paths based on the one-sided vertical cutter header and the other for the
“contour parallel + direction parallel” mixed operation paths based on the bilateral vertical cutter header. The latter algorithm
first used contour parallel paths to harvest the field to make enough turning space for the machine, and then it used the
direction parallel paths to complete the harvesting operation in the central area. Through the test and simulation using the data
of four typical actual fields, the stability and reliability of the algorithms were verified, and the algorithm running time was
between 0.17 s and 4.73 s, which meets the basic requirements of path planning of rape combine harvesting for unmanned
farming. At the same time, compared with the circular operation paths, which are widely used in actual harvesting operation,
the total operation length of mixed paths was smaller than that of the traditional circular paths when no optimization was
performed and the turning radius was small, and the number of reverses in the operation process was reduced by
36.36%-40.00%. After optimization, the number of reverses was further reduced by 33.33%-60.87%, and the length of
non-operation paths was reduced by 7.20%-20.23% compared with the path without any optimization. Results showed that the
mixed paths resulted in a better operation effect than the traditional circular operation paths. This study could provide
theoretical and technical support for the combined harvesting of winter rape in unmanned farming of rice/rape rotation in the
middle and lower reaches of the Yangtze River in China.

Keywords: agricultural machinery; harvesting; algorithms; rape; path planning; scheduling optimization; unmanned farming



